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Abstract

Hazard risk monitoring of groundwater depletion and land subsidence due to excessive
groundwater extraction is crucial for groundwater resource development, especially in densely
populated, small-island developing sites. The island of Bali, Indonesia, represents such an urban
environment at risk of land subsidence arising from groundwater depletion. The total percentage of
groundwater depletion was calculated and interpolated spatially using measurements of
groundwater level from 2008 to 2017 at 18 monitoring well sites available in the area. Furthermore,
time-series synthetic-aperture radar (SAR) interferometry processing was applied to estimate the
temporal change in land displacement using the Phased Array type L-band SAR (PALSAR) data from
2007 to 2010. The result of downward displacement, signifying subsidence, corresponded with the
Global Navigation Satellite System (GNSS) data measurements at stations distributed in the observed
subsided areas, i.e., CDNP and CPBI. The displacement varied consistently with changes in
groundwater level. In regard to maintaining groundwater utilization, the hazard-risk relation of the
groundwater depletion, ie., low (0-25%), moderate (25-50%), and high (>50%), and the
presence/absence of subsidence were utilized to classify groundwater conservation into safe,
vulnerable, critical, and damaged zones. This application can be considered effective in providing
spatial information for sustainable groundwater management.

Keywords: geoinformation; groundwater depletion; land displacement; SAR remote sensing; spatial
data analysis; water conservation

1. Introduction

In recent decades, groundwater has become one of the most important sources of water among
the available resources throughout the world [1,2]. The importance of groundwater as a water
resource is increasing as a result of the continuous growth of the global population, which is
predicted to exceed 11 billion in 2100 [2]. Nevertheless, many cities are currently facing severe water
resource instability [3], with developing and poor urban areas being the most vulnerable to such
instability. A total of 21 of the world’s 33 megacities are located on the coast, and in Asia, for example,
more than one billion people live within 100 km of the sea [4]. The impact of climate change on water
resources and their management has already been seen in various regions around the globe [5]. In
2010, one-fifth of the world’s population, roughly 1.2 billion people, were living in areas with water
scarcity. Following projected urban and industrial water use, this number will double to 2.4 billion
by 2050 [4]. From these figures, it is clear that sustainable water resource management, particularly
of groundwater, is critical to maintaining water demand. In many areas, a lack of management
measures for groundwater utilization has led to the extensive over-exploitation of this resource,
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inducing groundwater depletion and thereby becoming a threat to the sustainable development of
socioeconomic and ecological health [1,3].

Concerning groundwater resource management, the development and integration of pilot case
studies on hazard-damage relationships at local or regional scales are essential to provide
information for relevant agency managers and policy makers [6-8]. Despite its criticality, the
relationship between hazards and damage is poorly studied [6]. Regarding the inter-correlation of
water-related hazards with damage to land, such as land subsidence, it is considered advantageous
as a parameter in assessing the phenomenon of groundwater depletion. Land subsidence can be
defined as a geological phenomenon that causes a slow lowering of ground surface elevation [9]. One
of the factors responsible for land subsidence is groundwater extraction [10,11]. Land subsidence also
impacts groundwater, in that it reduces the capacity of aquifers to store water [12].

Land deformation measurements extracted from interferometric synthetic-aperture radar
(InSAR) data processing [13,14] provide a method to estimate groundwater level, particularly in
confined aquifers below the land surface [15,16]. Land deformation is the process of soil compression
as a result of the increase in effective stress [17]. Groundwater extraction removes the water pressure
that increases the effective stress developed by the soil skeleton, resulting in the compaction of
aquifers and aquitards [17,18]. The elevation change of the groundwater surface is comparable to the
total compaction throughout the confined aquifer system [9]; put simply, groundwater draw-down
produces a time constant that delays compaction, which is expressed as subsidence of the ground
surface above the aquifer. Therefore, land deformation measurements above a confined aquifer over
time enable the estimation of the change in water level over that specific period [18]. Due to the lack
of conventional groundwater level measurement owing to inherent shortcomings, InNSAR-derived
land deformation data present a novel technique that is efficient for producing information necessary
for groundwater-related estimation.

The utilization of the InNSAR technique, which facilitates measurements with centimeter-scale
accuracy, makes it possible to assess deformation due to groundwater pumping activities. For
instance, elastic storage coefficients have been effectively estimated using collocated InNSAR and well
measurements [19,20]. Furthermore, it was possible to perform a long-term analysis of aquifer system
responses to pumping based on INSAR time-series analysis using the Persistent Scatterer (PS) method
[21,22] and Small Baseline Subset (SBAS) method [18,23-25]. These methods highlight the advantages
of the advanced InSAR technique for obtaining groundwater levels based on time-series land
deformation measurements. Moreover, regarding the evaluation of InSAR results, centimeter-scale
elevation accuracy can be achieved through measurement of continuous satellite navigation
technology such as a Global Navigation Satellite System (GNSS) [26-28].

