BAREKENG: Journal of Mathematics and Its Applications
June 2025 Volume 19 Issue 2 Page 0937-0948

B are &e ng P.ISSN: 1978-7227  E-ISSN: 2615-3017

jurnal ilmu matematika dan terapan d https://doi.org/10.30598/barekengvo

ESTIMATING EARTHQUAKE MAGNITUDE USING SPATIAL
INTERPOLATION WITH THE INVERSE DISTANCE
WEIGHTING AND ORDINARY KRIGING APPROACH

Fitri Amalial, Achmad Fauzan?*

L2gtatistics Study Program, Faculty of Mathematics and Natural Sciences, Universitas Islam Indonesia
JIn. Kaliurang KM 14.5, Sleman, Yogyakarta, 55584, Indonesia

Article History:

Corresponding author’s e-mail: *achmadfauzan@uii.ac.id

ABSTRACT

Received: 8" August 2024
Revised: 31% January 2025
Accepted: 4™ February 2025

Published: 1% April

Keywords:
Earthquake;

2025

Inverse Distance Weighted;

Ordinary Kriging.

The West Java region is known for its high disaster vulnerability, particularly to
earthquakes, due to the presence of many active faults. Based on this, information is
needed as an initial step for disaster mitigation to reduce disaster risk and guarantee
community safety in the West Java region, one of which is by carrying out spatial
interpolation. In this study, the Inverse Distance Weighted (IDW) and Ordinary Kriging
(OK) methods were used. The research sample included data on earthquake magnitude in
West Java within the same coordinate range, from 01 January 2022 to 31 December 2022.
This research was conducted to find out a more precise spatial interpolation method in
estimating the strength of the earthquake in West Java in 2022. From the OK analysis
results, the best theoretical semivariogram model was obtained, namely the Exponential
model with nugget, sill and range values of 0.07, 0.12 and 11451 meters. From the results
of the IDW analysis, the best power value parameter was obtained, namely 2. This
research was conducted to develop a more precise spatial interpolation method for
estimating earthquake strength in West Java in 2022. The OK method results indicated
that most of the West Java region has the potential for earthquakes with a magnitude of
around 1.5 to 4.0, while the IDW method suggested a potential magnitude of around 2.0
to 4.0. The potential for a high-magnitude earthquake is in Kp. Cileuley, Garumukti,
Pamulihan District, Garut Regency, West Java. Based on the results of Holdout Cross
Validation, the IDW method is the best for estimating earthquake magnitude in West Java,
with a MAPE value of 17.8%. The IDW method's estimation of earthquake magnitude is
superior to OK, with smaller MAPE and MAE values.
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1. INTRODUCTION

Indonesia is an archipelagic country located at the meeting point of three active tectonic, the Eurasian
plate; the Indo-Australian plate, and the Pacific plate, forming convergent boundaries [1]. This situation
distinguishes Indonesia as an active tectonic area with a high level of seismicity [2]. The western Java region
is an earthquake-prone in Indonesia, according to the Center for Volcanology and Geological Disaster
Mitigation. Regional maps indicate the presence of numerous active faults on the mainland of West Java,
which have the potential to trigger damaging earthquake. West Java has well-known active faults, such as the
Cimandiri — Lembang Fault and the Baribis Fault [3]. An earthquake is a tremor or shaking of the Earth's
surface caused by the collision of tectonic plates, active fault movements, volcanic activity, or rock collapse
[4]. Earthquake incidences are categorized as important problems that can be handled by providing early
disaster mitigation education. The arrangement of these disaster mitigation activities can increase community
preparedness toward reducing disaster risks and fatalities. Therefore, the importance of awareness of natural
disaster preparedness can increase collective knowledge on how to face, protect, and save themselves from
disasters [5].

In the era of globalization, developments in all aspects are becoming increasingly rapid because of the
sophistication of Geographical Information System (GIS) [6]. Geostatistics has been applied in various fields,
including geology. One of the primary objectives of geological research is to predict data for locations that
have not been directly observed. Ordinary Kriging (OK) and Inverse Distance Weighting (IDW) are
frequently used interpolation methods that are used often. The OK and IDW methods calculates estimated
area values by assigning larger weights to the nearest sample values [7]. This study compares stochastic and
deterministic interpolation methods. The kriging method is a stochastic spatial interpolation method, while
the Inverse Distance Weighted (IDW) method is a deterministic spatial interpolation method [8].

