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MAKING EARTHqUAKE LOCATION ESTIMATES MORE 
ACCURATE – HyPODD ANALySIS OF THE 22 APRIL 2013, 

ML=4.8 TENK, HUNGARy AFTERSHOCK SEqUENCE

barbara czecze1, bálint Süle2, gábor tiMár1 , iStván bondár2 

Abstract - The Tenk, Hungary earthquake (ML = 4.8) occurred on 22 April 2013, which was the strongest 
Hungarian earthquake in the past 28 years. The routinely determined hypocenters are often suffer from phase 
picking errors, travel-time model errors and thus location bias. The event mislocation can be significantly 
reduced by multiple event relocations methods. We repicked the arrival times reported in the Hungarian 
National Seismological Bulletin (HNSB) to increase the consistency and accuracy of the arrival time 
measurements. We also added previously unpicked phases. To prepare for the double-difference analysis 
we obtained improved single event locations with the iLoc algorithm, and we performed waveform cross-
correlation to obtain differential travel time measurements. We used different velocity models to find the best 
solution and to clearly see the effect of the initial hypocenters on the outcome of the relocation. The paper 
demonstrates that the double-difference algorithm, hypoDD, can be effectively used even for a small cluster, 
provided that we have the best possible data quality. The improved locations are now the preferred solutions 
in the Hungarian National Seismological Bulletin.

1 Eötvös Loránd University, Department of Geophysics and Space Science, Budapest, Hungary czecze.barbara@gmail.com
2 Research Centre for Astronomy and Earth Sciences, Hungarian Academy of Sciences

1. Introduction, study area 

Calculating seismic locations accurately 
is one of the most important task in seismology. 
Since predicting earthquakes is not possible, 
seismologists estimate the hazard risks for each 
region. For this reason, the exact locations of 
the past earthquakes are crucial, as they can 
define a fault-line under a region. With the 
accurate parameters of the earthquakes, we 
can search for active faults, define the tectonic 
boundaries, investigate the plate movements and 
other processes. To calculate the locations of 
seismic events, we can apply several methods. 
In the practice, the determination happens right 
after the earthquake occurred (single event 
location method), which often loaded with high 
uncertainty, location bias. Thus, these parameters 
are rarely capable to reveal the seismotectonic 

behavior of a region. The location errors can 
be significantly reduced by multiple event 
relocations methods, when we simultaneously 
locate an entire aftershock sequence. In this 
paper we use one of the most commonly used 
algorithms, the double-difference algorithm 
(Waldhauser and Ellsworth 2000).

The study area is located between the 
seismically very active Mediterranean countries 
and the nearly aseismic East European platform. 
The earthquake activity in the Pannonian 
Basin can be described as distributed intraplate 
seismicity. On 22 April 2013 at 22:18 (UTC) an 
earthquake with a local magnitude 4.8 occurred 
near the village of Tenk (Hungary, County of 
Heves), which was the strongest Hungarian 
earthquake in the past 28 years. The main shock 
was felt by the general public, and caused small 
damages. 
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2. Data, Seismic stations

The earthquakes in this study occurred 
between 16 February 2013 and 07 August 2013. 
After the mainshock 27 aftershocks followed with 
magnitudes between 0.7 and 2.9. At that time, 
the Hungarian National Seismological Network 
(Figure 1, doi:10.14470/UH028726) operated by 
the Research Centre for Astronomy and Earth 
Sciences, Kövesligethy Radó Seismological 
Observatory (MTA CSFK GGI KRSZO) 
consisted of a short-period and seven broadband 
stations. After the main shock, a temporary 
station was deployed for several months at Tenk. 
In addition to the Hungarian network, stations 
from the neighboring countries have also been 
used: Romanian Seismic Network, Slovak 
National Seismic Network, Czech Regional 
Seismic Network, Ukraine, Polish Seismological 
Network, Serbian Seismological Network, 
Austrian Seismic Network.

3. Errors

During the location process, a significant 
part of the errors is caused by errors in the arrival 
time measurements as well as the inaccuracies in 
the velocity model. These errors constitute the 
data covariance matrix. The measurement errors 
are the errors in the phase arrival time picks, 
which are usually characterized as a Gaussian, 
zero-average process (Billings et al. 1994, Pavlis 
1986). In reality it’s more complicated, because 
the accuracy of the measurement depends on 
the signal to noise ratio, so smaller seismic 
events has greater errors. Thus, the accuracy of 
the arrival time measurements also depends on 
the magnitude (Kværna, 1996). Other, clearly 
non-Gaussian source of the errors are the phase 
identification errors. The Earth’s velocity structure 
is typically approximated by a 1D velocity model 
to calculate travel time predictions. In complex 
tectonic regimes this can cause systematic travel 
time prediction errors over certain raypaths, 
which may result in location bias. 

