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Abstract

Several coastal megacities face compounding hazards from rising sea levels
and land subsidence. Jakarta, one of the fastest-sinking megacities, already
experiences recurrent flooding amplified by rapid land subsidence. However,
Jakarta’s three-dimensional (3D) ground-surface motion has remained poorly
resolved due to sparse ground-based geodetic observations and the line-of-
sight (LoS) limitation of conventional InSAR observations. Assessing and
mitigating this hazard requires reliable estimates of three-dimensional ground
motion over wide spatial and temporal scales in a well-defined geodetic ref-
erence frame and datum. Here we combine spaceborne InSAR and GNSS
measurements to align multi-track InSAR LoS datasets between 2014 and
2025 to a common datum for unbiased three-dimensional velocity decompo-
sition, and connect the resulting velocity field to the Sunda plate-fixed frame
using GNSS. This yields a spatially extensive 3D characterization of Jakarta’s
ground-surface motion on a 450 x 450 m grid in a globally consistent ref-
erence frame. Our results show that Jakarta’s land motion is dominated by
several distinct subsidence bowls, with subsidence and directional horizon-
tal rates of up to —7.9 cm/yr and 1.7 cm/yr, respectively, superimposed on
slow regional subsidence of —0.9 ¢cm/yr across the metropolitan area. The
resulting 3D velocity field, including its variance-covariance information, is
publicly available as a reference dataset for ground-deformation studies in

t Abbreviations: DePSI, Delft Persistent Scatterer Interferometry; IGRS, Integrated
Geodetic Reference Station; PoV, projection onto the vertical; RUM, region of uniform
motion; TLN, transversal-longitudinal-normal.
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Jakarta. Given that only one continuous GNSS station provides sufficient
temporal overlap with the InSAR observations for the datum connection,
we recommend installing dedicated geodetic ground-based infrastructure to
ensure robust and sustainable monitoring in the future.

Keywords: InSAR, GNSS, datum, geodesy, land subsidence, Jakarta

1. Introduction

Jakarta, the world’s most populous city with close to 42 million residents [1],
is among the fastest-sinking megacities on Earth. Historically, using observa-
tions since 1925 [2, 3], subsidence occurred at two distinct scales: a citywide
north-dipping tilt spanning ~30 kmﬂ with rates declining from —4.5 cm/yr
in the north to near-zero in the south, and localized subsidence bowls su-
perimposed on this trend, whose extent and intensity vary spatiotemporally,
with maximum rates ranging from —7 to —15 cm/yr [4, B, [6]. Currently,
~15% of Jakarta’s land area—mainly in the northern districts—already lies
below mean sea level, leaving these areas prone to inundation during ordinary
high tides [7]. While citywide catastrophic floods in the past decade have
been mostly driven by extreme rainfall and river runoff, in North Jakarta
it is the subsidence that is causing recurrent tidal flooding, a risk further
intensified by ongoing regional sea-level rise [§]. Jakarta’s subsidence is at-
tributed to three interacting mechanisms: (i) natural compaction of young
Quaternary coastal alluvium, (ii) increased effective stress from the load of
dense urban development and infrastructure, and (iii) groundwater extrac-
tion, which reduces pore pressure in the aquifer system and induces localized,
bowl-shaped subsidence [9, 4, 10, T1]. While natural compaction and loading
act gradually, groundwater withdrawal produces rapid and spatially concen-
trated deformation. The combined effects are structural damage to buildings,
cracking and tilting [12] 13|, and recurrent flooding [14] 15] [16], 17|, mak-
ing land subsidence one of the most critical hazards for Jakarta’s long-term
sustainability. The combined processes [6l, 18], 17, 10} 14} 15, 16] of land sub-
sidence, sea-level rise, extreme precipitation, and runoff put Jakarta at risk,
with subsidence amplifying hazards by lowering ground elevation, increasing
coastal flood exposure, and accelerating runoff. These impacts make pre-

from Ancol to Pasar Rebo
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cise estimation and continuous monitoring of land subsidence essential for
effective risk assessment and flood mitigation [12].

