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13 Abstract: Extraction of high-resolution surface waves is essential in surface-wave survey. Because
14 reflections usually interfere with surface waves on X component in a multicomponent seismic
15 exploration, it is difficult to extract dispersion curves of surface waves. The situation goes more
16 serious when the frequencies and velocities of higher-mode surface waves are close to those of PS-
17 waves. A method for surface-wave extraction is proposed based on the morphological differences
18 between reflections and surface waves. Frequency-domain high-resolution linear Radon transform
19 (LRT) and time-domain high-resolution hyperbolic Radon transform (HRT) are used to represent
20 surface waves and reflections respectively. Then, the sparse representation problem based on the
21 morphological component analysis (MCA) is built and optimally solved to obtain high-fidelity
22 surface waves. An advantage of our method is its ability to extract surface waves when their
23 frequencies and velocities are close to those of reflections. Furthermore, results of synthetic and field
24 examples confirm that the proposed method can attenuate the distortion of surface-wave dispersive
25 energy caused by reflections, which contributes to extracting accurate dispersion curves.
26 Keywords: Higher-mode surface waves; dispersion curves; morphological component analysis;
27 Radon transform
28

29 1. Introduction

30 Seismic surface waves are widely used in crustal and mantle structure studies and engineering
31  prospecting, characterized by small horizontal attenuation, high signal-to-noise ratio and dispersion
32 [1, 2]. Dispersion characteristics of surface waves reflect the near-surface S-wave velocity structure.
33 Dispersion curves of fundamental-mode surface waves are inverted to obtain near-surface S-wave
34 velocity structure for PS-wave static corrections in a seismic exploration [3, 4]. Recently, considering
35  different sensitivity of fundamental- and higher-mode surface waves to elastic properties and
36  thickness of near-surface materials, joint inversion of fundamental- and higher-mode surface waves
37  is of wide-spread interest for less ambiguity and higher accuracy of S-wave velocities in engineering
38  seismic prospecting, ambient seismic noise tomography and microtremor survey [5-8]. To obtain
39  accurate S-wave velocities, extracting accurate dispersion curves of multi-mode surface waves is
40  essential.

41 Fundamental-mode surface waves are dominated in vertical-component seismic data while
42 higher-mode surface waves are generally evident on horizontal component or X component in a 2D
43  survey [9]. Disturbed by reflections, it is usually difficult to extract accurate dispersion curves of
44 higher-mode surface waves from X-component seismic data, causing the ambiguity of inverted S-
45  wave velocities. Luo et al. [10] proposed high-resolution LRT to image surface-wave dispersive
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46  energy, which improved resolution of phase velocities. But disturbed by body waves or strong noise,
47  the dispersive energy may not be smooth and it is hard to distinguish between different modes,
48 known as “mode kissing” [11]. This phenomenon is vulnerable to mode misidentification [12],
49  resulting in less reliable inversion or even wrong inverted S-wave velocities.

50 To extract dispersion curves, surface waves are extracted on the basis of different characteristics
51  between surface waves and interference waves. Methods of surface-wave suppression are based on
52 single-component processing or multicomponent processing. Methods of single-component
53 processing include f-k filtering, empirical mode decomposition and other transform methods [4, 13-
54 15] while methods of multicomponent processing are polarization filtering and vector median
55 filtering which preserve the vector characteristics and the spectral bandwidth of reflections [16, 17].
56  Panetal. [18] discriminated the direct waves and reflections using frequency analysis. Performing a
57  hybrid linear-hyperbolic Radon transform, Trad et al. [19] separated surface waves successfully in
58  the signal model which consisted of both surface waves with linear events and reflections with
59  hyperbolic events. But raw data are transformed into the conventional intercept-slowness (t-p)
60  domain, which is not sparse enough to separate surface waves in consideration of their dispersion
61  characteristics. Using high-resolution LRT, Hu et al. [20] transformed raw data into the frequency-
62  velocity (f-v) domain to implement surface-wave separation. However, it may be difficult to extract
63  surface waves in some cases dispersive energy of higher-mode surface waves also overlaps with that
64  of reflections in the f-v domain and then original surface-wave dispersive energy is distorted. Because
65  the frequencies and velocities of PS-waves are close to those of higher-mode surface waves [16].