Spatial interpolation offers several significant benefits, particularly in term of estimating values at
unmeasured locations and mapping the distribution of spatial phenomena, such as air pollution, mineral
content, rainfall, and other geospatial data [9][10]. In addition, interpolation helps optimize sampling
strategies and data visualization, as well as facilitate analysis and demonstrate research findings. In the fields
of environmental science and public health, interpolation is also valuable for risk analysis, such as tracking
the spread of pollution or diseases, enabling quicker and more accurate mitigation efforts [11][12]. Several
studies have explored both methods, including soil property mapping in the hilly regions of central Vietnam
using OK and Regression Kriging (RK) [13]. Qiao [14] compared OK and Inverse Distance Weighting (IDW)
methods for interpolating soil pollution in Beijing, China. Additionally, Kumar [15] conducted research on
the spatial variation of soil permeability [15], while Lamammra [16] developed a geostatistical model to
estimate mineral resources in the Kieselguhr mining area, in Algeria. Beyond interpolation, Kriging modeling
is occasionally employed as a tool for data collection, as demonstrated by Kostopoulou’s study, where OK
was used to retrieve missing satellite data in coastal management [17].

Based on these various applications, this study be focuses on predicting earthquake distribution data in
Indonesia, specifically West Java, which is traversed by an active fault (indicating a high potential for
earthquakes). The objectives of this research include mapping areas with potential for both high- and low-
magnitude earthquakes using the Ordinary Kriging (OK) and Inverse Distance Weighting (IDW) methods.
The expected outcome is to raise awareness in regions identified as having high earthquake magnitude based
on the interpolation results.

2. RESEARCH METHODS

2.1 Data Sources and Research Stages

The data used in the research is secondary data retrieved from the official BMKG website, with the
following URL, http://repogempa.bmkg.go.id/. This research uses a total of 309 earthquake points. The
population used is data on earthquake magnitudes in West Java at coordinates 7,842° S to 5,889° S and
106,337° E to 109,138° E. The research sample used is data on earthquake magnitudes in West Java at
coordinates 7,842° S to 5,889° S and 106,337° E to 109,138° E within the period 1 January 2022 to 31
December 2022.
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Table 1. Earthquake Magnitude Data in West Java Province in 2022

Date Time X (Easting) Y (Southing) UTM Zone Magnitude (M) Location

01/01/2022 20:39:59 673327.7mE 9196103 mS 48S 2.4 Java, Indonesia
09/01/2022 17:21:48 658993.6 mE 9202785 mS 48S 2.1 Java, Indonesia
28/12/2022 00:28:34 758692.7 mE 9259905 mS 48S 2.3 Java, Indonesia
30/12/2022 00:51:21 800367.4 mE 9196607 mS 48S 3 Java, Indonesia

2.2 Ordinary Kriging

Ordinary Kriging is a geostatistical method that utilizes spatial values at sampled locations and
variograms that represent the relationship between spatial points to estimate values at unmeasured locations,
with the estimation influenced by its proximity to the sampled location [18]. The ordinary kriging method
assumes that the average is unknown and the value is constant. This method does not accept trends and
outliers. The formula for estimation using the Ordinary Kriging method is as follows [19].

n
Z(x) = z w;(z(x))) €]
i=1
Z(x) denotes the predicted value of the sample point, w; denotes the weight that determines the distance
between points, and z(x;) is the value at the sample point. The Equation (1) can be changed to Equation (2)
so that the estimate obtained is not biased [20].

y(sps1) o y(susp) 1 W1 ¥ (S0, 51)
H ‘. H H M; — H (2)
Y(sns1) o Y(Swsp) 1 [\ Wn ¥ (S0, Sn)
1 1 0 @ 1
Equation (2) can also be written as Aw = b with the value of w obtained based on Equation (3).
w = A"1p (3)

where A is the covariance matrix of actual observations, w is the weight that determine the distances between
points, and b is the covariance matrix of actual and predicted observations.

2.3. Experimental Semivariogram

Before calculating the experimental semivariogram values, tests were carried out to determine the
presence or absence of outliers and stationarity. Outliers are observations that are significantly different
(extreme) from other observed data. One method to detect outliers is to draw a Boxplot [8]. The main
statistical assumption in the Kriging method is the stationarity test, because if the data is stationary then the
average and semivariogram are the same at all locations within the data range [21]. Stationarity testing can
be conducted by visualizing data in 3 dimensions. Furthermore, the experimental semivariogram function is
defined in Equation (4) [22].

