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Abstrak— Air tanah merupakan sumber daya vital dan krusial bagi manusia, sehingga pengelolaannya memerlukan
data yang akurat mengenai kondisi dan karakteristiknya, yang umumnya diperoleh melalui survei lapangan. Namun,
keterbatasan aksesibilitas sering kali menghambat perolehan data secara optimal, sehingga interpolasi diperlukan
untuk mengisi kekosongan data tersebut. Penelitian ini mengevaluasi penerapan metode interpolasi Inverse Distance
Weighting (IDW) dan spline untuk analisis kedalaman serta elevasi muka air tanah di wilayah perkotaan dan pedesaan.
Penelitian dilakukan di empat lokasi: dua mewakili wilayah perkotaan (perbatasan Kota Yogyakarta—Kabupaten
Bantul-Kabupaten Sleman, serta Kecamatan Lowokwaru—Blimbing di Kota Malang) dan dua mewakili wilayah
pedesaan (Kapanewon Kalibawang—Samigaluh di Kabupaten Kulon Progo, serta Kapanewon Sanden di Kabupaten
Bantul). Pada setiap lokasi, dibangun tiga model IDW dan spline dengan kombinasi data pemodelan dan validasi yang
berbeda untuk analisis kedalaman dan elevasi muka air tanah, sehingga diperoleh total 96 model (24 model per
wilayah). Akurasi model dibandingkan menggunakan Root Mean Square Error (RMSE) dan Mean Absolute Error
(MAE). Hasil penelitian menunjukkan bahwa metode interpolasi IDW lebih akurat untuk analisis kedalaman muka air
tanah. Untuk analisis elevasi muka air tanah, metode IDW terbukti lebih akurat di wilayah perkotaan, sedangkan
metode spline lebih akurat di wilayah pedesaan.

Kata kunci: Air Tanah, IDW, Interpolasi, Lingkungan, Spline

Abstract— Groundwater is a vital and critical resource for human life; thus, its management requires accurate data
on its conditions and characteristics, which are generally obtained through field surveys. However, limited
accessibility often hinders optimal data collection, making interpolation necessary to fill these gaps. This study
evaluates the application of the Inverse Distance Weighting (IDW) and spline interpolation methods for analyzing
groundwater depth and groundwater table elevation in urban and rural areas. The research was conducted at four
locations: two representing urban areas (the border of Yogyakarta City—Bantul Regency-Sleman Regency, and
Lowokwaru—Blimbing Districts in Malang City) and two representing rural areas (Kalibawang—Samigaluh Districts
in Kulon Progo Regency, and Sanden District in Bantul Regency). At each location, three IDW and spline models
were developed with different combinations of modeling and validation data for groundwater depth and elevation
analysis, resulting in a total of 96 models (24 models per area). Model accuracy was assessed using the Root Mean
Square Error (RMSE) and Mean Absolute Error (MAE). The findings indicate that the IDW interpolation method is
more accurate for groundwater depth analysis. For groundwater table elevation analysis, IDW was found to be more
accurate in urban areas, while the spline method was more accurate in rural areas.

Keywords: Groundwater, IDW, Interpolation, Environment, Spline

. INTRODUCTION underscoring its crucial role in meeting human needs
and supporting sustainable development [1].

Water is one of the most vital and indispensable  consequently, groundwater analysis is an essential
resources for human life. Approximately 70% of

accessible freshwater originates from groundwater,
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step toward understanding and managing this
resource effectively.

The first stage in groundwater analysis involves
mapping the groundwater table depth and elevation,
which are typically obtained through field surveys.
However, time constraints and limited accessibility
often hinder data collection in certain areas,
necessitating the adoption of alternative methods to
complement existing datasets. One such method for
addressing data gaps is interpolation [2].

Interpolation is a technique used to estimate values
at unsampled locations based on mathematical
calculations derived from surrounding known data
points [3]. Several interpolation methods are
commonly applied, including Kriging, Inverse
Distance Weighting (IDW), and Spline. Kriging is a
geostatistical approach that incorporates data
distribution, distance, and variation in its analysis. It
is widely recognized as one of the most flexible and
accurate interpolation  techniques [4], [5].
Nevertheless, Kriging presents certain challenges that
limit its practical application. First, it requires
substantial computational resources, which may be
prohibitive for researchers without access to adequate
computing infrastructure. Second, its implementation
demands an in-depth understanding of spatial
structures and variogram modeling [6]. As a result,
despite its high accuracy, Kriging is often avoided in
practice.