Over the past four decades, a range of geodetic techniques [19] have been
applied, each with distinct strengths and limitations. Spirit leveling in the
1980s [4], 20}, 2], B] provided millimeter-level precision but was costly, slow,
and spatially sparse. Of the 45 benchmarks established in 1982 [4], many
have since disappeared due to Jakarta’s rapid urban development. GNSS
campaigns from the 1990s onward [4, 211, 22], 23] expanded from 13 bench-
marks to 65 by 2010, improving spatial coverage and revealing broader sub-
sidence patterns, but in the meantime several benchmarks became unobserv-
able due to monument destruction [5]. Thus, for both leveling and GNSS,
the loss or inaccessibility of benchmarks limits the temporal continuity and
spatial completeness of the subsidence record. The introduction of space-
borne Interferometric Synthetic Aperture Radar (InSAR) [24] in the 1990s
revolutionized monitoring, offering dense spatial coverage and frequent tem-
poral sampling across Jakarta’s metropolitan area |25, [5]. Early InSAR stud-
ies [25] 26] 27, 28, 29] from Jakarta relied on short, single-track SAR datasets
and suffered from temporal decorrelation [30]. Advances in processing meth-
ods (e.g., Persistent Scatterer Interferometry (PSI) [31], 32] and Small Base-
line Subset (SBAS) [33], 84]) combined with greater computational capacity,
have enabled longer time series and multi-track coverage [35] 136, 37].

As InSAR observes the projection of the 3D displacement vector onto the
radar LoS, these estimates are often projected onto the vertical (PoV), an
error-free operation only if horizontal displacements are negligible [38] [39)].
Consequently, vertical PoV displacements are biased in localized subsidence
bowls. Although Ohenhen et al. [40] and Harintaka et al. [41] combined as-
cending and descending tracks to estimate the projection of the displacement
onto the east—up plane, the result remains biased due to omission of the north
component [39]. Therefore, no InSAR product currently provides a complete
three-dimensional and unbiased view of ground motion in Jakarta.

Nearly all InSAR-based velocity maps of Jakarta are relative, given in
an arbitrary local InNSAR datum. The physical ‘null-location’, where the
displacement rate is 0 mm/yr, is unknown. This rank defect can result
in misleading geophysical interpretations, such as apparent uplift in central
Jakarta [29] [36], which is physically unrealistic. Consequently, studies focus-
ing on fast-subsiding bowls driven by groundwater extraction may overlook
slower, widespread regional subsidence, which can be obscured if the InSAR
datum is not linked to a plate-fixed reference frame, such as the Sunda plate-
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fixed frame [42]. Previous GNSS-based InSAR datum connection approaches
have relied on spatially distributed GNSS networks, using spatial interpo-
lation or assumed co-location with InSAR measurements [43], 44, 45], [46],
whereas dedicated instrumentation has also been used to establish physical
co-location of GNSS antennas and radar targets [47]. However, Jakarta’s lim-
ited availability of long-term GNSS observations motivates a robust 3D da-
tum connection procedure that exploits the redundancy of multi-track InSAR
observations to establish a common datum [48] and then uses the available
GNSS observations to connect this datum to a terrestrial reference frame.

Using a modified strapdown decomposition [49] that jointly estimates 3D
velocities and aligns multi-track InSAR data to a common datum, followed
by a final GNSS-based connection to a terrestrial reference frame, we present
the first estimation of three-dimensional velocity vectors across Jakarta in
the Sunda plate-fixed frame. In Sec. 2] we present the input datasets and
the methodology for multi-track InSAR alignment and GNSS-based datum
connection of the InSAR velocity map to the Sunda plate-fixed frame. In
Sec. [3| we apply the method to two InSAR track velocity datasets to obtain
3D velocities aligned to a common InSAR datum. We then estimate the
velocity offset between this local InSAR datum and the Sunda plate-fixed
frame at the location of a continuously operating GNSS reference station
(CORS) and apply it uniformly to all provisory 3D velocities, producing
the final 3D velocity field for Jakarta in the Sunda plate-fixed frame. This
final 3D velocity field is validated using an independent co-located GNSS
site. Sec. 4] presents the resulting subsidence patterns, and the final section
summarizes the key findings and their implications for Jakarta.