N(h)

1
Y(®) = Suas Z [2(u; + h) — 2(up)]? )

where y(h) is the semivariogram, N(h) is the total number of sample point pairs with distance h, z(u;)
is the observed value at location u; and z(u; + h) is the observed value at location u;+h. To calculate
semivariogram values, many pairs of data are divided into several classes using the Sturges equation as
follows [19].

k=1+3.3logn (5)

k denotes the number of classes and n denotes the sample size.


http://repogempa.bmkg.go.id/repo_new/viewmap.php?tgl=2022/01/01&ot=20:39:58.625&lat=7.27&lon=106.57&ketlat=S&ketlon=E&depth=23&mag=2.4&remark=Java%2C+Indonesia+&status=unset
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http://repogempa.bmkg.go.id/repo_new/viewmap.php?tgl=2022/12/28&ot=00:28:34.196&lat=6.69&lon=107.34&ketlat=S&ketlon=E&depth=13&mag=2.3&remark=Java%2C+Indonesia+&status=unset

940 Amalia, et al. ESTIMATING EARTHQUAKE MAGNITUDE USING SPATIAL INTERPOLATION WITH ...

There are three parameters used to calculate the theoretical semivariogram: nugget, sill, and range.
Nugget is an approximation of the semivariogram value at a distance around zero. Sill is a semivariogram
value that remains constant over an infinite distance, where there is no correlation between samples.
Meanwhile, the range is the furthest distance at which the semivariogram reaches the sill, which indicates
there is no spatial correlation [23]. This research uses the Spherical, Exponential and Gaussian models.

1. Spherical Model

3
y(y ={ Co*+ € l(%) B (%)

forO<h<a

(6)
Co+C for h>a
2. Exponential Model
h
y(h) =Cy+C ll — exp (— E)J (7)
3. Gaussian Model
2
y(h) =Cy+C [1 — exp (— E) ] (8)

h is the spatial distance between sample points, C, is the nugget, C is the partial sill/structural variance, C, +
Cis thesill, and a is the range.

2.4 Inverse Distance Weighting

The Inverse Distance Weighting interpolation method uses several surrounding data points to estimate
data at unmeasured locations [24]. The power value in the IDW method determines the influence of input
points. Therefore, points that are closer exert a greater influence, resulting in more defined surfaces. The
weight used for the average is a derivative function of the distance between the sample point and the
interpolated point [25]. The general function for weighting is the inverse of the square of the distance which
is formulated as Equation (9).

W = ———— (9)

Estimation of the point value uses the following Equation (10) [26].
n

20 =ZW,-.Zi (10)
i=1

7, is the estimated point value, w; is the weighting factor at point i, Z; is the value of the point estimator at
i, d; is the distance between point i and the estimated point, and p is the exponential factor. The Euclidean
distance formula is defined Equation (11) [24].

dip =/ (xg — x)2 + (¥ — ¥)? 11

where x,, y, is the estimated point coordinates, and x;, y; is the measured point coordinates.

2.5 Prediction Accuracy

There are several types of accuracy indicators in forecasting that are commonly used, some of which
are Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and Mean Absolute Percentage Error
(MAPE) [27].
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1. Root Mean Square Error (RMSE)

RMSE =

n
1
HZ(Yi -
i=1

¥1)?

941

(12)

y; is the actual data, ¥, is the predicted data and n is the number of data.
2. Mean Absolute Error (MAE)

n
1
MAE=—Z =
n. 1|y1 $1l
1=

3. Mean Absolute Percentage Error (MAPE)

2.6 Research Flow

The research stages begin with data input, specifically the earthquake strength data for the West Java

n
10|y — 9
MAPE:_E |u
= AR

X 100%

region in 2022. An illustration of the flow diagram can be seen in Figure 1.
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Based on Figure 1, a descriptive analysis is conducted on the collected data to provide a general
overview of the dataset. The second step involves testing for normality, stationarity, and outliers. If the data
are not normally distributed, transformation can be applied; if the data are non-stationary, universal kriging
can be employed; and if the data contain outliers, robust kriging can be utilized. Once these assumptions are
met, spatial interpolation is conducted using the IDW and OK methods. Finally, the dataset undergoes Hold-
Out Cross-Validation, where it is divided into training and testing subsets.