66 In this paper, we propose a method of surface-wave extraction to overcome the influence of
67  reflections. The proposed method is based on the morphological differences between reflections and
68  surface waves. We also exploit the advantages of wavefield separation by frequency-domain LRT
69  and time-domain HRT. To implement surface-wave extraction, the sparse representation problem
70  under the framework of MCA is optimally solved.

71 We firstly describe the sparse representation problem and the selected sparse dictionaries,
72 followed by the distortion of surface-wave dispersive energy caused by reflections. Then, we
73 demonstrate the results of surface-wave extraction and picked dispersion curves using tests with
74 synthetic and field shot data.

75 2. Methods

76 2.1. Method of surface-wave extraction in f~v domain

71 High-resolution LRT is used to image surface-wave dispersive energy [10]. Using it, surface
78  waves and reflections on Z component are clearly in different locations of f-v domain when the
79  frequencies and velocities of them are significantly different. Hu et al. [20] extracted surface waves
80  from Z component by a 2D window of the f-v domain.

81 The frequency-domain inverse LRT in the matrix-vector form is [18]:

d(f)=L(f)m(f) )

82  where d(f) is a vector of size nxx1 representing the Fourier coefficients of the seismic data at
83  the given frequency f while m(f) is a vector of size npXl representing the Fourier

84  coefficients of Radon panel at the given frequency f .In equation (1), L{f) is a complex matrix of
85  size nxxXnp
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86  where V,(1=1,2,...,np) is the apparent velocity and X, (j=12,...,nx) is the offset.

87 The frequency-domain high-resolution forward LRT [10, 21] is inverted with a sparse constraint
88  of a priori probability, known as:
(AT+W,"L"W,/W,LW," )i =W, ""L"W,'W,d @)

89 where m=W m. W, is a matrix of data weights, a diagonal matrix showing the standard

90  deviation, diag(W,), =|(d-Lm)i|_l/2 while W is a diagonal matrix of Radon coefficients

m

. -1/2
91  indicating how sparse the coefficients are, diag(W,), = |ml| . I denotes the identity matrix and

92  the scalar A is the tradeoff parameter that weights the relative importance of the misfit and the
93  sparsity [22].

94 But it is difficult to extract surface waves correctly from X-component seismic data. Because
95  frequencies and velocities of higher-mode surface waves and PS-waves are close and both of them
96  are generally evident on X component. Disturbed by PS-waves, the dispersive energy is not true for
97  surface waves. So, extracting surface waves in f-v domain is not a perfect method. We propose a
98  method of surface-wave extraction to overcome the influence of reflections based on MCA. High-
99  resolution LRT is one of two transforms and used to represent surface waves.

100 2.2. Sparse representation problem based on MCA

101 MCA is a method for signal separation based on sparse representations [23, 24]. It is assumed
102 that the original signal is a linear mixture of several different parts and for each of them, there exists
103 a dictionary which enables its construction using a sparse representation. Also, the dictionary can
104 only sparsely represent the corresponding part rather than others. For seismic data consisting of
105  surface waves and reflections, there is

Y=Y, Y, (4)

106  where y is the seismic data set, Y, is the surface-wave part and y, is the reflection part. We
107 choose Dg and D, as the sparse representation dictionaries of surface waves and reflections

108 respectively, ie., Y, :Dgzg , Yy, =D.z . Separation of surface waves and reflections can be

109  formulated as [25]:

1 2
argmlnEHy -D,z,-Dz|, +,U(HZgH1 +|

{2}

110 where Z, and z, are the representation vectors for surface waves and reflections, respectively,

ZI'

) ©)

111 and g is the regularization parameter.

