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Summary 

We evaluate the benefits of the use of the high-resolution 

linear radon transform (HRLRT) with the multi-channel 

analysis of surface waves (MASW) seismic method. Love- and 

Rayleigh-wave synthetic and real-world seismic data from 

both active and passive sources were use to compare 

dispersion-curve imaging and estimations (an essential 

MASW component) using both conventional and HRLRT 

approaches. Results show that benefits from using the HRLRT 

can include better separation between surface-wave modes, the 

ability to observe dispersion-curve trends in extended 

frequency ranges, improved lateral resolution from the ability 

to use shorter receiver spreads, improved vertical resolution 

(by using more layers, e.g., 20) from multi-mode inversion, 

wider passive-data frequency-range and higher-resolution 

dispersion imaging, reduced spatial aliasing noise, etc.. In such 

a manner the HRLRT can be a valuable tools in the application 

of the MASW method on various seismic data sets. 

Introduction 

The MASW method was initially developed to estimate near-

surface shear-wave velocity from high-frequency ( 2 Hz) 

Rayleigh-wave data (Song et al., 1989; Park et al., 1998; Miller 

et al., 1999b; Xia et al., 1999). Shear-wave velocities estimated 

using MASW have been 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. (1999b) 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., 2000a), study of levees 

(Ivanov et al., 2017) , investigation of sea-bottom sediment 

stiffness (Ivanov et al., 2000b; Kaufmann et al., 2005; Park et 

al., 2005), mapping of fault zones (Ivanov et al., 2006a), study 

of Arctic ice sheets (Tsoflias et al., 2008) and subglacial 

sediments (Tsuji et al., 2012), and detection  of dissolution 

features (Miller et al., 1999a). Applications of the MASW 

method have been extended to determination of near-surface 

quality factor Q (Xia et al., 2013) and the acquisition of more 

realistic compressional-wave refraction models (Ivanov et al., 

2006b; Piatti et al., 2013). A review of established approaches 

of surface wave methods (SWM) can be found in Socco et al. 

(2010). Most recent developments of the SWM include the 

expansion with the use of the horizontal component of the 

Rayleigh wave (Boaga et al., 2013) and the Love-waves (Dal 

Moro et al., 2015), evaluation of density information on 

Rayleigh-wave inversion results (Ivanov et al., 2016), 

evaluation at landfill sites (Suto, 2013), understanding fault 

geometry (Ikeda et al., 2013).  

The MASW method has three distinct steps. Data acquisition 

is straight forward and results in a single seismic-data record 

or shot gather. These seismic traces in the shot gather are 

transformed into a dispersion-curve image, using the phase-

shift method (Park et al., 1998) or the HRLRT (Luo et al., 

2008).  This image is used to pick a dispersion-curve trend(s) 

of the Rayleigh wave, which is then inverted to produce a 1-D 

Vs model (Xia et al., 1999). The Vs(z) profile from each shot 

gather can be displayed below each shot position to give either 

a 2-D (Miller et al., 1999b) or 3-D (Miller et al., 2003) estimate 

of the subsurface V(x, y, z)s model.  

Developments in the use of the high-resolution linear radon 

transform (HRLRT) for dispersion-curve imaging (Luo et al., 

2008) have been preferred by many researchers (Zeng et al., 

2012; Pan et al., 2013; Ivanov et al., 2017) over conventional 

algorithms.  

We show that the HRLRT can contribute to the better 

separation between surface-wave modes, the ability to identify 

and follow dispersion-curve trends in wider frequency ranges, 

improvement of the lateral resolution from the quality to 

provide dispersion-curve images with sufficiently high-

resolution to interpret and follow fundamental and higher 

surface-wave modes using shorter receiver spreads, and 

observe passive data dispersion-curve trends when other 

methods fail. The HRLRT can also help obtain deeper Vs 

inversion results with better vertical resolution. This is 

possible when the HRLRT can assist with the accurate 

interpretation of higher-modes, which can increase the 

maximum depth of investigation and obtain stable inversion 

results by using more layers (e.g., 20 vs 10), from multi-mode 

inversion. HRLRT can facilitate mode interpretation by 

reducing spectral leakage.  

The Method 

We used synthetic and real-world Love- and Rayleigh-wave 

active-source seismic data set as well as seismic data from 

passive sources. Each raw seismic data record was converted 

into two dispersion-curve images using SurfSeis software 

developed by the Kansas Geological Survey. The first image 

was obtained using the phase-shift method (Park et al., 1998), 
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HRLRT Benefits with MASW  

which is referred to from here on as “conventional ”. The 

second image was calculated by using the HRLRT. The ability 

to observe, interpret, and estimate surface-wave modes in the 

widest possible frequency range was evaluated on both types 

of images. 

 

Results 

 

2-layer velocity model synthetic seismic data (Xu et al., 2007; 

Luo et al., 2008) shows sharper dispersion-curve trends, better 

separation between fundamental and higher modes, and better 

match at low frequencies between the calculated and imaged 

fundamental-mode trend when using the HRLRT image in 

comparison to the conventional-algorithm image Figure 1). 

 

Figure 1. Rayleigh-wave dispersion-curve images of a 2-layer model 

synthetic seismic data using a) the phase-shift method and b) the 

HRLRT. Circles indicate calculated fundamental (yellow) and higher 

mode (other colors) values. 