Groundwater is primarily supplied for domestic usage in urban areas and for irrigation in
agricultural areas [2]. The application of INSAR can be challenging in different areas, such as urban
and agricultural regions. Conventional InSAR processing encompasses decorrelation of the
interferometric signal. Moreover, the characteristic electrical changes of scatterers lead to the
appearance of temporal and geometric decorrelations. Time-series SAR interferometry represents an
advanced technique of differential InNSAR. It involves processing multiple SAR images acquired at
different times over the same area through an effective data processing and analysis procedure to
extract information on phase displacement from the other phase components [29]. The analysis
enables a decrease in atmospheric and topographic errors to reduce signal decorrelation and
residuals. The PS [30-32] and SBAS [33,34] methods of time-series INSAR have been mainly applied
to the study of the temporal evolution of land deformation. These methods offer a temporal solution
based on the principle of dominant reflectivity of centers of permanent scatterers to dilute the
uncorrelated phenomena [31]. The PS method mainly records Persistent Scatterer (PSs) reflectors,
such as those found in urban areas, whereas the SBAS method responds to Distributed Scatterers
(DSs), which are typically found in agricultural regions [29]. Thus, the extracted measurement of
subsidence distribution can be employed to evaluate groundwater level information in areas with
wide area coverage.
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In this study, the utilization of time-series InNSAR to retrieve land displacement is proposed to
assess the change in groundwater level in urban and agricultural regions on the island of Bali,
Indonesia. Despite its importance, groundwater has become an issue on the island due to risks related
to large-scale groundwater extraction [35-39]. Appropriate water management is crucial for
sustainable groundwater development. Information regarding the groundwater condition, such as
the water level, is fundamental for resource development strategies in the area [39]. In this regard, in
this study, the distribution of land displacement generated from time-series INSAR processing using
the PS and SBAS methods is integrated with the distribution of groundwater level interpolated from
monitoring well site data in order to evaluate the correlation of land subsidence with groundwater
depletion in the area. Geospatial information on groundwater depletion throughout Bali Province,
Indonesia, is presented based on the analysis, with this information being essential for the
development of groundwater utilization strategies for sustainable water management.

2. Materials and Methods
2.1. Study Area

The study area of Bali (Figure 1) extends from 8°03'140” to 8°50'48” S and 114°25'53” to 115°20'2”
E. Administratively, as a province, Bali covers an area of 5632 km?, including surrounding smaller
islands, i.e., Nusa Penida, Nusa Lembongan, Nusa Ceningan, Serangan, and Menjangan. The area
consists of Denpasar City as the provincial capital and eight regencies. The land use comprises 61.3%
dryland agriculture, 23.4% forest, and 14.3% wetland rice fields, with alluvial, Regosol, Andosol,
Latosol, and Mediterranean soil types. The alluvial soil is distributed on the western side of the island,
for example, in the Jembrana Regency. Latosol is generally found in the southern regions, such as the
Badung Regency and Denpasar City. Regosol is present in the northern region of the Karangasem
Regency, in addition to the Singaraja Regency [40].
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Figure 1. Map of the study area in Bali, Indonesia. The groundwater basin is delineated into eight basins based
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on the Presidential Law of Indonesia Number 26 Year 2011. There are seven Continuously Operating Reference
Stations (CORSs) of the Global Navigation Satellite System (GNSS) and 18 monitoring wells distributed in the

area.

2.2. Data Sources and Instruments

Well data and satellite data were used as data sources for analysis. The well data consists of
groundwater level measurements at monitoring wells. A report on groundwater level measurement
from 2008 to 2013 at 18 monitoring wells in the study area was provided by the Ministry of Mining
and Natural Resources (ESDM) of Indonesia in Bali Province (see Table 1). The monitoring wells (see
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Figure 1) are distributed within the groundwater basin boundaries. A groundwater level
measurement was conducted in 2017 at the monitoring wells through field observation by utilizing a
water-level measurement tool. Additionally, a handheld GPS was used to record and check the
position information of the wells.

Table 1. Monitoring well data of groundwater level in Bali, Indonesia.

Monitoring Construction Depth Groundwater Level (m Below Ground Surface)

Well Number 1 1p Year (m) 20087 2009' 20107 20111 20121 2013' 20172
1 MWO1-BDO1 1996 50 625 640 600 635 650 600 6.10
2 MWO02-BD02 1997 50 630 686 670 680 7.82 635 7.74
3 MWO03-BD03 2002 40 215 220 175 184 301 350 320
4 MWO04-BD04 2003 40 360 380 405 438 378 370 458
5 MWO05-BD05 2004 65 1575 1657 1620 1675 15.05 1820 17.66
6 MWO06-DPO1 1997 50 285 267 325 337 387 320 318
7 MWO07-DP02 2001 40 845 845 625 638 845 700 630
8 MWO08-DP03 2004 60 255 266 316 325 285 320 3.3
9 MWO09-DP04 2008 60 ~ 625 901 921 769 870 1039
10 MW10-GROT 1998 90  39.15 3940 39.15 3940 40.08 39.30 39.20
11 MWI1-GR02 2009 60 - - 785 785 716 1210 12.00
12 MWI12-BLOT 1998 40 055 055 050 058 075 050 048
13 MWI3-BL02 2007 60 735 710 675 700 7.66 712 7.08
14 MWI4JB01 2006 60 1035 1027 982 995 1074 950 10.61
15 MW15JB02 2006 60 1726 1750 1720 1600 16.83 16.00 17.53
16 MW16-TBOT 2005 60 847 855 785 790 826 800 820
17 MW17-TB02 2008 65 - 782 825 834 787 850 855
18 MWI8-KRO1 2007 70 468 687 425 760 48 725 732

! Data collected from the ESDM of Indonesia in Bali Province; 2field observation of groundwater

level.