112 Surface waves are generally modeled as broom-like events characterized by low frequency, low
113 velocity and dispersion, and their dispersive energy is around theoretical dispersion curves in the f-
114 v domain [20, 26]. Therefore, frequency-domain high-resolution LRT can sparsely represent surface
115  waves in theory. Reflections are approximated by hyperbolas and time-domain high-resolution HRT
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can sparsely represent reflections with assumptions that velocities change little horizontally and
reflection interfaces are almost horizontal [27]. We choose frequency-domain high-resolution LRT
and time-domain high-resolution HRT to represent surface waves and reflections respectively. To
match with the matrix definition of sparse representation dictionaries in our sparse representation

problem, the inverse LRT and inverse HRT correspond to the matrix signs Dg and D,
respectively while the forward LRT and forward HRT are respectively the matrices Dg and D .
+

. + + . . . . . .
The matrices D . and D are pseudo inverse of the representation dictionaries, i.e., Z e = D Yoo

z = D:ryr . Put these back into (5) we obtain

1 2 + +
argmmEHy —¥, ~ V.|, +,U(HDgyg Hl +HDr Y,

{yg ’yr}

which is solved by generalized BCR algorithm [23].
Surface waves is extracted by solving equation (6). Different dictionaries are respectively chosen

) ©6)

to represent surface waves and reflections so that the influence of reflections on surface-wave
dispersive energy is reduced.

2.2.1. Frequency-domain high-resolution LRT

To sparsely represent surface waves, equation (3) is solved to achieve high-resolution LRT in the
spectral bandwidth of surface waves by iteratively reweighted least squares (IRLS) algorithm [28].
The choice of the apparent-velocity range and interval should avoid aliasing [29] for reconstruction;
moreover, the apparent-velocity range includes the phase velocities of surface waves.

2.2.2. Time-domain high-resolution HRT

Inverse and adjoint HRT in the discrete form can be expressed as [30]:

d(z,x):Zm(z':\/tz—xz/vz,v) @)
and

o e) =Sl =T

where d (t , x) are the seismic data in time-offset domain, X indicates the offset, ¢ donates two-
way time, m(T ,v) are the Radon coefficients, V indicates the root-mean-square velocity of a

reflection, 7 donates the time intercept, m,; (T ,v) are the low resolution Radon coefficients.

Equations (7) and (8) are represented in matrix-vector form as follows [30]:

d=Lm )

m,, = L'd (10)

where d is a vector of size NX1 whose elements are taken trace-wise from the seismic data (
N =nxXnt)and m is a vector of size M X1 whose elements are taken velocity-wise from the
Radon coefficients (M =nvXnT). nx, nt, nv and AT are the number of traces, samples,
velocities and time intercepts respectively. In equation (9) and (10), the operators L and L' are
just represented for the summation algorithms shown in equation (7) and (8) instead of matrices [31].

High-resolution forward HRT can be inverted from equation (9) using a sparse constraint
satisfying

(W'WH)'L'W'W Lm=(W'W )"'L'W'Wd (11)

d0i:10.20944/preprints201810.0356.v2
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147  which is solved by a left preconditioned version of conjugate gradient for the normal equations
148  algorithm [31].

149 The computational cost of applying operators L and L’ is controlled by the size of the
150  Radon domain [32]. To speed up the implementation, time-domain high-resolution forward HRT is
151  solved in the restricted Radon space [32]

(W], W, )L, WIW,L,m, = (W, W, )L, W] W,d )

152 where d should be normalized to unity by dividing the maximum of the seismic data [33]. The
153 restricted Radon space is defined as

1
A:{(T,p) :—‘madj >T} (13)
nx
154  where T is the threshold satisfying 0<7 <1.
155 2.2.3. Performance of sparse representations using LRT and HRT
156 We synthesized the surface waves (Figure 1) of the two-horizontal-layer model (Model 1)

157  described by Table 1 using a staggered-grid finite-difference method. Then we synthesized reflections
158  (Figure 2) of the three-horizontal-layer model (Model 2) described by Table 2 using ray tracing.
159  Frequency-domain high-resolution forward LRT and time-domain high-resolution forward HRT are
160  applied to the surface waves and reflections to get the four panels of the Radon coefficients. Next, we
161  respectively normalized the Radon coefficients to unity divided by the maximum of each panel and
162 apply hard threshold to them. Finally, the seismic data were reconstructed by the inverse transforms.
163  For a Radon panel, the higher threshold amplitude means the fewer Radon coefficients used in the
164 reconstruction.