Fig. 1 The Hungarian National Seismological Network in 2013, and the stations from neighbouring countries that 
detected the earthquakes.
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4. Double-Difference Algorithm

With a multiple event relocation method, 
we can simultaneously relocate an earthquake 
cluster and determine a whole aftershock 
sequence together. The main assumption in most 
multiple event location algorithms is that the 
distance between the two hypocenters is small 
compared to the distance of the stations. Thus, 
the travel time difference is related to the spatial 
distance of the events with high accuracy. The 
double-difference algorithm (Waldhauser and 
Ellsworth 2000) is a relative earthquake location 
method in which both absolute travel time 
measurements and the differential travel time 
data from the cross-correlation of waveforms can 
be used, and there is no need for the use of station 
corrections. HypoDD (Waldhauser, 2011) is the 
program that implements the double-difference 
earthquake location algorithm.

5. Initial Hypocenters with iLoc 

The multiple event relocation method 
requires the coordinates of the absolute initial 
hypocenters that were created by the iLoc 
algorithm. The iLoc single-event location 
algorithm is an enhanced version of the ISC 
locator (Bondár and Storchak, 2011). iLoc 
performs the linearized inversion by applying 
an initial estimation to the data covariance 
matrix (Bondár and McLaughlin 2009), taking 
the correlated errors into account. Ignoring the 
correlated errors in travel time estimates will lead 
to underestimation of the errors in determining 
the locations (error-ellipse) and could result in 
systematic location bias. At the moment, the ISC 
locator and iLoc are the only algorithms that 
take into account the correlated errors in travel 
time estimates. The initial hypocenters were 
obtained with various velocity models to find the 
best solution and to see the effect of the initial 
hypocenters on the outcome of the relocation. 
We used two different one-dimensional velocity 
models, a local (Gráczer, Gráczer and Wéber, 
2012), and a global (ak135, Kennett et. al. 1995) 
model. In the first phase of the study we used the 

data of the Hungarian National Seismological 
Bulletin (HNSB, Gráczer et. al. 2013) to create 
the initial hypocenters. A total of 30 seismic 
events were available, but the iLoc absolute 
location algorithm discarded events that only 
two stations registered because the number of 
available phases were not sufficient for reliable 
location, so in the end there were only 12 events 
left for the multiple event relocation process.

6. Relocation with hypoDD
 

6.1 HypoDD results using bulletin picks
As a first step we relocated the Tenk 

aftershock sequence using the bulletin picks 
from the HNSB. Because of the possible 
inconsistencies in the bulletin picks we do not 
expect dramatic improvements, but the results will 
be useful to measure the improvements due to the 
adjusted picks and the differential times obtained 
from waveform correlation. We performed 
hypoDD both with the global ak135 and the 
local Gráczer velocity models. Figure 2a shows 
the hypocenters reported in the HNSB, Figure 
2b and Figure 2c show the hypoDD relocations 
with initial hypocenters obtained with iLoc with 
the ak135 and the Gráczer velocity models, 
respectively. The hypoDD results got somewhat 
worse with the ak135 model. The depth of the 
events also moved due to the differences in the 
velocity models.

6.2 Improving the quality of the data set
We assumed that repicking the first seismic 
phases on the original waveforms might provide 
improvements over the bulletin picks in the 
HNSB. In order to improve the quality of the 
data set, we repicked all of the 30 events, on all 
available stations and waveforms. In all cases, 
the Butterworth filter built into the Seisgram2K 
(Lomax, 1991) program was used, and the 
cutting frequency depended on the distance from 
the station. In addition, we picked phases that 
were missed in the routine operations. Using the 
improved phase picks we relocated the events 
with iLoc to obtain initial hypocenters and then 
performed the multiple event relocation.
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Fig. 2 Hypocenters in map view (upper row), S-N sections (middle row), W-E sections (bottom row). A.) Routinely 
determined hypocenters by Kövesligethy Radó Seismological Observatory B.) HypoDD solutions (the initial hypocenters 
were calculated with ak135) C.) HypoDD solutions (the initial hypocenters were calculated with Gráczer velocity model). 
Hypocenters are colored according to focal depth, the mainshock is indicated with a black star.
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6.3 HypoDD results using the repicked phases 
Figure 3 shows the hypoDD relocation 

results with the repicked phases. As before, 
Figure 3a shows the original, HNSB hypocenters, 
and Figure 3b and Figure 3c show the HypoDD 
relocations with initial hypocenters obtained 
with iLoc with the ak135 and the Gráczer 
velocity models, respectively. With ak135, the 

hypocenters are located further from each other 
than the original KRSZO hypocenters. This 
region is characterized by a shallower, 25-30 km 
crust than the ak135 35 km crustal thickness, 
therefore the ak135 is obviously not the best 
choice for locating events in the Pannonian 
Basin. On the other hand, the relocations with the 
Gráczer velocity model tighten the cluster.