For the IDW method, the first step is to calculate the Euclidean distance between points. The second
step involves running simulations to determine the optimal power value and computing the weights to be
used in Equation 9. Once the optimal power is obtained, interpolation is performed across the entire study
area to predict unknown values. In the OK method, the initial step is to compute the experimental
semivariogram values using Equation 4. The experimental semivariogram is then fitted to an appropriate
model based on Equations 6 through 8. The next step is to predict the values at the testing data points. The
predictions for the testing data from each method were evaluated using the MAPE, MAE, and RMSE values
according to Equations 12 through 14. Upon determining the best method, a comprehensive prediction of the
entire region is conducted, followed by visualization of the earthquake the earthquake strength around West
Java.

3. RESULTS AND DISCUSSION

3.1 Data Overview

The descriptive statistical analysis describes and presents a comprehensive overview of the analyzed
data. Table 2 presents the descriptive statistics from earthquake magnitude data for West Java in 2022.

Table 2. Descriptive Statistics of 2022 Earthquake Magnitude Data in West Java.
Statistical Measure  Earthquake Magnitude (M)  Focal Depth (km)

Minimum 1.200 5
Mean 2.505 26.8
Median 2.400 12
Maximum 4.300 259

There are a variety of visualization techniques used in descriptive statistical analysis. One method is
to visualize the distribution of research data to find out how the data is distributed.

0<n<25

25<n <50
50<n<75
75<n <100

n =100

Figure 2. Visualization of the Spread of 2022 Earthquake Incidences in West Java.
The area with the highest number of earthquake points is Cianjur, which is marked in red on Figure 2.

3.2 Outlier Detection

Outliers are observations that are significantly different (extreme) from other observational data, thus
it is necessary to detect outliers using a Boxplot.
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1.0

0.5
1

Figure 3. Outlier Detection Using a Boxplot

Figure 3 shows that the transformed earthquake magnitude data in West Java did not contain any
outliers; therefore, further tests were performed. The data must be stationary to apply the ordinary kriging
method. Data stationarity testing can be performed by creating a visualization as shown in Figure 4.

Figure 4. 3D Stationarity Plot of Earthquake Magnitude Data.

Figure 4 shows that the distribution pattern of the transformed earthquake magnitude data in West
Java is randomly distributed, which is characterized by the colour of the randomly distributed points that does
not appear dependent on a particular location, thus it can be concluded that the data is stationary.

3.3 Ordinary Kriging Estimation of Earthquake Magnitudes

To calculate semivariograms, the data were grouped into several classes using AutofitVariogram. The
AutofitVariogram is an automatic process for estimating a variogram model that fits the given spatial data.
The 247 training data, were divided into 12 classes.

Table 3. OK Experimental Semivariogram using AutofitVariogram.

Class Number of Point Pairs Average Distance (m) Experimental Semivariogram
1 196 1353.67 0.080
2 840 3153.74 0.093
3 1186 5398.01 0.103
4 1791 8082.24 0.116
5 1547 11309.25 0.125
6 1077 14593.31 0.115
7 2425 21671.18 0.117
8 2277 32478.58 0.125
9 2997 46547.72 0.105
10 3418 63385.67 0.115
11 4545 79110.50 0.156

3502 97373.47 0.177

[ERN
N
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Semivariogram calculations can also be performed by grouping data into several classes using the
Sturges approach, as shown in Equation (7). This approach grouped the 247 training data into 9 classes.

Table 4. OK Semivariogram Experimental using Sturges

Class Number of Point Pairs Average Distance (m) Experimental Semivariogram

1 10425 14468.91 0.114
2 6263 50341.80 0.111
3 7854 81781.73 0.161
4 3264 113585.60 0.149
5 1739 150036.10 0.169
6 511 182171.90 0.135
7 282 210678.00 0.097
8 39 250798.50 0.062
9 4 271403.50 0.021

3.4 Theoretical Semivariogram Analysis

Determining the theoretical semivariogram model requires the sill, nugget, and range parameter values.
These parameters are obtained from AutofitVariogram through a process of trial-and-error process. The
results of the AutofitVariogram obtained sill, nugget and range values of 0.12, 0.07, and 11451 Meters,
respectively. After the trial-and-error process, a pair of parameters is selected for each theoretical
semivariogram model based on the smallest MAPE value.