165 To confirm the effectiveness of sparse representations for surface waves and reflections, the
166  reconstruction error is calculated as follows:

errzZE;/ZEf (14)

167  where E. represents the root-mean-square error between reconstruction and original data at the

1 ~ 2~
168  offset x,ie, E = \/—Z(d (t,x)—d (l‘,x)) , d(t,x) represent the reconstruction data, and
nt =

1
169 E)? = \/ — Z (d (t, x))2 represents the root-mean-square value of original data at the offset X ,i.e.,
nt =

1
170  E’= —Z (d(t ,x))2 . The reconstruction errors against the threshold amplitude are illustrated

nt
171  inFigure 3. According to Figure 3a, fewer coefficients can be used to similarly reconstruct the surface
172 waves by frequency-domain high-resolution LRT compared with time-domain high-resolution HRT,
173 which means the former can represent surface waves more sparsely. On the basis of Figure 3b, time-
174 domain high-resolution HRT can represent reflections more sparsely than frequency-domain high-
175  resolution LRT. Comparing the HRT-reconstruction errors shown by dashed lines between Figure 3a
176  and Figure 3b, time-domain high-resolution HRT leads to a non-sparse representation for surface
177  waves. Similarly, frequency-domain high-resolution LRT leads to a non-sparse representation for
178  reflections comparing the LRT-reconstruction errors. Thus, the two transforms (dictionaries) are
179  significantly different in the sparse representations for surface waves and reflections, which meets
180  the assumptions of MCA, and it is theoretically feasible to extract the surface waves based on
181  equation (6).
182
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Thickness (m) Vp (m/s) Vs (m/s) Density (kg/m?3)

10 800 200 2000
- 1200 400 2000
184 Table 2. Parameters of Model 2.

Thickness (m) Vp (m/s) Vs (m/s) Density (kg/m?)

100 1200 400 2000
150 2200 1320 2250
- 3300 2045 2400
Offset (m)
0 1 10 20 30 40 50 60
0141
0.2}
0
v 03 ]
E W, h
0.4 %4
0.5¢
185 0.6
186 Figure 1. Synthetic seismic data (mainly surface waves) of Model 1.
Offset (m)
0 1 10 20 30 40 50 60

0.5¢

187 0.6

188 Figure 2. Synthetic reflections of Model 2.
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(a) (b)
Figure 3. Curves of the reconstruction errors of (a) surface waves and (b) reflections against the
threshold amplitude.
3. Examples

3.1. Synthetic examples

3.1.1. Distortion of surface-wave dispersive energy caused by reflections

Two layered earth models (Model 3 and Model 4) are given in Table 3 and 4 to display the
distortion of surface-wave dispersive energy caused by reflections. The layers of Model 3 are the first
two layers of Model 4. A synthetic X-component shot gather (Figure 4a) of the Model 3 is simulated
using a staggered-grid finite-difference method with an explosive source located at 3-m depth.
Another synthetic X-component shot gather (Figure 5a) of the Model 4 is simulated using the same
method and the same forward-simulation parameters. We simulated the records with 51 receivers
evenly spaced 2 m in line on the surface and the nearest offset of 40 m. As shown in Figure 4b and
5b, the two shot gathers are transformed into the f-v domain by high-resolution LRT.

According to the relationship between penetration depths of Rayleigh waves and wavelengths
[34], the surface waves of Model 3 and Model 4 can’t penetrate into the depth of 100 m so the
dispersion characteristics of pure surface waves in Figure 5a should be similar to that in Figure 4a.
The surface waves in Figure 4a are not disturbed by the reflections from the deep reflectors. The
dispersive energy shown in Figure 4b is continuous and the three branches of dispersion energy are
clearly corresponding to the first, second, third higher modes. But the events of higher-mode surface
waves in Figure 5a are discontinuous overlapping with the reflections in two-way time of 0.35 s and
0.45 s, and it is difficult to discern which higher mode the dispersive energy in frequencies of 25-33
Hz and apparent velocities of 470-530 m/s (energy circled in Figure 5b) corresponds to. A comparison
of Figure 4b and Figure 5b demonstrates that reflections may disturb the dispersive energy of surface
waves. What causes this phenomenon “mode kissing” is the non-negligible effect of the reflections at
the range of frequencies and velocities. The picked dispersion curves based on the amplitude and the
continuity of dispersive energy are shown in Figure 5c where the second higher mode of frequencies
of 25-27 Hz mistakes for the third higher mode. However, the surface-wave dispersive energy on Z-
component seismic data is not severely influenced by the reflections from the deep reflectors
according to Hu et al. [20].