Fig. 3 Hypocenters in map view (upper row), S-N sections (middle row), W-E sections (bottom row) after repicking 
phase arrival times. A.) Routinely determined hypocenters by Kövesligethy Radó Seismological Observatory B.) 
HypoDD solutions (the initial hypocenters were calculated with ak135 1D velocity model) C.) HypoDD solutions (the 
initial hypocenters were calculated with Gráczer velocity model). Hypocenters are colored according to focal depth, the 
mainshock is indicated with a black star.
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6.4 Waveform-cross correlation
To further improve the quality of our data 

set we applied waveform cross-correlation to 
obtain differential travel time picks. It has been 
established that cross-correlation measurements 
can improve phase picking errors by an order of 
magnitude or more. It can be assumed that two 
earthquakes can produce very similar waveforms 
at a seismic station if their focal mechanism is 
similar and their hypocenters are sufficiently close 
to each other, i.e., phases travel along similar 
raypaths. Thus, differential travel times carry 
information about the relative position of the 
hypocenters. We performed waveform correlations 
on the vertical and northern horizontal components 
of the seismograms to obtain differential travel 
times on every station and event pairs. We have 
determined the time window of correlation using 
predicted arrival times for each pair of events 
and for each station. We also performed manual 
quality controls to remove spurious as well as 
noise correlations from the data set.  Figure 4 
shows examples of a good-quality correlation as 
well as when we correlated noise with noise that 
was rejected during the manual quality control. 

6.5 HypoDD results using repicked phases 
and differential times

In the last step of our analysis we relocated 
the Tenk aftershock sequence with hypoDD using 
both the repicked phases and the differential 
times obtained from waveform correlation. 
The differential times were weighted by their 

correlation coefficients. On the combined data set 
we performed 25 iterations, which can be divided 
into two large groups. For the first 10 iterations 
the repicked phases had greater weights and the 
differential times were down-weighted in order 
to get a reasonable set of relative locations. After 
this we let the differential times dominate the data 
set with much larger weights than the phase picks 
so that we can refine the relative event locations.  

Figure 5 shows the results. Figure 5a show 
the original HNSB hypocenters, Figure 5b the 
hypoDD relocations using the repicked phases 
and the Gráczer velocity model, and Figure 5c 
shows the hypoDD relocations using both the 
repicked phases and differential times. Compared 
to the original HNSB and the hypoDD result using 
phase picks only (Figure 5b), the differential times 
from waveform cross-correlation bring dramatic 
location improvements. Note that during the 
multiple event relocation, the number of seismic 
events in the final result has decreased from 12 
to 7. This is due to the fact that if the depth of an 
event goes above the surface during an iteration 
step hypoDD deletes it from the data set. 

The map view in Figure 5c shows that the 
earthquakes are now concentrated in a small 
region. The S-N and W-E cross-sections show 
that the depth distribution has also significantly 
tightened when using differential times. Since the 
main shock was a moderate, ML=4.8 earthquake, 
we can expect that the aftershocks occur close to 
the main shock.

Fig. 4 S cross-correlation where the correlation coefficient is higher than 0.6. b.) Example: Characteristic noise 
correlation. These correlations were manually removed from the dataset.
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7. Conclusions
We have successfully completed the 

relocation of the hypocenters with the double-
difference algorithm. The results were improved 
with each step, compared to the original, routinely 
determined hypocenters. The Tenk aftershock 
earthquake sequence constitutes a small cluster 
that has 30 events, of which only 12 were available 
for the hypoDD analysis. The paper illustrates 

that the method can be used effectively even for a 
small event cluster like this, provided that we have 
the best possible data quality. The results (Figure 
5) show significant location improvements by 
tightening the cluster. The improved locations 
are now the preferred solutions in the Hungarian 
National Seismological Bulletin.

The ML=4.8 mainshock has different focal 
mechanism solutions. The strike/dip/rake values 
define two plates, but the moment tensor solutions 

Fig. 5 Hypocenters in map view (upper row), S-N sections (middle row), W-E sections (bottom row) after repicking phase 
arrival times, and waveform cross-correlation. A.) Routinely determined hypocenters by Kövesligethy Radó Seismological 
Observatory B.) HypoDD solutions (the initial hypocenters were calculated with Gráczer velocity model) C.) HypoDD 
solutions with differential times from waveform cross-correlation (the initial hypocenters were calculated with Gráczer 
velocity model). Hypocenters are colored according to focal depth, the mainshock is indicated with a black star.
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cannot distinguish between the two planes, 
that is, it cannot identify the fault-plane. This 
decision requires examination of the aftershock 
sequence itself, preferably with a multiple event 
location method as in our analysis.  Based on 
the solutions, the best-fit plane is correlates well 
with Wéber’s focal mechanism solution (Wéber, 
2016), and identifies the fault-plane with 169° 
stike, 50° dip, 110° rake angles.
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