The primary data used for generating land subsidence information was satellite data, i.e., SAR
data of the PALSAR from the Advanced Land Observing Satellite (ALOS) satellite, Digital Elevation
Model (DEM) data from the Shuttle Radar Topography Mission (SRTM), and GNSS-CORS data.
Open-source computer software was employed for the processing of satellite data. INSAR processing
was conducted using GMT5SAR software (Scripps Institution of Oceanography, University of
California, San Diego, CA, USA); this software runs on the UNIX operating system using C codes
[41,42]. RTKLIB software (Tokyo University of Marine Science and Technology, Tokyo, Japan) was
specifically utilized for GNSS positioning based on the CORS data [44,45]. Moreover, the QGIS image
processing software (Spatial Planning and Information, Department of Land Affairs, Eastern Cape,
South Africa) was used to view, edit, and analyze geospatial information from the processed satellite
data [45,46].

Seven ALOS PALSAR track acquisitions cover the entire study area (see Figure 1), with a total
of 63 scenes from 2007 to 2010. The tracks consist of three paths, i.e., path numbers 422, 423, and 424,
with two, three, and two rows, respectively (see Table 2). The data characteristics used for the analysis
were fine mode, single polarization (HH), processing level of 1.0, 236 mm wavelength, 46-day orbital
revisit period, ascending, 34.3° incidence angle, and 13.1 km critical baseline [47-50]. Based on the
look-direction characteristic of PALSAR, the azimuth (compass) direction of the radar illumination is
perpendicular to and orientated toward the right of the satellite track [49]. Put simply, based on
Figure 1, the illumination azimuth direction is East North East (ENE). Moreover, one scene of the
SRTM DEM data was utilized for topographic phase removal of InNSAR processing. The data was
SRTM 1 Arc-Second Global elevation data that extends to latitudes of +/-60° and has a resolution of
1 arc-second, or approximately 30 m [51,52]. In order to evaluate the InSAR-derived land
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displacement, data recorded at three CORS stations, i.e., CSR], CDNP, and CPBI (see Table 3), that
provide GNSS data consisting of carrier phase and code range measurements was used to generate
ground surface elevation in subsided areas. GNSS enables autonomous global geospatial positioning
[27,53]. CORS networks have been rapidly installed in Indonesia to provide practical measurement
capabilities, in addition to high-accuracy positioning [54].

Table 2. List of multi-temporal Advanced Land Observing Satellite (ALOS) Phased Array type L-band Synthetic-
Aperture Radar (PALSAR) data covering the entire area of Bali from 2007 to 2010 for Interferometric Synthetic-

Aperture Radar (InSAR) time-series processing.

Acquisition Baselines for InSAR Processing with a Super Master
Scene Numbe . .
Path D Date of Days Temporal Perpendicular Baseline (m)
(yyyy/mm/dd) Baseline (days) Row 7000 Row 7010 Row 7020
422 05740  2007/02/22 417  (Super Master) - 0 0
09766  2007/11/25 693 276 - -280 -262
11108 2008/02/25 785 368 - -566 -535
11779 2008/04/10 831 414 - -579 -543
15134  2008/11/27 1061 644 - 623 597
16476  2009/02/27 1152 735 - 121 107
20502  2009/11/30 1428 1011 - 26 30
21173  2010/01/15 1474 1057 - -209 -199
21844  2010/03/02 1520 1103 - -247 -231
423 09343  2007/10/27 664  (Super Master) 0 0 0
10014  2007/12/12 710 46 274 271 -269
10685  2008/01/27 756 92 -482 —472 -464
14711 2008/10/29 1032 368 770 725 681
15382  2008/12/14 1078 414 732 691 651
16053  2009/01/29 1123 459 427 393 358
20079  2009/11/01 1399 735 103 88 72
21421 2010/02/01 1491 827 —62 —66 -71
26118  2010/12/20 1813 1149 -962 -943 -926
424 05565  2007/02/10 405 (Super Master) - 0 0
09591  2007/11/13 681 276 - -154 -134
11604  2008/03/30 819 414 - -992 -956
14959  2008/11/15 1049 644 - 838 814
15630  2008/12/31 1095 690 - 279 260
16301  2009/02/15 1140 735 - 279 443
20327  2009/11/18 1416 1011 - -76 -71
20998  2010/01/03 1462 1057 - -181 -171
21669  2010/02/18 1508 1103 - -301 —283

Table 3. List of Continuously Operating Reference Stations (CORSs) in Bali from 2008 to 2010 for Global

Navigation Satellite System (GNSS) data measurement .

tati Height Dist
Station Station Location  Latitude Longitude “181 Data Period e
ID (m) (km)
Base station CSRJ Singaraja -8.1497 115.0580 60.33  2008-2010 -
Rover station =~ CDNP  Denpasar -8.8181 115.1456  234.52 2008-2010 74.97