Table 3. Parameters of Model 3.

Thickness (m) Vp (m/s) Vs(m/s) Density (kg/m?)
10 800 200 2000
90 1200 600 2000
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222 Table 4. Parameters of Model 4.
Thickness (m) Vp (m/s) Vs (m/s) Density (kg/m?3)
10 800 200 2000
90 1200 600 2000
600 2200 1320 2250
- 3300 2045 2400
223
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224 Figure 4. (a) A synthetic X-component shot gather of Model 3 and (b) its image of dispersive energy

225 in the f-v domain where the white dotted lines represent the theoretical dispersion curves.
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226 Figure 5. (a) A synthetic X-component shot gather of Model 4, (b) its image of dispersive energy in

227 the f-v domain and (c) dispersion curves picked from the dispersive energy.
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228  3.1.2. Recovery of the surface-wave dispersive energy

229 The proposed method is applied to the synthetic seismic data shown in Figure 5a to display the
230 result of surface-wave extraction and the improvement of the surface-wave dispersive energy.
231  Compared with the dispersive energy of the original seismic data shown in Figure 5b, the dispersive
232 energy of the surface waves extracted from the data is more continuous in Figure 6. The energy of 25-
233 27Hz and 28-33 Hz is separated to two parts corresponding to the second higher mode and the third
234 higher mode respectively, which means “mode kissing” disappears. Also, the dispersive energy is
235 close to the theoretical dispersion curves, which implies surface waves are effectively extracted using
236  the proposed method.
Trance number

1 5 10 15 20 25 30 35 40 45 50

0.1

—
—

0.6} !!!!g& jéjjjjsj jj _

08r jj T
i
1
(@)
)
E
=
o
O
o
=
0 10 20 30 40 50
Frequency (Hz)
(b)
237 Figure 6. (a) Result of surface-wave extraction by the proposed method and (b) its image of dispersive
238 energy in the f-v domain where the white dotted lines represent the theoretical dispersion curves.
239 Furthermore, we compared the proposed method with other methods of surface-wave

240  extraction to test the superiority of the proposed method. High-resolution LRT is applied to the
241  original data and a 2D window is used to select and extract surface waves in the f-v domain. In Figure
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242 7, the result shows surface waves are mainly extracted but “mode kissing” is not changed. The f-k
243 filtering method is also used to extract surface waves. The result of surface-wave extraction consists
244 of residual reflections in Figure 8a and “mode kissing” is reduced in Figure 8b. But there is also a risk
245  of mode misidentification owing to the discontinuous dispersive energy shown in Figure 8b.

Trance number
1 5 10 15 20 25 30 35 40 45 50

0.1

o3 jjjj m
1553333!5555%&1 %

06} 3!”; ,j)) Sjjj |
0.7¢ ’j’j jjjjjjjjj
0.8r SSSSS 1
g
1
(@)
¢
>
8
S
0 10 20 30 40 &0
Frequency (Hz)
(b)
246 Figure 7. (a) Result of surface-wave separation by a 2D window of the f-v domain and (b) its image

247 of dispersive energy in the f-v domain.
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248 Figure 8. (a) Result of surface-wave separation by f-k filtering and (b) its image of dispersive energy
249 in the f-v domain.
250  3.2. A field example
251 The X-component field data of 2D3C seismic data shown in Figure 9 were acquired in the

252 Wangjiatun District, Daging Oilfield, China, with the sample interval of 4 ms, the geophone interval
253 of 25 m and the nearest offset of 400 m. It can be seen that several events of higher-mode surface
254 waves overlap with the reflections. Reflections spread over the f-v domain while surface waves are
255  mainly at the range of low frequencies and low velocities shown in Figure 10. Several branches of
256  dispersive energy at frequencies of ~5 Hz and velocities of 800-1000 m/s circled in Figure 10 are so
257  close to each other resulting in inaccurate phase velocities at those frequencies. By the proposed
258 method, the extracted surface waves are shown in Figure 11a, where most of surface waves are
259  extracted, and the rest of the field data are reflections and other noise except for small amount of
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260  surface waves circled in Figure 11b. This is because the morphology of surface waves and reflections

