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Abstract 

For vertical transverse isotropy (VTI), P-wave data alone cannot constrain the vertical velocity and the 
depth scale of the earth model. Therefore, the joint inversion of non-hyperbolic P- and converted wave 
(C-wave) or S-wave data from long offsets has been suggested. However, due to error propagation, it 
has been a point of debate in the literature whether or not the additional C-wave or S-wave data may 
provide sufficient constraints. 

Here, we carry out a detailed analysis of the accuracy of non-hyperbolic moveout inversion using both 
synthetic and real data. We first investigate the errors of moveout inversion for a single VTI layer. We 
find that regardless of its magnitude, the error of anisotropy parameter η estimated from C-wave data 
is, in most cases, about half that from P-wave data, whereas inversion of non-hyperbolic S-wave 
moveout data shows no resolution due to the presence of a cusp in the moveout data. We then repeat 
the analysis for layered VTI media. In this case, the error of η estimated from P-wave moveout data 
can be an order of magnitude higher than the single layer case, whilst the error of η estimated from C-
wave moveout data remains almost the same. Real data analysis confirms these findings.  

Introduction 

It has been shown that inversion of reflection traveltimes in VTI media can provide estimates of 
anisotropic parameter η for P-waves (Alkhalifah, 1997) and χ for C-waves (Li et al., 2001), which are 
needed for seismic time processing. However, due to error propagation, these estimates of anisotropic 
parameters may not be sufficiently accurate to constrain the VTI model even when both P- and C-
wave data are available (Grechka and Tsvankin 2001). Here, we perform a detailed numerical analysis 
of both synthetic and real data to investigating this issue further. 

For P-waves in VTI media, the moveout equation takes the following form (Alkhalifah, 1997)  
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C-waves are described by Li et al.(2001) as 
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where χeff is the anisotropy parameter, γ is the velocity ratio and subscript 2 indicates stacking and 
subscript 0 vertical quantities. These equations are used in double semblance scanning analysis to 
determine the NMO velocities and anisotropy parameters for each wave type. For model building, we 
can calculate η from C-waves by  
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Feasibility analysis of moveout inversion using equations (1) and (2)  

We calculate the exact traveltimes from the reference model in Table 1 using ray tracing and the 
approximated times using equations (1) and (2). Figure 1 illustrates the maximum traveltime 
difference ∆tmax between exact and approximated times from all differences over an offset range from 
0 to 2000 metres for varying anisotropy parameters and velocities for the reference model. The 
minimum ellipse is ∆tmax=2ms and the model value is indicated by a black dot. We call the difference 
between the pick (in the centre of the ellipse) and the model value the inherited error ∆inherit. For the P-
wave of the reference model, this error is ∆ηinherit=0.02 and for the C-wave, ∆χinherit=0.04. We repeated 
this analysis for four variations of the reference model as well as other models. We find that, 
regardless of the magnitude of the anisotropy parameter, the inherited error stays in the same range. 
This indicates that the analytical approximations (1) and (2) are sufficiently accurate for the purpose of 
moveout inversion. Furthermore, this inherited error gives a good indication to what extent moveout 
inversion can differentiate between different anisotropic models.  

.   

           (a)          (b) 
Figure 1: The influence on ∆tmax when varying (a) η-Vp2 using traveltimes from the reference model in Table 1 
for P-waves and (b) χ-Vc2 for C-waves. Contours display the maximum traveltime difference in ms between 
exact and approximated traveltimes over an offset of 0-2000 metres. The black dot indicates the model values 
from the reference model for P- and C-wave parameters, respectively. 

Joint moveout inversion for a single VTI layer 

This is to investigate the accuracy and sensitivity of moveout inversion of P-, C- and S-wave data. 
Synthetic seismograms for P-, C- and S-waves are generated using an anisotropic ray tracer (Figures 
2(a), 2(c) and 2(e) respectively). Semblance analysis is used to perform moveout inversion. The 
anisotropy parameters are estimated with an absolute error of η=0.136±0.016 (Figure 2b) and 
χ=0.187±0.014 (Figure 2d). The picking error for η and χ are in the same range. However, the η 
calculated from χ using equation (3) has a smaller error η(χ)=0.136±0.010. The velocity picks are 
almost exact (Vp2=2.622±0.002 km/s, Vc2=2.004±0.001 km/s). Finally, S-wave data shows a cusp at an 
offset of 1.5 km (Figure 2e), which restricts the usable offsets for semblance scanning. The inversion 
result shows no resolution (Figure 2f). 