Rover station ~ CPBI Bukit Tengah -8.5433 115.4708  278.75 2008-2010 63.07

! Data obtained from the Indonesian Geospatial Information Agency (BIG).
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2.3. Research Scheme

A research scheme (see Figure 2) was developed for the hazard risk assessment of groundwater
depletion due to land subsidence. The method was applied to the study area of Bali, Indonesia, which
represents a small-island developing site with limited water resources. Information on InSAR-
derived subsidence distribution was integrated with groundwater depletion information calculated
from monitoring well data. Specifically, the InSAR result was compared with GNSS-CORS data
measurement. Lastly, a map was produced to present the conservation zones that were found to be
vulnerable to land subsidence as a result of groundwater utilization, based on spatial information of
groundwater depletion. Such measures are essential for sustainable groundwater management.

Report of SAR data of DEM data of GNSS data of
monitoring-well ALOS PALSAR SRTM-1 CORS stations
! 7 y

Monitoring-well data Time-series InSAR analysis of PS and SBAS GNSS data measurement
analysis and observation| methods of land surface elevation
v v v
Groundwater level at Average mean velocity of cumulative time-series Changes of height at
monitoring-well sites displacement from 2008 to 2010 GNSS-CORS stations

Interpolation .and Comparison of the vertical displacement trends from time-series InSAR analysis
spatial mapping and GNSS data measurement
v
Distribution of changes Confirmed distribution of land subsidence-related phenomena based on
in groundwater level InSAR processing
v
| Assessment of changes in groundwater level and InSAR-derived land subsidence information
I
B v
Groundwater depletion in subsided and Conservation zones of the groundwater resource
non-subsided areas utilization

Figure 2. The research scheme of hazard risk assessment for land subsidence caused by groundwater depletion.
SAR: synthetic-aperture radar; ALOS: Advanced Land Observing Satellite; PALSAR: Phased Array type L-band
SAR; DEM: Digital Elevation Model; SRTM: Shuttle Radar Topography Mission; GNSS: Global Navigation
Satellite System; CORS: Continuously Operating Reference Station; InSAR: interferometric SAR; PS: Persistent
Scatterer; SBAS: Small Baseline Subset.

2.4. Groundwater Depletion Monitoring

Groundwater depletion was calculated using the collected secondary data of groundwater level
from 2008 to 2013 and field observation data from 2017. The percentage of groundwater depletion
(Ah) was determined using groundwater level in the initial year (hi) and groundwater level in the
final year (h2) of the data in 2008 and 2017, as follows:

h; —h,

1

Ah = ( ) x 100% (1)

The total groundwater depletion was determined by subtracting the final groundwater level
from the initial level in the period 2008-2017 for each monitoring well. The values of total
groundwater depletion (in percent) were input into the monitoring well points as vector data. The
information was then interpolated to create a map of the distribution of groundwater depletion
throughout the study area.

Spatial interpolation involves the use of vector points with known values to estimate values at
locations where the value is unknown to create a raster surface covering an entire area. The
interpolation result is typically a raster layer. It is important to find a suitable interpolation method
to optimally estimate values for unknown locations [46]. For the distribution of groundwater
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depletion, the interpolation was performed in the QGIS application using the Inverse Distance
Weighting (IDW) method. In this method, the sample points are weighted during interpolation such
that the influence of one point relative to others declines with distance from the unknown point that
will be created. Weighting is assigned to sample points through the use of a weighting coefficient that
controls how the weighting influence will decline as the distance from the new point increases. The
greater the weighting coefficient, the less influence distant points from the unknown point will have
during the interpolation process. As the coefficient increases, the value of the unknown point
approaches the value of the nearest observational point [55]. In general, values greater or equal to 1
are used for the coefficient. The weighting coefficient was set to 2, which represents the default value
known as the inverse distance squared weighted interpolation. The coefficient was adjusted to the
number suitable for analysis. The set value resulted in a few different surfaces at a larger distance
from nearby points.

2.5. Land Displacement Measurement

Measurements of land subsidence were mainly derived from InSAR analysis. Fundamentally,
the InSAR technique combines two SAR scenes acquired at different times in the same area, which
are then used to generate an interferometric pair [56]. For the measurement of the phase difference
caused by ground movement, the differential interferometric (DInSAR) phase for a pixel is composed
of phase components as follows [56,57]:

¢DINSAR = ¢pdefo + pres_topo + patmo + pnoise ()

More recently, advanced time-series INSAR has been developed to overcome some of the
limitations of conventional INSAR. The technique involves the use of multi-temporal SAR scenes to
reduce atmospheric effects by stacking multiple interferograms. The most common time-series INSAR
techniques are PS and SBAS, which are able to provide millimeter-scale precision in deformation
mapping [30]. PS is appropriate for retrieving PSs with a single master for baseline configuration and
pixel selection criteria based on amplitude dispersion [29,31,32,58]. Conversely, SBAS is suitable for
deriving DSs by executing a small baseline configuration and a coherence-based pixel selection
criterion [33,34]. In this study, the PS and SBAS methods were combined (see Figure 3) in order to
enable displacement to be observed both in urban and agricultural regions. The data processing step
conducted using GMT5SAR consists of preprocessing, focus and alignment, pair selection,
topographic phase removal, phase filtering and unwrapping, and layer stacking. The time-series
technique in GMT55AR is generated by performing a layer-stacking process whereby the input
interferograms are processed using batch processing. The characteristics of the data type affect the
parameter values for processing [48].