In comparison, IDW and Spline are relatively
simpler interpolation methods. IDW estimates values
using a weighted average of nearby known points,
with distance serving as the primary weighting factor
(Equation 1) [7]. A key characteristic of IDW is that
points closer to the estimation location exert a greater
influence on the calculated value [8]. This proximity-
based weighting often results in output patterns
characterized by isolated circular features.
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Notes:

Z, : estimated value for at location O

Z; : value at known point

D; : distance between known point and unknown
point

n : Exponent for weighting

Spline, in contrast, is an interpolation method that
emphasizes regional trends to generate smooth

99

surfaces with continuous gradients [9]. Unlike IDW,
spline interpolation seldom produces isolated circular
patterns; instead, it yields a more continuous and
seamless spatial distribution. In ArcGIS, spline
interpolation refers to the Radial Basis Function
(RBF) method [7].

Sty = Teey) + Zj=1 4R() ()
Notes:
j :1,2,...,n
N : total number of data points
A . coefficients derived from linear equations
7 : Distance between known point and point j

T(x,y) - Tension Spline selection

Ry - Regularized Spline selection

Comparative studies of interpolation methods
have been widely conducted in groundwater research.
However, most have been limited to evaluating
interpolation techniques using a single dataset from a
specific area. This study seeks to extend such
comparisons by evaluating interpolation methods
across multiple areas with distinct characteristics,
specifically urban and rural environments.
Furthermore, the analysis considers two parameters:
groundwater table depth and groundwater table
elevation. Groundwater table depth refers to the
vertical distance from the ground surface
(topographic surface) to the groundwater table, which
is the upper surface of an unconfined aquifer.
Groundwater table elevation refers to the height of the
groundwater table above. Comparative studies of
interpolation methods have been widely conducted in
groundwater research. However, most have been
limited to evaluating interpolation techniques using a
single dataset from a specific area. This study seeks
to extend such comparisons by evaluating
interpolation methods across multiple areas with
distinct characteristics, specifically urban and rural
environments. Furthermore, the analysis considers
two parameters: groundwater table depth and
groundwater table elevation. Groundwater table depth
refers to the vertical distance from the ground surface
(topographic surface) to the groundwater table, which
is the upper surface of an unconfined aquifer.
Groundwater table elevation refers to the height of the
groundwater table above mean sea level (masl),
typically represented by contour lines connecting
points of equal elevation. mean sea level (masl),
typically represented by contour lines connecting
points of equal elevation.
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Il. METHODOLOGY

This research was conducted at four locations,
comprising two sites with primary data and two with
secondary data. Each settlement type—urban and
rural—was represented by one primary data site and
one secondary data site to ensure a balanced analysis
across different settlement characteristics.

Research Area 1 is located in Kapanewon
Umbulharjo,  Banguntapan, = Kotagede, and
surrounding areas, representing an urban setting
characterized by rapid development and substantial
industrial activity. Primary data were collected for
this site. Research Area 2, situated in the Lowokwaru
and Blimbing Districts of Malang City, also
represents an urban area, with data obtained
secondarily from the study conducted by Irvandi [10].

In contrast, Research Area 3 is located in
Kapanewon Kalibawang and Samigaluh, Kulon
Progo Regency, representing a rural area dominated
by agricultural land use and sparse settlements.
Primary data were collected for this location.
Research Area 4, located in the Sanden District of
Bantul Regency, also represents a rural area, with
secondary data sourced from the research conducted
by Susatio [11].

Following data acquisition, the research
workflow, illustrated in Figure 1, was implemented.
The datasets for each location were randomly divided
into two portions: 70% for model construction and
30% for validation, ensuring objectivity in data
partitioning. The model datasets were processed using
interpolation methods to estimate two parameters:
groundwater table depth and groundwater table
elevation. The validation datasets were used to
evaluate model performance.

Data interpolation was performed using the IDW
and spline tension methods, with each method
executed three times per parameter. As a result, six
models were generated for each location—three IDW
models and three spline models. For the analysis of a
single parameter, a total of 48 models were produced.
Since the study examined two parameters, the overall
number of models generated was 96.