      
        (a)          ( b )      (c)    (d)   (e)  (f) 

Figure 2: Synthetic seismograms of the reflection on the bottom from a single VTI layer (ref. Model) of (a) P-
wave, (c) C-wave and (e) S-wave. (b), (d) and (e) show the results of inversion for anisotropy for each case. P- 
and C-wave offsets are restricted by x/z=2.5. The crosses mark the model value. For the S-wave the usable offset 
is too short for inversion. 
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Model η χ ∆ηinherit ∆χinherit ∆ηpick ∆χpick ∆ηpick(χ) 
Ref. 0.136 0.187 0.02 0.04 0.02 0.01 0.01 
V1 0.118 0.166 0.02 0.04 0.012 0.009 0.004 
V2 0.126 0.177 0.024 0.03 0.011 0.008 0.003 
V3 0.147 0.197 0.023 0.044 0.017 0.016 0.015 
V4 0.156 0.206 0.023 0.004 0.02 0.019 0.02 

 
 
 
 

 

 
Table 1: The single-layer reference model has vertical times tp0=0.8 s and tc0=1.4 s, the velocities Vp0=2.5 km/s, 
Vs0=1.0 km/s and anisotropy parameters ε=0.2 and δ=0.05. The four variations of this model have a difference in 
their η-values of up to ±0.02 and χ up to ±0.021 with constant vertical times. ∆χinherit and ∆ηinherit are the 
inherited errors. ∆ηpick and ∆χpick are the picking errors from the inversion (η-ηpick). ∆ηpick(χ) is the error of η 
when calculated from a picked χ-value. 
 

We also repeat the analysis for the four variations of the reference model in Table1 as well as other 
models. We find that, in general, the picking error for η and for χ remains in the same range and the 
calculated η from χ using equation (3) has errors about half those from P-wave moveout. This can be 
explained by the propagation of the picking error from χ into the calculated η: 

2/||||])1([1|| 2 χχγγη ∆≤∆−=∆ oeff , since γeff is often about 1.0 and γ0 is often about 3.0. 
 

Joint inversion for multi-layered VTI media  

A three-layer model based on the Alba 4C data is used and the model consists of three VTI layers over 
an isotropic half space was built. The model parameters are based on VSPs and well log data (Traub 
and Li 2002). Full-wave synthetic seismograms (Figure 3) are calculated using the reflectivity 
modelling package ANISEIS (Taylor, 2001). The double scanning results are shown in Figure 4 and 
picked values are listed in Table 2.  

 

  

 Event 1 Event 2 Event 3 
Model value χ 0.338 0.36 0.308 

Picked χ 0.328 0.352 0.303 
Model value η 0.075 0.073 0.071 

Picked η 
from P 0.064 0.17 0.108 

Calculated η 
from χ (C-wave) 0.073 0.072 0.07 

 
(a) (b)  

Figure 3: Synthetic seismogram of a multilayered 
model (a) P-wave, (b) C-wave. The traveltime curves 
for the layers are printed on top of the seismogram. 

Table 2: Inverted anisotropy parameters for the data in 
Figure 3. 

 

       
                            (a)          (b)      (c)              (d)          (e)       (f) 
Figure 4: Double scanning results from the data in Figure 3. (a)-(c) Scanning the P-wave for η-Vp2 for events 1-
3. (d)-(f) Scanning the C-wave for χ-Vc2 for event 1-3. The red crosses mark the model values. Picking results 
are listed in Table 2. 
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For the first event, the accuracy of η from P-wave is only one fifth of that from the C-wave. For the 
second layer, the accuracy is even worse for the picked η values picked from P-wave, whilst the 
accuracy of those from C-waves remains the same. This improved accuracy may partly be due to the 
fact that, the P-wave leg in the C-wave event has a wider angular coverage than the pure P-event for 
the same offset range. 

 

Real data application 

In order to evaluate further the above findings, we use the vertical and horizontal components of the 
Alba 4C data to extract η and χ (Figure 5). We select three events in the shallow part of the data as 
indicated by the arrows in Figure 5. But only the last two events have yielded meaningful results, as 
shown in Table 3. The η values from the C-wave data are an order of magnitude smaller than those 
picked from the P-wave moveout data, and match with the borehole data more closely.  
 

 

 Event 2 Event 3 
Picked χ 0.45 0.34 
Model value η from 
VSPs 

0.017 0.023 

Picked η from P 0.163 0.35 
Calculated η from χ 0.01 0.009  

(a) (b)  

Figure 5: Alba 4C data:(a) CDP gather of the P-wave, 
and (b) corresponding CCP gather of the C-wave. The 
arrows indicate the three corresponding events used 
for parameter estimation. 

Table 3: Anisotropy parameters estimated from real 
data. The model values are from VSP and well log 
data. Event one could not be picked from the P-wave 
and thus has not been included. 

Conclusions 

We have carried out a detailed analysis of the accuracy of joint moveout inversion. Anisotropic 
parameter (η) can be estimated from C-wave moveout data more accurately than from P-wave 
moveout data. In most single layer cases, the error is halved. However, for layer media, error of η 
estimated from P-wave can be an order of magnitude higher. Therefore, we conclude that joint 
inversion of P- and C-wave moveout data can provide a better constraint on the VTI model. 
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