The first step of the INSAR process was the preprocessing of raw SAR data and orbital
information to extract orbit and baseline estimation, i.e., orbital position, velocity, near range, and
Doppler centroid. Secondly, the images were focused to create two single look complex (SLC) images,
and the repeat images were aligned with the reference image. The third step was pair selection of the
interferograms based on the PS and SBAS methods. One scene was selected as a super master
(reference scene) that was common to the other scenes employed as slaves (repeat scenes) following
the PS method. Each surrogate master needs to be aligned with the super master before it can provide
a surrogate. Conversely, certain maximum baselines are required for pair selection in the SBAS
method. The baselines for SBAS pair selection were determined at 2500 days for the temporal baseline
and 1000 m for the perpendicular baseline. Considering the long wavelength of ALOS PALSAR data
[47-50], the large baselines are acceptable for the process.

The subsequent step after pair selection was DEM generation for topography removal and to
transform the DEM from longitude, latitude, and topography into range, azimuth, and topography.
The next step involved handling the reference and repeat SLCs using the DEM generated from the
topographic phase removal, followed by filtering, unwrapping, and geocoding. The processes of
interfering, filtering, and unwrapping computed amplitude, phase, and coherence images of the
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interferograms without the effect of topographic phase. Specifically, the geocoding process
transformed all of the products from the range/azimuth coordinate system to longitude and latitude.
The parameters of the Gaussian filter wavelength, perform land mask, and unwrap and geocode
threshold that needed to be set in the configuration file were Gauss 300, 1 (perform), and 0.45,
respectively, for both the PS and SBAS interferograms. Subsequently, layer stacking was conducted
to stack the generated interferograms. For SBAS layer-stacking, the other parameters for the
smoothing factors, namely, wavelength, incidence angle, range, and atmospheric correction, were
0.2362 m, 34.3°, 850014-848965, and 1 (perform), respectively.

Multi-temporal
SAR dataof arSRIM
/ ALOSPALSAR //
i :
(reference) (repeat) PS interferometric SBAS interferometric - pair selection

3
phase computation phase computation
1 - preprocess | Orbit and baseline estimati |
] PSs interferometric DSs interferometric
Orbi . phase difference phase difference .
rbit and baseline parameters Topographic | 4 - topographic phase
phase removal removal
2 - focus and [ Co-registration and resampling | [ Phase filtering and unwrapping ] 5 - interfere/filter and
) i 1 _..unwrap phase
Computed offsets and offsets parameters PSs and DSs bination of time-series displ T "
+ residual topogaphy + heri phase
align | Range and azimuth filtering | 6 - geocode
[ Baseline ar:d of ic |- layer stacking
Registered slave data * ‘ ‘
Time-series cumulative Residual Atmospheric
topography component

| displacement and mean veolcity

Figure 3. Extraction of time-series displacement based on the PS and SBAS InSAR methods. SAR: synthetic-
aperture radar; ALOS: Advanced Land Observing Satellite; PALSAR: Phased Array type L-band SAR; DEM:
Digital Elevation Model; SRTM: Shuttle Radar Topography Mission; PS: Persistent Scatterer; SBAS: Small

Baseline Subset; PSs: Persistent Scatterer; DSs: Distributed Scatterers.

A comparison of the InNSAR result with RTK-GNSS measurements as a reference was carried out
for evaluation. Fundamentally, RTK is able to perform measurements with up to centimeter-level
accuracy by employing phase measurements of the signals’ carrier wave and relying on a single
reference station or interpolated virtual station to perform real-time corrections [57,59]. The time
required for a signal to travel from the satellite to the receiver is used to calculate the distance between
the receiver and the satellite [26]. The data format of GNSS-CORS data downloaded from a receiver
was converted into ASCII format of Receiver Independent Exchange Format (RINEX).

In regard to the data in the study area (see Table 3), the observation type of L1, L2, C1, P2, S1,
and S2 recorded every 30 min can be processed using RTKLIB software. The input for the data
consisted of rover, base station, navigation, precise clock, and Earth Orientation Parameters (EOPs).
Parameters for running the calculation through the RTK-post tool of RTKLIB, i.e., positioning mode,
frequencies/filter type, elevation mask/SNR mask, ionosphere correction, troposphere correction, and
satellite ephemeris/clock, were set into static, L1+2 (combined), 15, estimate Slant Total Electron
Content (STEC), estimate Standard Deviation (STD), and precise, respectively [43,44].