261  may not meet the assumption occasionally.}n view of thg near surface heterogeneity.
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263 Figure 9. X-component field data of 2D3C seismic data acquired in the Wangjiatun District, Daqing
264 Qilfield, China.
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Figure 10. Image of dispersive energy of the field data in the f-v domain
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269 Figure 11. (a) Extracted surface waves by the proposed method and (b) the rest of the field data.
270 To display the effectiveness of surface-wave extraction further, the details of waveform are

271  compared in Figure 12 where the original field data (Figure 9) and the result of surface-wave
272 extraction (Figure 11a) in section A and section B are zoomed. For section A, the original data are
273 dominated by reflections while the surface waves can be easily identified in the result of surface-
274  wave extraction. For section B, surface waves are more clearly and more continuous after surface-
275  wave extraction. The image of dispersive energy of the extracted surface waves using the proposed
276  method is shown in Figure 13a. After surface-wave extraction, the dispersive energy of different
277  modes is separated and the ambiguity of the phase velocities in Figure 10 is eliminated. As shown in
278  Figure 13b, we can easily pick dispersion curves from Figure 13a. For comparison, the dispersive
279  energy of surface waves separated by the f-k filtering method is displayed in Figure 14, where it is
280  difficult to identify the modes of circled energy. The results of the synthetic example and the field
281  example demonstrate that surface-wave extraction by the proposed method attenuates the distortion

282  of the surface-wave dispersive energy caused by reflections, which contributes to extracting accurate
283  dispersion curves.
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285 Figure 12. Details of waveform of (a) section A in Figure 9, (b) section A in Figure 11a, (c) section B in
286 Figure 9 and (d) section B and Figure 11a.
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287 Figure 13. (a)lmage of dispersive energy of the extracted surface waves using the proposed method
288 and (b) dispersion curves picked from Figure 13a.
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290 Figure 14. Image of dispersive energy of the extracted surface waves by f-k filter.
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291 4. Discussion

292 The advantage of the method over other methods of surface-wave extraction is clear for X-
293 component seismic data while it is not obvious for Z component. The surface-wave dispersive energy
294 on Z component is not severely influenced by the reflections because surface waves and reflections
295  onZ component are clearly in different locations of f-v domain for Z-component seismic data (Hu et
296  al, 2016) where fundamental-mode surface waves are dominated.

297 The main limitation of the method is that surface waves and reflections may not be separated
298  thoroughly in field data. The main problem is that the morphology of surface waves and reflections
299  may deviate the assumption in view of the near surface heterogeneity. In addition, the reflections are
300  not represented by high-resolution HRT sparsely for steep-reflection interfaces so that the surface-
301  wave dispersive energy can’t avoid the influence of reflections. Further research will be conducted to
302  solve the problems.

303 5. Conclusion

304 We propose a method to extract surface waves by exploiting the morphological differences
305  between reflections and surface waves on the basis of MCA. The advantage of this method over the
306  previous techniques is that it can extract surface waves in the case where dispersive energy of higher-
307  mode surface waves overlaps with that of reflections in the f-v domain. It may allow one to separate
308  PS-waves and surface waves whose frequencies and velocities are close. Synthetic and field examples
309  demonstrate that: (1) Frequency-domain high-resolution LRT and time-domain high-resolution HRT
310  are significantly different in the sparse representations for surface waves and reflections, which is
311  suitable for wavefield separation; (2) Reflections may disturb the dispersive energy of surface waves,
312 which makes it difficult to extract dispersion curves of surface waves; (3) Surface waves are
313 effectively extracted by the proposed method and the dispersive energy becomes more continuous
314  andlessdistorted. Also, dispersion curves picked from the dispersive energy are much more accurate
315  inview of the reliable image of surface-wave dispersive energy.
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