2. Methodology

We subsequently discuss the input datasets and the decomposition assump-
tions, followed by the inter-track datum alignment establishing a common
InSAR datum, and a procedure for estimating the motion of this common
InSAR datum within the Sunda plate-fixed frame.

2.1. Dataset Preparation

We use two datasets of INSAR Point Scattererf?] (PS) LoS displacement time
series spanning 2014-2025, see Fig. |l The datasets were generated from 281

ZWe use the Delft taxonomy for scatterer classification, see [50].

4
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Figure 1: Area of Interest (AOI) covering the Jakarta metropolitan area, showing the
Sentinel-1 ascending (track 98, red) and descending (track 47, blue) footprints. The loca-
tion of the CORS GNSS station CJKT (2014-2022) used for datum alignment is indicated
as a green triangle, and the GNSS station KBGN (2023-2025), used to validate the final
3D velocity field, is indicated by a blue triangle
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Sentinel-1 acquisitions from ascending track 98 and 183 acquisitions from
descending track 47, using the Delft implementation of Persistent Scatterer
Interferometry, DePSI [51], 52]. We adopt a linear velocity parametrization
for all subsequent estimates, supported by post-fit residual analysis and hy-
pothesis testing, see Sup. S2. Each track uses a unique local datum defined
by its mean linear velocity. Consequently, all velocities are relative and must
be interpreted in terms of the spatial variability.

Additionally, we use GNSS observations from two stations with distinct
roles, see Fig.[I] Station CJKT is the only long-term CORS in Jakarta with
substantial temporal overlap with the InSAR observations, and is used to
align the common InSAR datum with the Sunda plate-fixed frame. Station
KBGN provides a representative site for independent validation of the final
3D velocity field. CJKT is a CORS located at Tanjung Priok and operated
by Badan Informasi Geospasial (BIG). Its antenna is mounted on a 2 m tall
concrete pillar on the roof of a two-story concrete building, see Fig. 2D. This
station is the only existing long-term CORS in Jakarta that was operational
during the InSAR observation period. Its daily station coordinates were
derived from continuous GPS phase observations collected between October
2010 and January 2022 f]

Station KBGN is located in Kembangan, north-west Jakarta, and was
installed by the Jakarta Survey Division for continuous land-subsidence mon-
itoring. The station is monumented on a metal pole founded to 1 m depth.
Its daily station coordinates were estimated from available GPS code and
phase observations within 2023—2025E|

To express the GNSS time series in the Sunda plate-fixed frame, we re-

3The CJKT GNSS data were processed by Susilo et al. [23] in differential mode using
the GAMIT/GLOBK software package version 10.71 [53]. Daily station positions were
estimated using double-differenced, ionosphere-free phase observations with respect to
12 IGS reference stations, applying precise IGS orbits, atmospheric delay modeling, and
standard tidal and loading corrections. The daily solutions were subsequently combined
and aligned in GLOBK to IGb14—the International GNSS Service (IGS) reference frame
aligned with ITRF2014—using eight stable global reference stations.