3. Results

Hazard risk spatial information of groundwater depletion and land displacement was extracted
from the data analysis. The distribution of land displacement was constructed based on a mean
velocity map of InSAR time-series displacement for approximately three years (February/October
2007 to February/December 2010). The result was evaluated with the trend of GNSS-CORS land
surface elevation measurements at stations located in subsided areas. Furthermore, a map of
groundwater depletion percentage was established to represent the changes in groundwater level
based on the observed land subsidence. In order to present essential information for water
conservation measures, vulnerability levels of high, moderate, and low were determined,
corresponding to the hazard risk assessment.
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3.1. Spatial Information of Groundwater Depletion

The percentage of total groundwater depletion from 2008 to 2017 at 18 monitoring wells was
interpolated and mapped (see Figure 4) to present spatial information of the distribution of
groundwater depletion throughout the study area. The total percentage of groundwater depletion
ranged from —66.24 to 25.24% (positive values indicate an increase in groundwater level and negative
values indicate a decrease).
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Figure 4. Map of the spatial distribution of groundwater depletion in Bali, Indonesia, from 2008-2017. The color
range from red, yellow, green, and blue indicates groundwater level changes from a decrease value of —66.24%
(negative) to an increasing value of 25.44% (positive). The area with grey color represents a non-groundwater
basin with no groundwater level change. WGS84: World Geodetic System 1984; UTM: Universal Transverse

Mercator.

3.2. Distribution of Land Subsidence

Subsidence was defined based on the INSAR time-series displacement. The InNSAR products were
estimated using multi-temporal interferograms generated through time-series analysis using the PS
and SBAS methods. In regard to the PS pairs, eight interferograms for each track (providing a total
of 58 interferograms for the seven tracks) were generated, with scenes 05750, 09343, and 05565 (see
Table 1) as the super masters for paths 422, 423, and 424, respectively. The scenes were chosen with
the criteria of being able to cover the area of interest and minimize perpendicular baselines between
interferometric pairs [49,51]. In correspondence to the scatter chart of the baseline distribution (see
Figure 5), the super master scene was located in the middle with a value close to 0.

In the case of SBAS pairs, a total of 84 interferograms were extracted within 1000 m of the
perpendicular baseline and within 950 days of the temporal baseline. A different number of
interferogram pairs was generated for each track, i.e., 31, 31, 25, 27, 28, 28, and 29 interferogram pairs
for path 422 row 7010, path 422 row 7020, path 423 row 7000, path 423 row 7010, path 423 row 7020,
path 424 row 7010, and path 424 row 7020, respectively. The time-series of cumulative displacement
and mean velocity of the InNSAR results indicated upward (+) and downward (-) displacement from
2007 to 2010 in the entire study area (see Figure 6).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2636.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 December 2025 do0i:10.20944/preprints202512.2636.v1

10 of 19

650 15134

600 PS-based pairs

550 — SBAS-based pairs

500 - ©® Reference scene I
450 (Super master) -
400 P / ® Repeat scene

350 / (Master or slave) i
300

250 -

200

baseline (m)
o

e2m
- N 21844

550 1 path 422 Row 7010 \»""g‘nm

2007.0 20075 2008.0 2008.5 2009.0 2009.5 2010.0 20105
year

Bw ° “wm
700 » A PS-based pairs
! N\ — SBAS-based pairs
©® Reference scene
(Super master)
A ® Repeat scene
(Master or slave)

baseline (m)
1
8

-550 4

-750

-900 1
~o80 Path 423 Row 7000 e

-1000

2007.5 2008.0 20085 2009.0 20095 20100 20105 2011.0
year

Figure 5. Baseline scatter charts for interferogram pair selection of the PS and SBAS methods of InNSAR using the
ALOS PALSAR data in Bali from 2007 to 2010. The scatter charts present the baseline distribution for path 422
row 7010, the track with the joint-largest number of interferogram pairs, and path 423 row 7000, the track with

the smallest number of interferogram pairs.
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Figure 6. Time-series cumulative displacement generated from InSAR processing throughout the area of Bali,
Indonesia, from 2007 to 2010. The presented result is the average time-series cumulative displacement for path
422 (row 7010 and 7020), path 423 (row 7000, 7010, and 7020), and path 424 (row 7010 and 7020) at nine
observation periods. The initial value is considered as the first observation period condition without
displacement (0). The displacement for both upward and downward directions indicated a similar trend from
the second to ninth observation period. The upward (high level) and downward (low level) displacement at the
same observation period is connected with a high—low line. In particular, the downward displacement signified
fluctuating movement with a decreasing inclination during the second to the ninth observation period, from
-25.7 mm to -31.9 mm.

The calculated mean displacement velocity (see Figure 7), which ranged from 8.4 to 8.4 mm/yr,
was used to estimate subsided and non-subsided sites. Areas with upward (+) displacements (i.e.,
with no subsidence) were observed in the northern and eastern regions of Bali. Downward (-)
displacements (i.e., subsidence) were distributed in the southern coastal areas, including an area of
Denpasar City and the Badung Regency. These areas have been the center of development activity
on the island, i.e., settlements and tourism accommodation. Groundwater is mainly utilized to meet
domestic water needs [60]. Likewise, subsidence was also measured on the western side of the island.
This area contains irrigated paddy fields that use groundwater as their main irrigation source due to
limited water resources [40].
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Figure 7. Map showing the results of the mean displacement velocity. The mean velocity of downward
displacement (i.e., subsidence) was -8.4 mm/yr. Areas of subsidence are shown with red arrows, which
correspond to negative mean velocity values presented in red-to-yellow colors. Monitoring wells with
groundwater depletion are plotted on the map to obtain the correlation of the hazard to the risk of subsidence

based on the InSAR processing results.