Groundwater Depth &
Elevation

I
v v

Model Data Validation Data

|

Interpolation

I

Data Comparison Using
RMSE and MAE

Accuracy level analysis

Figure— 1. Research Flowchart

Interpolation modeling was conducted using
ArcGIS 10.7.1 software, applying its default
interpolation  parameter settings to maintain
methodological consistency across all models. Model
accuracy was evaluated by comparing the
interpolated results with actual measurements using
two standard statistical metrics: Root Mean Square
Error (RMSE) and Mean Absolute Error (MAE) [12],
[13]. RMSE calculates the square root of the mean
squared difference between the interpolated and
observed values, while MAE computes the mean of
the absolute differences between these values. Higher
RMSE or MAE values indicate lower model
accuracy, whereas lower values indicate higher
accuracy.

The RMSE was calculated using Equation (1), and
the MAE was calculated using Equation (2).

RMSE = 242 (1)

MAE:W (2)

Notes:

Zi : Interpolation value

Z :Actual value

n : Number of data points

The spatial distribution of data points for each
research area is presented in Figure 2.

Research Area 1 contains 59 data points,
comprising 47 points used as model data and 11
points as validation data. All data for this area are
primary data. The spatial distribution for Research
Area 1 is shown in Figure 2A.
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Research Area 2 contains 51 data points,
consisting of 40 points used as model data and 12
points as validation data. All data for this area are
secondary data obtained from the study by Irvandi
[10]. The spatial distribution for Research Area 2 is
shown in Figure 2B.

Research Area 3 contains 131 data points,
consisting of 104 points used as model data and 27
points as validation data. All data for this area are
primary data. The spatial distribution for Research
Area 3 is shown in Figure 2C.

Research Area 4 contains 65 data points,
comprising 52 points used as model data and 13
points as validation data. All data for this area are
secondary data obtained from the study by Susatio
[11]. The spatial distribution for Research Area 4 is
shown in Figure 2D.

The use of both primary and secondary datasets in
this research was intended to enhance the reliability
and objectivity of the analysis, ensuring that the
results reflect a broader range of conditions while
reducing the limitations inherent in relying on a single
data source.

682000 683000
1 1 1 1

913800

@ ® :‘ o
L

Lo armerGrodndwater
® Elevation (ma

e Vo«jy'ai(:tl City

Umbuihario

913600

912200 913300 912300

)
435000

411000 414000
1 1

\/I Legend

@ Grounawater Observation Point
= Road

—— River
Sub-District Boundary
—— RegencyiCity Boundary

L
T
912400

T
912300

T
912200

Groundwater
Elevation (masl)

B 436 - 443
[ 443- 449
[ -
[ ass-
§n[:|452-
8 I -
° I 474 -
R
[ Jas7-

912100

912000

0 0275 055

T
682000

Borobudur S
Central Java Province  ~

Grouhdwater Elevation (masl) '\
” | mme2- 169
1169 - 276
[]276-384
[ 1384 -491
[ 1491 -598
71598 - 705
[ 705 - 812
[)812-920
[ 1920-1,027

; Minggir
Special Region ofiYogyakarta

Moyhdan
6 8

914000

T T T
405000 408000 417000

410.000

A Pandak: \

- T
911900

L0
911600

Figure— 1. A (Groundwater Observation Data Distribution in Research area 1 Yogyakarta City), B (Lowokwaru and Blimbing
Districts, Malang City), C (Research area 3 Kalibawang-Samigaluh Kulon Progo Regency), and D (Sanden District in Bantul
Regency)
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I11. RESULTS AND DISCUSSION
A. Results

A total of 96 models were developed in this study,
consisting of 48 models for groundwater table depth
and 48 models for groundwater table elevation. A
summary of the RMSE and MAE values for the
groundwater table depth interpolation results is
presented in Table 1, while Table 2 provides a
summary of the RMSE and MAE values for the
groundwater table elevation interpolation results.

For groundwater table depth, the IDW
interpolation method consistently produced lower
RMSE and MAE values than the spline method across
all research areas, encompassing both urban
(Research Areas 1 and 2) and rural (Research Areas 3
and 4) settings. The lowest RMSE and MAE values
were obtained in Model 2 at Research Area 3 using

the IDW method, with an RMSE of 0.002 and an
MAE of 0.001. This indicates that the IDW method
achieved an average estimation error of less than
0.002 meters—approximately 2 millimeters—for this
model.

Conversely, despite using the same dataset as IDW
Model 2, spline Model 2 at Research Area 3 produced
the highest RMSE and MAE values among all models
analyzed. Such a marked discrepancy between the
two methods was not observed in the model
comparisons for the other research areas.

