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ABSTRACT 

At the interpretation of near surface seismic refraction measurements trigger time errors may cause 
serious difficulties. The paper investigates the trigger problem on synthetic datasets by two newly 
developed inversion methods. We solve the problem by using traveltime differences in the inversions 
instead of normal traveltime datasets. The results of the inversions are presented and compared to 
each other and also to that of the general traveltime refraction inversion. The comparison reveals the 
advantages and usability of the new methods in the evaluation of datasets containing trigger or 
random errors.  
 

1. INTRODUCTION 

In a seismic field measurement the measured data are the traveltime data of the 
artificially generated propagating waves [1]. Measuring with a seismic data acquisition 
system in which the exact position of the wave source and the geophones are known, the 
parameters of the studied geological structure can be determined – from the surface. 

Though even with the most attentive preparation work, it is very hard to determine 
precisely the exact time of the wave generation, i.e. the trigger time. Various source types can 
be applied during a surface refraction measurement (and various ways can be used to measure 
the trigger time, however only with some errors). Using an explosion for wave generation an 
approximately 1–4 ms trigger error can occur due to the error of the geophysical blasting cap. 
Generating the waves with weight dropping or hammer strike, a piezoelectric ceramic or a 
geophone serves the trigger signal – cycle skipping can occur. 

If we interpret a dataset with trigger errors, it can cause problems in the estimation of 
parameters. Trigger error can be considered as a case where the exact wave generation time is 
unknown. In this consideration the same problem has to be solved in seismic as in 
seismology; however the methods are different [2]. The inaccurate trigger time mainly causes 
problems in shallow exploration of geological structures (seismic refraction methods) as the 
accuracy of the trigger time has greater importance there than at the deeper explorations. The 
shorter the traveltime the greater the relative trigger error is. The same problem was 
examined earlier in terms of VSP measurements in a coal mine and the trigger error was 
eliminated by using three-component VSP devices measuring traveltime differences between 
the upper and lower geophone-triplets [3]. 

One method was described and its field application was also proved for eliminating 
trigger errors in the inversion of refracted first breaks by Ormos and Paripás [4]. In that 
method the idea of double-trace data was applied for refraction traveltime data. The concept 
had been developed by Dobróka et al. [5] for tomographic (conjugate gradient and SIRT) 
interpretation. In this paper two new inversion methods are suggested, examined and 
compared to each other using synthetic data, and the differences between them are presented.  

 



Anikó Noémi Paripás–Tamás Ormos 

 

 

74 

2. THE SEISMIC REFRACTION FORWARD PROBLEM 

The refraction forward problem means the calculation of the traveltime of first breaks 
above a geological structure with known physical parameters [6]. We can do it by knowing 
the measured traveltime curves and their theoretical description. In a media homogenous 
layer by layer, the traveltime curves are composed of the same number of curve slices as the 
number of layers found in the studied structure. In the followings the geological structure is 
assumed to be one-dimensional – meaning that the layers are homogenous and isotropic (the 
propagation velocities are constant inside one layer). 

Solving the forward problem it is assumed that the near surface structure is composed of 
layers and the propagation velocities sharply change on layer boundaries. The traveltime 
curve detected by one geophone consists of the traveltime of the direct wave (Eq. 1) and the 
traveltime of the refracted wave. The latter one depends on the number of layers in the 
structure; the equation is drawn for two-layered (Eq. 2) and n-layered (Eq. 3) cases. 
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In the equations x means the distance of the source and the geophone along the section, vj 
means the propagation velocity of the wave in the j-th layer, hj means the layer thickness of 
the j-th layer and i1,2 means the critical angle of incidence (Eq. 4). If the wave reaches the 
layer boundary in this angle, refracted waves are generated and propagate along the layer 
boundary [6]. 
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The solution of the forward problem lies in the solution of Eq. 1–3. In a synthetic case 
the geological model and its physical parameters are known, therefore traveltime data can be 
calculated for each geophone.  

Generally geophysical problems cannot be solved as forward problems because the 
parameters of the examined geological model are unknown and are to be determined. 
Therefore a so-called inverse problem has to be solved in which the problem is managed as 
an already solved problem – parameters are calculated on an initial model and these 
calculated parameters are compared to the measured ones in an optimizing or inversion 
procedure. 