Furthermore, the INSAR measurements were evaluated with GNSS-CORS measurements as
reference data. Referring to the line-of-sight (LOS) displacement equation [50], the vertical
displacement was calculated by dividing the LOS value of InNSAR-derived time-series cumulative
displacement by the cosine of the incidence angle. Considering that the LOS displacement is
proportional to the vertical displacement, regardless of the effect of horizontal displacement, the
downward displacement was considered sufficient to represent subsidence in the study area.
Therefore, the calculated vertical displacement was employed for further evaluation with GNSS
measurements, in addition to analysis of groundwater depletion.

Regarding the GNSS-CORS measurement, the height that represents the land surface elevation
in the subsided area was estimated through the RTK-post tool of RTKLIB processing program using
available and processable data. The position of a rover station in the subsided area was measured
based on the position of a base station located in the non-subsided area. The distribution of the GNSS-
CORS stations is shown in the mean displacement velocity map (see Figure 7), which signifies stations
in areas with downward (subsided) and upward (non-subsided) displacements. As shown on the
map, there are two stations in the subsided area, i.e., CDNP and CPBI, and one station in the non-
subsided area, i.e., CSR]. Based on the distribution of the GNSS-CORS stations, stations CDNP and
CPBI were designated as rover stations, with station CSR] as the base station for both rover stations.
The reference or base position of the selected base station was set by referring to the latest recorded
information of latitude, longitude, and height of the station (see Table 3). The base station also meets
the distance criteria of a base station to rover station distance of less than 80 km [50].

The significant decreasing trend of height changes at stations distributed in the subsided area,
i.e,, CDNP and CPBI (see Figure 8), corresponded with the subsidence trend of the cumulative
displacement time series. In regard to the evaluation result that highlighted subsidence at stations on
the southern side of Bali, the INSAR-derived displacement was confirmed to represent the subsidence
distribution.
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Figure 8. Land displacement measurements generated from InSAR and RTK-GNSS. The InSAR-based
measurement represents vertical displacement, and the RTK-GNSS demonstrates the station elevation
measurement. The displacement was obtained during a similar observation period. The measurement results at
station CDNP cover the period from July to December 2010. The measurement results at station CPBI cover the
period from February 2008 to March 2010. The average Root Mean Square Error (RMSE) of the measurements at
stations CDNP and CPBI is 0.003.
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3.3. Hazard Risk Geospatial-Based Assessment of Groundwater Depletion and Land Subsidence

The values of the average percentage of groundwater level change integrated with the values of
downward displacement at each monitoring well were plotted on a graph (see Figure 9) to present a
quantitative estimation of the hazard risk correlation between groundwater depletion and land
subsidence. Monitoring wells with a decreasing trend of groundwater level changes exhibited
downward displacement, denoting subsidence. Based on monitoring well MW04-BD04, which is
located in a subsided area, the average groundwater depletion between 2008 and 2017 was 8.03%; in
comparison, the average subsidence rate between 2007 and 2010 was 5.58 mm/yr. Conversely, in non-
subsided (uplifted) areas, monitoring wells were found to exhibit no trend of decreasing
groundwater level. For instance, monitoring well MW12-BL01, which had a negative average
groundwater depletion of -0.60%, exhibited a subsidence rate (i.e., uplift) of 3.3 mm/yr.
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Figure 9. Correlation of groundwater depletion hazard to the risk of land subsidence. The charts plot the total
groundwater depletion in 2008-2017 and the subsidence rate in 2007-2010 at 18 monitoring wells. The zonation
of groundwater conservation was divided into four zones, i.e., safe, vulnerable, critical, and damage. The criteria
utilized for the classification are the level of groundwater depletion and the absence/presence of subsidence

phenomenon.

Furthermore, hazard risk assessment for the zonation of groundwater conservation was
performed based on the values of groundwater depletion and land subsidence. The changes in
groundwater level related to groundwater depletion and downward displacement, which were
considered as subsidence, were classified into four conditions, i.e., safe, vulnerable, critical, and
damage zones. Concerning a publication by the local agency of Public Works (DPU) related to the
zonation of groundwater conservation [56], the criteria for the zonation (see Figure 9) were
determined by considering the significance levels of the decreasing trends of groundwater level or
the values of the average percentage of groundwater depletion and the presence/absence of land
subsidence.