Overall, the RMSE and MAE comparisons
confirm that the IDW interpolation method provides
more accurate estimates of groundwater table depth
than the spline method. This finding aligns with
previous studies [14], [15], which have identified
IDW as the most reliable interpolation technique for
groundwater table depth analysis.

Table—1. RMSE and MAE Evaluation of Groundwater Table Depth Interpolation (IDW and Spline) at Research Area

Research area and Evaluation Model 1 Model 2 Model 3
Area Type . ) ) )
Data Source Metric IDW  Spline  IDW  Spline  IDW  Spline
Research area 1 Urban RMSE 1,138 1,412 0,770 1,014 1,300 1,790
(Primary Data) Area MAE 0,906 1,007 0,587 0,845 0,893 1,280
Research area 2 Urban RMSE 1,994 2,268 2,904 3,004 1,301 2,399
(Arvandi 2021) Area MAE 1370 2031 1656 2084 1178 1836
Research area 3 RMSE 5,149 6,035 0,002 6,723 4,979 5,517
) Rural Area
(Primary Data) MAE 3,809 4,161 0,001 5,092 3,227 3,507
) Rural Area
(Susatio, 2018) MAE 0,407 0,411 0,590 0,788 0,541 0,754

Table—2. RMSE and MAE Evaluation of Groundwater Table Elevation Interpolation (IDW and Spline) at Research Area

Research area and Evaluation Model 1 Model 2 Model 3
Area Type : ) ) )

Data Source Metric IDW  Spline IDW  Spline IDW  Spline
Research area 1 Urban RMSE 5826 6210 5614 19612 7,305 20,367
(Primary Data) Area MAE 4,635 5,069 4503 10,055 4,299 9,737
Research area 2 Uban  RMSE 3939 4631 4443 5082 4,066 4666
(Arvandi 2021) Area MAE 3507 3659 3413 3574 2716 3,358
Research area 3 Rural Area RMSE 37,093 36,721 35,646 28,802 80,696 77,890
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Research area and Evaluation Model 1 Model 2 Model 3
Area Type : ] ] ]
Data Source Metric IDW  Spline IDW  Spline IDW  Spline
(Primary Data) MAE 28,301 23,726 25,319 21,968 42,071 37,932
Research area 4 RMSE 1,425 1,392 1,921 1,773 1,065 0,916
. Rural Area
(Susatio, 2018) MAE 1,033 0,993 1,431 1,290 0,880 0,616

In contrast, the groundwater table elevation
models did not reveal a single interpolation method
that consistently outperformed the other across all
study areas. Nonetheless, a distinct pattern emerged:
RMSE and MAE values for the IDW method tended
to be lower in urban areas (Research Areas 1 and 2)
but higher in rural areas (Research Areas 3 and 4).
Conversely, the spline method yielded lower RMSE
and MAE values in rural areas compared to urban
areas.

The highest RMSE and MAE values for
groundwater table elevation were observed in
Research Area 3, which may be attributed to the
significant elevation variations in this location
relative to the other study areas. It should be noted
that the dataset producing the highest RMSE and
MAE values for groundwater table elevation differed
from that for groundwater table depth: for elevation,
Model 3 vyielded the highest values, whereas for
depth, Model 2 had the highest values (in the spline
method).

These results indicate that, for groundwater table
elevation analysis, the IDW method performs better
in urban environments, whereas the spline method is
more suitable for rural settings.

B. Discussion

The RMSE and MAE results in this study
demonstrate that the IDW method provided higher
accuracy for groundwater table depth analysis in both
urban and rural areas. This outcome suggests that the
spatial distribution of groundwater table depth aligns
closely with the fundamental principle of the IDW
method, which is based on spatial proximity among
data points.

From a hydrogeological perspective, the primary
factors influencing groundwater table depth in
unconfined aquifers are groundwater pumping
activities and the surrounding land cover conditions
at the measurement points. Intensive pumping
induces the formation of a cone of depression—a
zone of declining groundwater levels forming an
inverted cone-shaped surface around a well [16]. This

surface is not a straight line but rather exhibits gentle
curves, indicating that a drop in groundwater level at
one point does not directly or uniformly affect
adjacent points. This curved configuration reflects the
mechanism of the IDW interpolation method, which
assigns the highest weight to the nearest data points
and progressively less weight to those farther away.
Such conceptual similarity is believed to underpin the
suitability of IDW for groundwater table depth
analysis, particularly in urban regions with extensive
pumping activities. Figure 3 illustrates this
conceptual analogy between a cone of depression and
the IDW interpolation process.