4The KBGN GNSS data were processed via ambiguity-resolved precise point posi-
tioning in PRIDE-PPP A.R software package version 3.2.8 [54]. The processing used
Wuhan University WUM rapid products, including satellite orbits, clocks, code/phase bi-
ases, Earth-rotation parameters, and satellite attitude information. Antenna phase-center
corrections were applied using the IGS ANTEX model in the IGS20/ITRF2020 reference
frame, yielding daily station coordinates in ITRF2020.
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Figure 2: (A—C) East, North, and Up displacement time series of the CJKT GNSS station
(2014-2022) with 20 uncertainties. Gray markers show IGb14 displacements, while green
markers show the time series expressed in the Sunda plate-fixed frame after removing
Sunda Plate motion using the GSRM v2.1 model. This removal eliminates the southeast
horizontal plate motion of 26.52 4 0.05 mm /yr, yielding near-zero horizontal velocity. The
corresponding 3D linear velocities in both reference frames are reported in Tab. (D)
CJKT GNSS configuration, located on the roof of a two-story concrete building, supported
on deep piles. 7
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Table 1: Linear velocities of GNSS station CJKT in the IGb14 (dS'GP14) and Sunda Plate-
fixed (CZG‘S) reference frames, corresponding to the linear models fitted to the displacement
time series in Fig.[2] with 20 uncertainties. The Sunda plate-fixed frame values show small
residual horizontal motion after plate-motion removal, likely reflecting limitations of the
plate-motion model or local monument motion.

JGIIGb14 [mm /yr| JGIS [mm /yr|
East 25.28 £ 0.05 —1.06 = 0.05
North 7.99 £ 0.04 0.54 £0.04
Up —4.6 £0.2 —4.6 0.2

moved the rigid motion of the Sunda Plate using the GSRM v2.1 plate-
motion model [55]°] The GNSS time series of CJKT and KBGN—originally
expressed in IGb14 and ITRF2020, respectively—were first transformed to
IGS08/ITRF2008. For each station, the horizontal Sunda Plate velocity was
then computed from the plate-motion model, propagated linearly over the
corresponding observation period, and subtracted from the time series. This
yields GNSS displacement time series in the Sunda plate-fixed frame, as
shown for CJKT in Figs. 2A-C.

To ensure consistency with the InSAR velocity estimates, the CJKT 3D
displacement time series and associated 2c-uncertainties were restricted to
the overlapping 2014-2022 InSAR period and fitted with a linear-rate model
in the Sunda plate-fixed frame. The resulting CJKT velocities before and
after removal of Sunda Plate motion are summarized in Tab.[Il For station
KBGN, a linear 3D velocity was estimated over its available observation
period and used solely for validation, see Sec. 3.2

2.2. LoS decomposition to 3D wvelocity

To convert the InSAR LoS Velocitieﬂ into physically meaningful 3D compo-
nents, we apply the strapdown decomposition method [49, 56|, which trans-
forms ascending and descending LoS observations into a local transversal-
longitudinal-normal (TLN) coordinate system [57], and subsequently to an
east-north-up (ENU) coordinate system [49].

SEuler pole and angular velocity in the IGS08/ITRF2008 realization.
6see Sup. Fig. S1
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First, the method assumes that deformation within each region of uni-
form motion (RUM), defined here as a 450x450 m area, is spatially constant,
i.e., all PS within the RUM share the same displacement behavior and av-
erage linear velocity. In this study, the RUM size of 450x450 m is chosen
to preserve deformation homogeneity while retaining sufficient PS sampling
for reliable spatial statistics, with at least 50 PS per track per RUM. For
the strapdown decomposition, the input observations consist of track-specific
RUM-averaged velocities, see Sup. S1, computed as the robust medianﬂ of
all PS LoS velocities within each RUM. This yields two representative veloc-
ities per RUM, one per viewing geometry, which serve as the observations
for the decomposition. In principle, the velocity variability and contributing
PS within each RUM should be evaluated individually, discarding anoma-
lous PS where justified, as done for the RUM used to connect to the Sunda
plate-fixed frame. Second, as the local TLN frame is right-handed, with the
longitudinal direction tangential to the iso-displacement contours and the
transversal direction defined positive downslope, i.e., toward increasing sub-
sidence, centripetal motion in a subsidence bowl is represented by positive
transversal velocity estimates.