 

3. IMPLEMENTATION OF TRAVELTIME DIFFERENCES INTO THE INVERSE 
THEORY 

At the evaluation of a dataset with trigger errors, interpretation problems may occur. In 
Figure 1 traveltime curves are presented “measured” above the same geological structure – 
exact dataset without trigger error and a dataset with trigger errors. The inversion results of 
simple traveltime inversion and traveltime difference inversion are also shown. 
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In case of trigger errors all traveltime data related to the same source point have the same 

amount of trigger error – therefore a certain value of time shift can be noticed on the 
traveltime curves. In this paper, for the elimination of trigger errors the “double-trace data” 
idea of Dobróka et al [5] is applied, according to which traveltime differences are used in the 
inversion process instead of the general traveltime dataset. For that a certain receiver is 
chosen as a reference and from all the other traveltime data related to the same source point 
traveltime differences (∆tk,s

(meas)) are calculated (Eq. 5). 
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In Eq. 5 tk,s
(meas) means the measured traveltime data of the elastic wave generated in the 

s-th source point and received by the k-th receiver; tr,s
(meas) means the measured traveltime 

data detected by the reference geophone. Traveltime difference dataset is generated from the 
measured dataset and in the evaluation procedure the inverse problem can be solved in 
several ways. The solution of the inverse problem is based on the solution of the forward 
problem and on the type of the inversion technique. 

 

3.1. General traveltime refraction inversion 

In this paper the damped least squares (DLSQ) inversion method is used where the 
complex problem is reduced to a linear equation system that has to be solved. Firstly the 
general seismic refraction inversion is presented that applies simple traveltime data in the 
inversion procedure. In case of a seismic refraction problem the linearized algorithm can be 
described with Eq.6, where tk means the registered traveltime datum on the k-th geophone 
and Gki means the Jacobi’s matrix consisting of the partial derivatives of traveltime data.  
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Figure 1. 

The representation of the evaluation problem of a traveltime dataset contaminated  
with trigger errors for a 3-layered 1D structure 
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The ek difference vector of the measured and calculated dataset has to be determined, and 
for the solution of the inverse problem the goal is its minimization (Eq. 7): 
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As the inverse problem is solved with the DLSQ, the solution is given with the 
minimization of ek vector-square – as seen in Eq. 8 –, where m means the model vector, t(meas) 
means the measured traveltime data, G means the Jacobi’s matrix of the partial derivatives of 
the traveltime data and I is an identity matrix multiplied by the scalar damping factor ε2. 

 ( ) )(12 measTT tGIGGm
−+= ε  (8) 

 

3.2. Exact traveltime difference algorithm 

After defining the general refraction inversion method, the mathematically exact 
traveltime difference method, named as the “exact traveltime difference algorithm” is 
presented [4]. In this case the traveltime registered by the so-called “reference geophone” can 
be given as seen in Eq. 9, where tr means the traveltime detected by the reference geophone 
and Gri means the associated Jacobi’s matrix elements.  

 ∑= irir mGt , (9) 

The calculated traveltime difference can be defined as the difference of Eq. 6 and 9  
(Eq. 10).  
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In this algorithm the vector to be minimized is determined in Eq. 11 applying traveltime 
difference data: 
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Solving the inverse problem the substitution of rikiki GGJ −=  is necessary and then the 

solution can be given as in Eq. 12, where ∆t(meas) indicates the measured traveltime difference 
data, J means the difference Jacobi’s matrix of the partial derivatives of general traveltime 
data.  
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3.3. Iterative traveltime difference algorithm 

The third inversion method presented is the so-called “iterative traveltime difference 
algorithm” for which traveltime difference dataset has to be determined from the measured 
dataset using the traveltime data of the reference geophones. In the second step reference 
traveltime data have to be calculated on the initial model and thirdly a new approximate 
measured dataset is created adding together the measured traveltime difference dataset and 
the initial reference data. In the followings the approximate measured traveltime dataset is 
used in the inversion procedure and the calculated travetime dataset is compared to that in an 
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inside inversion cycle. After a number of inside iterations a new “approximate measured” 
dataset is calculated using the new model and the next outside iteration follows. 

The advantage of this method is that there is no necessity to write a new code as the 
method works with general traveltime dataset in the inversion phase. The solution of the 
inverse problem comes as Eq. 8. In this case the measured dataset changes from iteration to 
iteration, therefore the relative data distance has less meaning as it is calculated from the 
“approximate measured” dataset. 
 