|| A cone o

depression

(b) 0 5 10 15 2
Distance

Figure—3. (a) lllustration of a Cone of Depression in an
Unconfined Aquifer [17]; (b) lllustration of the IDW
Interpolation Method [18]

In addition to pumping, land cover significantly
influences groundwater table depth in unconfined
aquifers, as different land cover types affect the
infiltration capacity of rainwater into the soil. Areas
with open vegetative cover, such as plantations or
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parks, tend to have higher infiltration rates, resulting
in shallower groundwater levels compared to built-up
areas such as dense residential or industrial zones
[19]. These variations in land cover and their effects
on infiltration are likely reasons why IDW
consistently outperformed spline interpolation in
groundwater table depth analysis in this study.

While groundwater table depth analysis clearly
favored IDW, the groundwater table elevation results
did not reveal a single universally superior
interpolation method across all study areas. Instead,
the findings indicate that the performance of each
method depends on the population density,
hydrogeological  conditions, and land use
characteristics of the area. The RMSE and MAE
values showed that IDW achieved greater accuracy in
urban areas, whereas the spline method performed
better in rural areas. These contrasting outcomes
emphasize the importance of interpreting
interpolation performance in the context of local
environmental and hydrogeological conditions.

In urban environments, groundwater use is
typically higher due to dense populations and
industrial demand, leading to substantial fluctuations
in groundwater levels [20]. Urban land use is
dominated by impervious surfaces such as residential,
commercial, and industrial buildings, which reduce
local infiltration rates. This condition amplifies
groundwater level fluctuations and produces a more
pronounced and sharply curved cone of depression.
Consequently, groundwater elevation patterns in
urban areas tend to be more fragmented and localized,
often displaying isolated circular features. Such
spatial characteristics align with the strengths of the
IDW method, which emphasizes local variability by
assigning greater weight to nearby data points.
Therefore, IDW is considered more suitable for urban
settings, as it effectively captures the sharp, localized
variations resulting from intensive pumping and low-
infiltration land cover.

In contrast, rural areas generally have lower
groundwater extraction rates compared to urban areas
[21]. These regions are dominated by open land uses
such as rice fields, plantations, and community
forests, which promote high, stable, and evenly
distributed infiltration rates. Under these conditions,
groundwater level fluctuations are minimal, leading
to smoother and more continuous groundwater
elevation patterns. The spline interpolation method,
which emphasizes broader regional variation and
produces smooth, continuous surfaces, is therefore
more appropriate in rural contexts [22]. This
distinction in performance can be observed in Figure

4, which illustrates the comparative effectiveness of
IDW and spline methods for groundwater table
elevation analysis.

(b)

Figure—4. (a) Illustration of IDW Interpolation Method for
Groundwater Table Elevation; (b) Illustration of Spline
Interpolation Method for Groundwater Table Elevation [23]

IV. CONCLUSION &
RECOMMENDATION

A. Conclusion

This study demonstrates that the IDW
interpolation method offers higher accuracy for
groundwater depth analysis in both urban and rural
settings. This accuracy is attributed to the method’s
compatibility with local cones of depression formed
by groundwater pumping and variations in
infiltration.

For groundwater table elevation analysis, IDW
produced more accurate results in urban areas, while
the spline method was better suited for rural areas.
This difference reflects variations in groundwater use
intensity and land-use characteristics. The sharp,
discontinuous  fluctuations typical of urban
environments are better captured by IDW, whereas
the smoother, continuous patterns in rural areas are
more effectively modeled using spline interpolation.

These findings highlight the importance of
selecting interpolation methods based on the
characteristics of the study area and the parameters
under analysis. Choosing the most appropriate
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approach ensures that groundwater mapping more
accurately reflects actual hydrogeological conditions,
thereby supporting effective planning and sustainable
groundwater resource management.

B. Recommendation

The number and spatial distribution of well data
for model calculation and validation should be
determined using appropriate sampling techniques to
ensure uniformity. The study area should include
transition zones between urban and rural regions to
identify emerging patterns in groundwater depth and
table elevation modeling. The interpolation method
with the highest demonstrated accuracy should be
prioritized. Additionally, the relationship between
model accuracy and influencing factors should be
statistically tested to produce quantitative results.
Future research should also integrate the
morphological characteristics of the study area, as
these may provide valuable context for interpreting
variations in groundwater depth and elevation.
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