The initial TLN coordinate system orientation [49] is approximated us-
ing three angles: A, the azimuth of the longitudinal direction relative to
geographic north, initialized by computing the 2D gradient of LoS velocities
projected onto the vertical; @, the elevation angle of the longitudinal direc-
tion relative to the horizontal; and {2, the elevation angle of the transversal
direction. Based on Jakarta’s relatively flat terrain, with topographic slopes
less than 2° [25], we assume and set ¢ = {2 = 0. Conservative uncertain-
ties of o4 = 10°, and 04 = o = 3° are assigned to account for potential
imperfections in the TLN orientation, yielding quality metrics for the ENU
displacement velocity estimates.

A full mathematical description of the strapdown decomposition, includ-
ing the observation equations, TLN to ENU transformation, and uncertainty
propagation is given in Sup. S1.

"The median is inherently robust, meaning it is unaffected by point scatterers that
deviate strongly from the RUM median velocity, beyond +2 times the median absolute
deviation (MAD).
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2.3. Inter-track InSAR datum alignment

The strapdown method requires the contributing InSAR viewing geometries
to be expressed in a common datum. In the absence of dedicated control
points for inter-track datum connection, we exploit a physical constraint
characteristic of subsiding regions: transversal velocities must be centripetal,
i.e., directed toward increasing subsidence [58]. A mismatch between track
datums alters both the magnitude and sign of the decomposed (transversal,
CZT, and normal, cZN) velocities, producing physically implausible results, such
as transversal velocities pointing upslope and normal velocities indicating
uplift, see Sup. S3.

We use this constraint to jointly estimate the inter-track datum offset
and the unbiased 3D velocities. The north component is therefore estimated
within the physically constrained strapdown decomposition, rather than be-
ing resolved by the SAR viewing geometry alone. In practice, the inter-track
datum alignment is performed by taking the descending track as reference.ﬂ
A trial offset, Ad{y, is applied to the ascending-track LoS velocities, the
strapdown decomposition is recomputed for each trial, and the optimal off-
set is found by sampling the solution space of possible datum offsets and
selecting the one that minimizes the number of negative transversal veloci-

ties
n

min > 1 (dn (A, + Adis, di,) < 0), 1)

Adasc
LoS =1

where ¢ = 1,...,n indexes the RUM observations, di% . and d&% . are the

ascending- and descending-track LoS velocities for observation 7, JTZ. (+) is the
resulting transversal velocity from the strapdown decomposition given the
input LoS velocities, Adi% is the trial offset applied to the ascending-track
velocities, and 1(-) is an indicator function equal to 1 if the argument is true
(i.e., if the transversal velocity is negative) and 0 otherwise.

The optimal offset, A(fiffs, is determined by sampling the solution space
of trial offsets within a pre-defined range, using increments of 0.1 mm yr—!
to match InSAR precision (20), and then identifying the global minimum
analytically. The decomposition solution corresponding to this optimal offset
produces physically consistent transversal and normal velocities, a?TZ. and d N

8The inter-track datum alignment procedure is independent of the choice of reference
track; here, the descending track is used as the reference datum.

10
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together with ENU velocity estimates and variance-covariance matrices in
the local datum of the descending InSAR viewing direction.

2.4. InSAR and GNSS datum alignment

Since the decomposed ENU displacement velocities from the strapdown
decomposition are expressed in the datum of the descending InSAR track,
they must be transformed into a terrestrial reference frame for geophysical
interpretation. This transformation assumes a spatially constant 3D velocity
offset, estimated using co-located RUMs, defined as RUM cells whose foot-
print contains at least one GNSS antenna. Within a co-located RUM, the
point-like GNSS velocity in the chosen terrestrial reference frame—here the
Sunda plate-fixed frame [59]—is assumed to represent the same deformation
signal as the spatially averaged InSAR velocity obtained from the strapdown
decomposition.