Table 5. Theoretical Semivariogram Parameter VValues Obtained from the AutofitVariogram Function.

Model Nugget Sill Range
Spherical 0.07 012 11451
Exponential 0.09 0.13 15000
Gaussian 0.09 0.19 15000

Table 6. Theoretical Semivariogram Parameter Values Obtained from the Sturges Method.

Model Nugget Sill Range
Spherical 0.04  0.07 15000
Exponential 0.05 0.06 15000
Gaussian 0.06 0.16 11451

Structural analysis was used to determine the best theoretical semivariogram model. Table 7 presents
the error values for the three theoretical semivariogram models with the smallest MAPE value.

Table 7. Theoretical Semivariogram Error Values.

Model MAPE MAE RMSE
Spherical 8.8100% 0.0124 0.0205
AutofitVariogram Exponential 10.3120%  0.0131 0.0185
Gaussian 21.1360%  0.0277 0.0349
Spherical 61.5750%  0.0545 0.0618
Sturges Exponential 62.7640 %  0.0622 0.0701
Gaussian 51.3530%  0.0477 0.0586

Based on Table 7, the smallest MAPE, MAE, and RMSE values were achieved using the
AutofitVariogram function on the Spherical model to estimate earthquake magnitude data in West Java in
2022.
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3.5 Inverse Distance Weighting Estimation of Earthquake Magnitudes

In IDW interpolation, iteration is performed to determine the optimal power value which is selected
from several power values based on the smallest MSE value. The iteration in this study used power values
from 1 to 20 with an interval of 0.1.

Table 8. MSE for Each Power Value.
No Power Value Mean Squared Error (MSE)

1 1 0.3370548
2 11 0.3286231
11 1.9 0.2920265
12 2 0.2918020
200 20 0.3856330

The optimal power value was found to be p = 2 as it had the smallest MSE compared to other power
values, with an MSE of 0.2918020 obtained from Leave One Out Cross Validation (LOOCV).

3.6 Best Method for Estimating Earthquake Magnitudes in West Java in 2022

The best method for estimating earthquake magnitude data in the West Java region is determined by
analyzing the MAE and MAPE values.

Table 9. Error Values from the IDW and OK Methods.

Method MAPE MAE

Training Testing Training Testing
Inverse Distance Weighting (IDW) 0.463 17.886 0.009 0.479
Ordinary Kriging (OK) 13.225  18.644 0.309 0.498

Based on the MAPE and MAE values, it was found that the IDW method attained a smaller error value
than the OK method, therefore, it was used for the final estimation of earthquake magnitudes in the West Java
region. Visualization of the interpolation results of 2022 earthquake magnitudes in West Java using the IDW
method is presented in Figure 5.

10

Figure 5. Visualization of Earthquake Magnitude Interpolation Results

The visualization in Figure 5 suggests that a high magnitude earthquake has the potential to occur in
the Kp. Cileuley, Garumukti, Pamulihan District, Garut Regency, West Java areas marked, which are marked
in dark red. Meanwhile, the lowest estimated magnitudes are shown in dark green which may occur in the
Kp Munjul, Munjul, Cianjur District, Cianjur Regency, West Java. From Figure 5, it is evident that the
majority of the region falls within the 2.5 to 3 Richter scale range, indicating moderate but widespread seismic
activity. The results in Figure 6 align with the geographical profile of West Java, which is located along both
the Circum-Pacific and Mediterranean seismic belts. As a result, most of the area is considered geologically
unstable, as indicated Thank you, we have revised it by the presence of seven active volcanoes, six active
faults, and tectonic plate activity south of West Java. The complexity of the geological structure in this region
increases its vulnerability to natural disasters [28][29].
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4. CONCLUSIONS

Smaller MAPE and MAE values indicate that the IDW method was more accurate at predicting the
magnitude of the 2022 earthquakes in West Java in 2022 than the OK method with the best power value of
2. This research can help inform disaster mitigation plans for the government so that necessary actions can
be taken to reduce disaster risks and ensure community safety. The majority of the region fell within the 2.5
to 5 Richter scale range, indicating moderate but widespread seismic activity. The results align with the
geographical profile of West Java, which is located along both the Circum-Pacific and Mediterranean seismic
belts. As a result, most of the area is considered geologically unstable, as indicated by the presence of seven
active volcanoes, six active faults, and tectonic plate activity south of West Java.
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