4. COMPARISON OF THE THREE REFRACTION INVERSION METHODS 

For the evaluation of the results the well-known measure of the relative distance in data 
space (Eq. 13) was applied; but as the “measured” data are highly erroneous, this value is 
slightly reliable and can be also misleading. Instead of that in this case the quality of the 
inversion results can be described by the relative distance in model space (Eq. 14), where S 
means the number of sources, M means the number of model parameters, mi means the i-th 
model parameter. This value is more usable for evaluating the results compared to the data 
distance in this type of theoretical examinations. 
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It has to be mentioned that as the iterative refraction inversion method calculates with 
approximate measured data, the measure of data distance is even more misleading than in the 
case of the other two methods. 
 

4.1. The impact of trigger time on the inversion results 

For the investigation of the impact of trigger time value, three datasets were created on 
which the inversion procedures were tested. To all synthetic datasets 1% error of Gaussian 
distribution and trigger errors were added; however the measure of the error in trigger time 
differs in each dataset. Dataset A1 contains no trigger error, dataset B1 contains 0.5–2 ms of 
trigger error and dataset C1 contains 3–8 ms of trigger error. The initial model has a model 
distance of 32% and the exact model was chosen to be the same for all the inversion 
procedures (3-layered 1D model). All three datasets were evaluated with all three inversion 
methods, the results can be seen in Table 1. Values of Ddi mean the data distance of the 
initial dataset from the dataset calculated on the exact model. 
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Examining the results several conclusions can be drawn. The most important one is that 

if you want to evaluate a measured traveltime dataset that contains trigger error with a 
general traveltime inversion method the result will be a model different from the exact one. A 
3-8 ms of trigger error and an approximately 1% error of Gaussian distribution can cause a 
data distance of 100% as initial and even in a 3-layered 1D case as a result Dd = 40% data 
distance and more importantly dm = 28% model distance was reached. But if the inversion 
procedure was fulfilled with traveltime differences, the model distance was around 1% – 
using any of the two traveltime difference applying methods. (Another conclusion is that it 
can be misleading in evaluating field datasets to rely on the value of data distance, because if 
the dataset contains trigger errors, the application of traveltime difference inversion is 
proposed instead of the general method.) 
 

4.2. The impact of random errors on the inversion results 

Besides the impact of trigger error, the impact of random error is also studied in this 
paper to define the stability and reliability of the new traveltime difference methods. In this 
case – similarly to the previous one – three datasets were created but here the measure of 
trigger error was the same (0.5–2 ms) and the value of random error of Gaussian distribution 
was different. Dataset B1 contains 1%, B2 contains 2% and B5 contains 5% random error of 
Gaussian distribution. The other conditions of the inversion procedures were set the same in 
all cases. 

According to the inversion results of Table 2 it can be stated that the iterative traveltime 
difference inversion method is the less sensitive to random errors, although the results show a 
relatively high model distance. If the value of random error is at least 2%, the model distance 
of the results will be higher than that. The results of the exact traveltime difference inversion 
method show that it is a stable and fast method but sensitive to incidental noise in the dataset 
and in these cases the iterative, relatively slower method gives more precise and more reliable 
results.  

The above presented methods were also tested on field dataset besides synthetic ones. 
The results can be seen in [4] and [7]. 
 

Table 1  
Inversion results studying the impact of trigger error on different refraction  

inversion methods 

1% error of 
Gaussian 

distribution 

General traveltime 
inversion 

Exact traveltime 
difference inversion 

Iterative traveltime 
difference inversion 

Dataset A1 

Ddi = 0.9% 

Dd = 0.9% 

Dm = 0.8% 

Dd = 1.0% 

Dm = 1.0% 

Dd = 2.6% 

Dm = 0.8% 

Dataset B1 

Ddi = 20.5% 

Dd = 14.0% 

Dm = 6.0% 

Dd = 20.0% 

Dm = 1.0% 

Dd = 2.6% 

Dm = 0.8% 

Dataset C1 

Ddi = 103.1% 

Dd = 40.1% 

Dm = 28.5% 

Dd = 102.1% 

Dm = 1.0% 

Dd = 2.6% 

Dm = 0.8% 
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5. CONCLUSIONS 

In this paper the theoretical backgrounds were presented for the fact that trigger time 
definition has a great importance in shallow seismic refraction measurements and 
interpretation. Numerous inversion methods were developed for solving the trigger problem, 
however their usability and reliability differ from each other. The above described “exact 
traveltime difference refraction inversion” is a relatively fast algorithm that is highly usable 
for datasets with trigger error and small random error. But if the value of random error is 
higher, its stability reduces. The so-called “iterative traveltime difference method” was 
proved to be more effective for datasets with higher random error, although its convergence 
is slower due to its inside and outside iteration cycles. Both traveltime difference refraction 
inversion methods gave us better results compared to the general traveltime refraction 
inversion. The reliability of their results was significantly better than that of the measured 
data and even better than the results of the general traveltime inversion. Assuming 0.5–2 ms – 
or even 3–8 ms – of trigger error in the synthetic case the effects of the inaccurate source time 
disappeared. The results prove the usability of the new inversion method even in case of in-
line offset sources.  