For each co-located RUM i, a 3D datum-connection vector is computed as
the difference between the GNSS velocity in the Sunda Plate-Fixed Frame,

&GIS’ and the RUM-averaged InSAR velocity in the local InNSAR datum, cAli

AdS —d® - d, 2)
where Adiﬁs is the 3D offset needed to align the InSAR-derived velocity
of RUM ¢ in the local InSAR datum (superscript I) with the corresponding
GNSS velocity in the Sunda Plate-Fixed Frame (superscript G|S).

In the general case of multiple co-located RUMs, the final datum-connection
vector, Ad'™®, and its uncertainty are estimated by a least-squares adjust-
ment of all individual datum-connection vectors Ad; "> derived from the
RUM-GNSS pairs. The resulting best-fitting 3D offset is then applied uni-
formly to the entire INSAR velocity field, thereby connecting it to the chosen
terrestrial reference frame. In the present study, the alignment is performed
to the Sunda plate-fixed frame (S) using the only existing GNSS station
in Jakarta with substantial temporal overlap with the InSAR observations
(2014-2025), as described in Sec. and detailed in Sec. 8| Consequently,
the datum-connection vector is the 3D offset computed from a single co-
located RUM, and added uniformly to all RUM velocities to express the
InSAR-derived field in the Sunda plate-fixed frame
AI‘

d” =d, +Ad™S. (3)

11
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Here, cAlf is the RUM-averaged ENU velocity obtained from the strapdown

decomposition and expressed in the descending InSAR datum, and El?'s is
the ENU GNSS velocity in the Sunda plate-fixed frame. The uncertainties
of Ad'™® are derived through standard variance propagation, assuming in-
dependent uncertainties of the co-located GNSS and RUM-averaged InSAR
velocities.

The complete processing workflow, together with the subsequent inde-
pendent validation step, is illustrated in Sup. Fig. S2.

3. Results
3.1. Jakarta’s 3D velocity field in the Sunda plate-fixed frame

To estimate three-dimensional land motion in Jakarta with associated
uncertainties, the ascending-track datum is first aligned to the descending-
track datum, establishing a common InSAR datum for both tracks. Following
Sec. a relative datum offset of Ad™%, = 1.2 mm/yr is estimated by
evaluating the objective function in Eq. over all 4779 RUMs, with trial
offsets sampled within the range [—2.4,2.4] mm/yr at 0.1 mm/yr increments.
The optimal offset corresponds to the global minimum of this function, i.e.,
the minimum number of RUMs with negative transversal velocities”] The
strapdown decomposition using this offset yields an intermediate 3D velocity
field for Jakarta expressed in the common InSAR datum.

We connect this intermediate 3D velocity field to the Sunda plate-fixed
frame following Sec. The 3D datum connection vector is computed at
the co-located RUM containing the CJKT GNSS station. Because CJKT
is the only GNSS station operational during the study period, this vector
is obtained directly from the ENU velocity difference between the GNSS
velocity in the Sunda plate-fixed frame and the decomposed co-located RUM
velocity in the common InSAR datum, following Eq. (2).

The final datum connection is based on the assumption that the GNSS
point velocity and the InSAR velocity of representative PS within the co-
located RUM describe the same local deformation signal. In general, this as-
sumption should be treated with caution because PS within the same RUM
may correspond to ground-level objects, low-rise buildings, or taller struc-
tures whose motion can differ depending on foundation depth and structural

9see Sup. animation Supplementary Animation S1 rum bias animation.gif

12
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coupling to the ground. Inspection of the original PS LoS velocities within
the CJKT RUM, see Fig. 3], shows moderate velocity heterogeneity when all
PS are considered (range ~2.0 mm/yr, ¢ = 0.5 mm/yr, MAD = 0.4 mm/yr),
and no strong correlation between PS velocities and their elevations. Using
all PS would therefore result in an empirical co-location uncertainty of ap-
proximately 2 mm/yr. Because the CJKT antenna is installed on a two-story
concrete building and its antenna height is known, we use this information to
preferentially select PS that are structurally comparable to the GNSS mon-
ument. Specifically, as the antenna is located at 32.205 m above the WGS84
ellipsoid, and Sentinel-1 PS heights have a formal 2c-uncertainty of approx-
imately 8-10 m [60], we select PS with Hywgsss > 22.205 m to compute the
RUM-averaged LoS velocity for each track prior to the decomposition. This
selection is based on structural representativeness and reduces the empirical
co-location uncertainty from ~2 to 1 mm/yr.