 

Processing seismic data collected near Garland, Michigan with 

the conventional dispersion-curve algorithm resulted in 

obtaining nearly useless images (Figure 2a) with fundamental 

and higher modes blending into each other (Ivanov et al., 

2005). The corresponding HRLRT image provides a clear 

separation of the fundamental mode from higher modes 

(Figure 2b). 

 

 

Figure 2. Rayleigh-wave dispersion-curve images of Garland, 

Michigan seismic data record 2005 using a) the phase-shift method 
and b) the HRLRT. 

 

Applying the conventional dispersion-curve algorithm on 

seismic data acquired in Yuma, Arizona (Feigenbaum et al., 

2016) resulted in imaging a fundamental mode trend missing 

the high frequencies >35Hz (Figure 3a), which were needed to 

estimate the very shallow part of the near-surface section. 

Using the HRLRT it was possible to estimate the fundamental 

mode to ~55 Hz (Figure 3) and achieve that goal.  

 

Seismic data were collected along a levee located within the 

Rio Grande River floodplain in the San Juan Quadrangle, 

Texas, USA (Ivanov et al., 2017). Vertical and horizontal 

receivers were oriented to be sensitive to motion perpendicular 

to the axis of the levee (SH). Corresponding vertical and 

horizontal sources were used to collect in separate records each 

containing Rayleigh- and Love-wave energy, accordingly.  
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Figure 3. Rayleigh-wave dispersion-curve images of Yuma seismic 

data using a) the phase-shift method and b) the HRLRT. 

The fundamental-mode Rayleigh-wave energy collected at the 

levee sites did not possess the higher frequencies necessary to 

sample the very shallow part of the subsurface, which included 

the levee core (images not shown for brevity). Love-wave 

analysis of some of the transverse-polarized shear-wave data 

using the conventional method produced encouraging dispersion 

trends across a frequency range from 5 Hz to over 32 Hz. 

However, most of the images did not contain high-frequency 

components of the fundamental-mode Love wave.  

Figure 4. Love-wave dispersion curve images of record 1065 using the 

phase-shift method.  

The HRLRT measurably extended the Love-wave 

fundamental-mode frequency range to > 50 Hz. Encouraged 

by these results, we shortened the HRLRT spread size in 

search of the minimal spread length for better lateral 

resolution, which would still remain large enough to separate 

the fundamental mode from the higher modes. A spread using 

just the first half of the optimally selected traces seemed 

reasonable for such a trade-off (Figure 5). HRLRT provided 

better opportunity for identifying higher mode. For example, 

it helped observe the first higher mode, not visible on the 

conventional image. 

Figure 5. Love-wave HRLRT dispersion-curve images of record 1065 
using half of the receivers showing the fundamental (white squares) 

and first higher (yellow circles) modes.  

As a result, it was possible to more accurately identify higher 

modes. The 2D Vs image that was the product of multi-mode 

inversion provided greater maximum imaging depth (~10 vs 8 

m) and vertical resolution (20 vs 10 layers) compared to the

fundamental-mode-only 2D Vs image. (Ivanov et al., 2017). 

Obtaining useful dispersion-curve images with half the spread 

size and using twice more layers during the inversion resulted 

in a 2D section with four times higher resolution (i.e., two 

times in each direction) 

Passive seismic data were collected south of the Kansas 

Geological Survey. Receiver station spacing was 0.61 m using 

72 4.5 Hz vertical geophones. The total spread length was 43.3 

m. A total of 64 records were recorded, each listening for 30 s.

It was difficult to observe a noticeable dispersion-curve trend 

from the passive data on any of images obtained with the 

conventional method. That was the case even for the image 

that was considered the best (Figure 6a). Using HRLRT on the 

same record provided a noticeable fundamental-mode trend in 

the 20-70 Hz range (Figure 6b). To improve the signal to noise 

ratio we stacked the dispersion-curve images of all the records 

from the conventional (Figure 6c) and the HRLRT (Figure 6d) 

methods. It can be observed that the fundamental mode trend 

is hardly identifiable on the conventional image and clearly 

stands out on the HRLRT stack. 
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Figure 6. Passive Rayleigh-wave data dispersion-curve images of 

record 1046 using a) the phase-shift method and b) the HRLRT and of 

68 stacked records using c) the phase-shift method and d) the HRLRT. 

The ability of the HRLRT to suppress spectral leakage (Foti et 

al., 2015) can be shown with the 10-layer model synthetic 

seismic data used by (Ivanov et al., 2013). The surface wave 

energy trend can be identified by the red-dark red trend (Figure 

7a). It can be also shown that the multiple trends in blue-light 

blue mimicking the main trend are related to spectral leakage. 

The HRLRT image is free from such noise (Figure 7b). Such 

noise suppression can help avoid misinterpreting residual 

spatial -aliasing for a real surface-wave energy trend, which 

can be an issue for some models.  

Figure 7. Rayleigh-wave dispersion-curve images of 10-layer model 

synthetic seismic data using a) the phase-shift method and b) the 

HRLRT. 

Conclusions 

The ability of the HRLRT to help with mode interpretation by 

separating surface-wave modes and reducing special aliasing 

noise, extending their frequency ranges, improving lateral and 

vertical resolution, and providing better passive data images 

indicates that it can be a useful tools for MASW analysis. 
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