According to our studies the iterative method was proved to be useable for the evaluation 
of datasets that contain trigger error. As this algorithm differs only slightly from the general 
solution, it can be implemented into the series expansion based refraction inversion method 
developed in the Department of Geophysics (University of Miskolc) [1], [8–9]. With this 
combined algorithm, 2D laterally changing geological structures would be evaluated easily 
even on datasets containing trigger error. 
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Table 2  

Inversion results studying the impact of random error of Gaussian distribution on different 
refraction inversion methods 

0.5-2 ms 

trigger error 
General traveltime 

inversion 
Exact traveltime 

difference inversion 
Iterative traveltime 
difference inversion 

Dataset B1 

Ddi = 20.5% 

Dd = 14.0% 

Dm = 6.0% 

Dd = 20.0% 

Dm = 1.0% 

Dd = 2.6% 

Dm = 0.8% 

Dataset B2 

Ddi = 21.0% 

Dd = 13.8% 

Dm = 6.9% 

Dd = 20.4% 

Dm = 3.8% 

Dd = 7.5% 

Dm = 4.4% 

Dataset B5 

Ddi = 21.3% 

Dd = 14.2% 

Dm = 27.1% 

Dd = 28.4% 

Dm = 44.9% 

Dd = 21.5% 

Dm = 27.7% 
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LIST OF SYMBOLS 

Dd  relative distance in data space (-) 
Ddi data distance of the initial dataset from the dataset calculated on the 

exact model   
 
(-) 

dm   relative distance in model space   (-) 
ek  difference vector of the measured and calculated datasets  (s) 
ε  scalar damping factor  (-) 
Gki  Jacobi’s matrix elements of partial derivatives of k-th traveltime and 

i-th model parameter  
 
(1/m, 
s/m) 

Gri  Jacobi’s matrix elements of partial derivatives of traveltime detected 
on the reference geophone and i-th model parameter  

 
(1/m, 
s/m) 

G, GT Jacobi’s matrix, and transposed Jacobi’s matrix  (1/m, 
s/m) 

h1, hj  thicknesses of the layers  (m) 
I  identity matrix  (-) 
i1,2, ij,n  critical angel of incidence  (rad) 
Jki  difference Jacobi’s matrix  (1/m, 

s/m) 
J, JT  difference Jacobi’s matrix, and transposed difference Jacobi’s matrix (1/m, 

s/m) 
M  number of model parameters  (-) 
mi  i-th model parameter  (m/s, m) 
m  vector of model parameters  (m/s, m) 
N  number of measured data  (-) 
S  number of sources along the profile  (-) 
t(direct)  travel time of direct wave  (s) 
t(refracted,2)  travel time on the 2nd layer refracted wave  (s) 
t(refracted,n)  travel time on the n-th layer refracted wave  (s) 
tk,s  traveltime of waves generated in the s-th source and received by the 

k-th receiver  
 
(s) 

∆tk,s 
 traveltime difference of waves generated in the s-th source and 

received by the k-th and by the reference receivers  
 
(s) 

∆tk  traveltime difference of waves received by the k-th and by the 
reference geophones  

 
(s) 

∆tk
(meas), 

∆tk
(calc)  

measured and calculated traveltime difference of waves received by 
the k-th and by the reference geophones  

 
(s) 

tk  travel time of waves received by the k-th receiver  (s) 
tk

(meas), tk
(calc) measured and calculated travel times of waves received by the k-th 

receiver  
 
(s) 

tr  traveltime of waves received by the reference geophone  (s) 
tr,s  traveltime of waves generated in the s-th source and received by the 

reference geophone  
 
(s) 

x  distance of geophones along the section  (m) 
xs  distance of sources along the section  (m) 
v1, v2, vj, vn  propagation velocities of waves in the layers  (m/s) 
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