The estimated 3D datum offset is applied component-wise to all RUM
velocities in the ENU frame, transforming the strapdown-derived velocity
field into the Sunda plate-fixed frame. The final 3D velocity map is shown
in Fig. [, with vertical velocities shown in color and directional horizontal,
i.e., transversal, velocities shown as vectors. Only vectors with magnitudes
greater than (20) are plotted, so that they represent statistically significant
motion. Horizontal velocity uncertainties are represented by the 20 confi-
dence ellipses in Fig. [ while the spatial distributions of the east, north,
and vertical velocity uncertainties are provided separately in Sup. Fig. S4.
The map clearly shows several subsidence bowls. Along the rims of the ma-
jor bowls, outlined and numbered in magenta in Fig. 4] horizontal velocities
exceed 10 mm/yr and include distinct north components. These horizon-
tal velocity vectors point toward the centers of the subsidence bowls [58],
indicating centripetal motion driven by sediment compaction. Such lateral
motion may generate shear along bowl slopes and extension near bowl edges,
potentially affecting building stability and increasing the vulnerability of un-
derground pipelines.

3.2. Validation

As a full validation of the final 3D velocity field shown in Fig. {4] is not
possible due to the lack of ground truth, we assess its agreement with co-
located GNSS velocity estimates at station KBGN over 2023-2025, see Fig. [5]
At KBGN, we compute the 3D ENU residual vector in the Sunda plate-fixed

13
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Figure 3: Height-based PS selection within the CJKT co-location RUM for establishing
a precise datum connection to the Sunda plate-fixed frame. For visualization, LoS veloc-
ities from both tracks are first aligned to the common InSAR datum and projected onto
the vertical direction. Although no strong correlation is observed between PS velocity
and elevation, the known CJKT antenna height is used to select scatterers that are more
structurally comparable to the GNSS monument. Selected PS satisfy Hywgsss > 22.205 m,
corresponding to the antenna height minus the 20 Sentinel-1 PS height uncertainty. Rela-
tive to using all PS, this selection changes the estimated datum offset by ~0.3 mm/yr and
reduces the empirical co-location uncertainty from approximately 2 to 1 mm/yr. Top:
The 450 x 450 m co-location RUM, CJKT GNSS station, and selected PS are shown by
the black outline, green triangle, and magenta-outlined points, respectively. Marker size
scales with Hwgassa, and marker color shows dpoyv. Bottom: dpoy versus Hwagsss for all
PS. Magenta-outlined points are selected for datum connection, while light-blue outlined
points are excluded. Dashed blue lines show the +2 MAD interval for all PS, and the
magenta line shows the median LoS velocit% sz the selected PS.
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Figure 4: Sunda plate-fixed InSAR velocity map of the Jakarta metropolitan area (2014—
2025) obtained via the single-station GNSS (green triangle) based datum connection. Ver-
tical velocities are shown in color, and directional horizontal velocities are shown as vectors
with 20 confidence ellipses (see the enlarged inset in the lower-right corner); only a subset
of the vectors exceeding 20 are displayed. Main subsidence bowls, (> 1 mm/yr) are in-
dicated by magenta roman numbers I-VI. Directional horizontal velocities near the bowl
rims reach up to 10 mm/yr, including distinct north components. Central Jakarta shows
little vertical subsidence compared to the bowls. The mean background subsidence rate
outside the major bowls is —9.1 mm/yr. The inset in the bottom right corner zooms into
Bowl VI, highlighting the centripetal horizontal velocity vectors; for a zoomed-in overview
of each bowl see Sup. Fig. S3. The corresponding decomposed 3D ENU velocity compo-
nents and associated uncertainties are provided in Sup. Fig. S4.
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Figure 5: GNSS-InSAR validation of the final 3D velocity field in the Sunda plate-fixed
frame at KBGN. The left panel shows the validation RUM containing the GNSS station
and its neighboring RUMSs, colored by RUM-averaged InSAR vertical velocity; the inset
locates the validation RUM within the Jakarta-wide vertical velocity field. The blue
arrow shows the GNSS velocity, and black arrows show the Sunda plate-fixed frame RUM-
averaged InSAR velocities at each RUM center; the central arrow is used for comparison.
Filled and dashed arrows represent horizontal and vertical velocities, respectively, with
green and magenta ellipses/intervals showing GNSS and InSAR (20) uncertainties. The
right panel shows the 2023-2025 GNSS ENU displacement time series used to estimate
the KBGN velocity. The comparison shows millimeter-per-year agreement between GNSS
and InSAR, with a 3D misfit of 3.1 + 2.4 mm/yr, providing site-specific validation of the
final 3D velocity field at KBGN.
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Table 2: Summary of mean and maximum vertical and directional horizontal (i.e., transver-
sal) subsidence rates and cumulative displacements in Jakarta for each subsidence bowl,
based on the CORS-based datum alignment. Velocities are in mm/yr, and cumulative
displacements cover a 10.7-year period (October 2014 to June 2025) in mm.