Based on the groundwater conservation zones derived from the hazard risk for land subsidence
caused by groundwater depletion (see Figure 10), areas with no groundwater depletion or
subsidence, including non-groundwater basin areas, were classified into safe zones. A settlement area
with low population density dominated by vegetation such as forests in the northern region of Bali
was assigned to this category, for instance, the areas of Tejakula Sub-District, Tejakula District,
Buleleng Regency. Regarding vulnerable zones, areas with subsidence and low (<10%) groundwater
depletion in the western region of Bali were classified as vulnerable areas, for instance, a paddy field
area in Manis Tutu Sub-District, Melaya District, Jembrana Regency. In 2017, the total area of paddy
fields reached 6,757 ha in the Jembrana Regency. Groundwater is mainly utilized in the area for
irrigation systems, with a total requirement of 10,135.50 L [40].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.2636.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 December 2025 d0i:10.20944/preprints202512.2636.v1

14 of 19

Subsided areas with moderate (10-25%) and high (>25%) groundwater depletion were
categorized as critical and damage zones, respectively. Such areas were observed in the southern and
eastern regions of Bali, such as Kesiman Sub-District, East Denpasar District, for the critical zone and
Sanur Sub-District, South Denpasar District, for the damage zone that was located in Denpasar City.
Besides being developed as a settlement center, the area has also been extended for tourism
accommodation, e.g., hotels and villas. The average water requirement for a hotel is 1500 L/room/day,
and that for a villa is 2500 L/room/day [28].
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Figure 10. Map of the zonation of groundwater conservation in Bali, Indonesia.

4. Discussion

Water resources in the province of Bali, Indonesia, are quite abundant, consisting of
groundwater, river water, lakes, reservoirs, and springs. Groundwater in groundwater basins
represents the second-largest water resource in Bali, supplying roughly 1598 million m3/year of water
[61]. This factor signifies the importance of groundwater as an alternative water resource in the area.
The usage of groundwater for water supply has increased following an increase in population and
economic activities in Bali. The population of Bali exhibited an annual growth of 1.23% between 2010
and 2015. Agriculture, industries, and services, including tourism, are the main economic activities
in the area [47]. Groundwater has largely been used to meet domestic needs, in addition to irrigation
for agricultural areas with limited water resources [40].

Several problems have arisen due to the over-extraction of groundwater in the region of Bali,
i.e,, the risk of land subsidence and saline water intrusion [27,28,38,40,60,62]. Groundwater depletion
was observed in the southern region of Bali from groundwater level monitoring from 2001 to 2015 at
wells located in four different area classifications, i.e., tourism, river basin, settlement area, and
wetland [38]. Seawater intrusion has also been shown to increase groundwater salinity in the
Candidasa region in the eastern part of Bali [39]. In addition to climate change, groundwater
depletion and land subsidence are considered as causes of seawater intrusion [60,63-66].
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Based on the results of the InNSAR analysis, the shortcomings of the technique can be identified
from several inconsistencies in the displacement on the InSAR images. InNSAR essentially measures
object directions and vertical movements with an angle based on the distances to different objects on
the Earth’s surface [63]. The inconsistencies indicate that the technique may be inadequate for
indicating exact amounts of subsidence, as it also estimates the object movements [30]. The accuracy
of the result can be improved by employing more datasets in both ascending and descending orbits.
Research has shown the effectiveness of the utilization of multi-track data for extracting a substantial
value of vertical displacement [64-66]. Moreover, the trend of height changes at GNSS-CORS stations,
i.e.,, CDNP and CPBI, demonstrated good agreement with the subsidence areas identified by means
of InNSAR. In another study, continuous GPS measurement at stations CDNP and CPBI showed
negative deformation in the northern and southern regions of Bali; in comparison, a positive trend
was shown in the central region. Station CSR] was also used as a reference, considering that the area
is free from earthquake effects and bias [66].

Furthermore, spatial information on the distribution of groundwater depletion can be derived
through data interpolation and mapping that cover the entire study area. The groundwater level
measurement from institutional data was provided for a five-year period from 2008 to 2013; however,
there was a lack of data covering the subsequent period. Regarding this matter, continuous
measurement is necessary to monitor the changes in groundwater level. Concerning the lack of
conventional groundwater level measurement due to its shortcomings, InSAR-derived land
displacement could be employed to estimate groundwater level with higher temporal resolution [13—
18].

The application of geospatial analysis for hazard risk assessment offers rapid and low-cost
processing [67-69]. Moreover, the information can also be integrated with other parameters as input
for groundwater utilization plans. As detailed in the groundwater utilization plan provided by the
Ministry of Public Works in Bali Province in 2013, designated protection and utilization zones for
groundwater have been developed. The protected zone covers groundwater recharge areas, whereas
the utilization zone consists of safe, vulnerable, critical, and damage zones. The amount of
groundwater discharge is limited to 150 m3/day in the safety zone and 72 m?/day in the vulnerable
zone, and groundwater use is restricted in the critical and damage zones [61,62]. Based on the results
of this study, groundwater conservation zoning can be used to guide the planning of utilization
zones.

5. Conclusions

In this study, a hazard risk assessment was performed using spatial information of land
subsidence distribution and groundwater depletion. The risk of subsidence due to groundwater
depletion can be assessed and confirmed according to the conformity of the groundwater level
changes based on monitoring well data and subsidence sites identified through InSAR analysis. This
type of information is important in supporting the planning of sustainable groundwater
development in the area, as it considers the condition of the groundwater and the risk related to it.
Concerning its advantages of quick and low-cost processing, InNSAR is considered appropriate for
establishing continuous spatial information of groundwater conservation zoning based on the risk of
land subsidence caused by groundwater depletion. In supporting sustainable groundwater
development, the information can be considered appropriate as input for related water management
planning, such as groundwater conservation zonation.
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