Bowl # # RUMs (fUl [mm /yr] (JTL [mm/yr]
mean max max cum. [mm| mean max max cum. [mm]
I 112 -31.1 —-559 —594.9 1.5 6.6 69.6
11 275 —21.9 —-39.8 —423.4 1.0 3.8 40.4
II1 44 —29.7 —T785 —835.3 2.4 16.9 179.5
v 32 —15.6 —-35.1 —373.9 1.1 4.8 51.1
Vv 22 —-26.0 —51.0 —542.6 2.1 9.8 104.0
VI 358 —17.1 —47.0 —500.2 0.7 5.8 61.7
frame as Gl 1S
éi = di - di ) (4>

where ¢ denotes the co-located RUM. Uncertainties are propagated from the
GNSS and InSAR ENU covariance matrices, assuming independent errors,
and are reported as 20. The comparison shows millimeter-per-year agreement
between GNSS and InSAR, with a vertical residual of 2.1 + 2.9 mm/yr,
a horizontal residual magnitude of 2.3 + 1.9 mm/yr, and a 3D misfit of
3.1 2.4 mm/yr. The horizontal velocity directions differ by 13.4° + 15.9°,
which is within the 20 uncertainty. This millimeter-level 3D agreement is
consistent with the linear subsidence behavior of the KBGN RUM over 2014
2025, which supports comparison of the final InSAR RUM-averaged velocity
with the shorter 2023-2025 GNSS velocity, see Sup. S2

4. Discussion

4.1. Geophysical discussion

The 3D velocity map in the Sunda plate-fixed frame reveals several spatially
localized subsidence bowls, labeled I to VI in Fig. |4 and outlined in magenta.
These bowls exhibit maximum vertical velocities of up to —78.5 mm/yr,
and their subsidence characteristics are summarized in Tab. 2l Bowl III in
the Muara Angke region shows the strongest deformation, with vertical ve-
locities up to —78.5 mm/yr, a cumulative vertical displacement of —84 cm
over the October 2014—June 2025 period, and transversal (i.e., directional
horizontal) velocities up to 16.9 mm/yr that may pose risks to utility infras-
tructure. Bowl I, near Soekarno—Hatta International Airport, also exhibits
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severe vertical subsidence (maximum —55.9 mm/yr; cumulative —59 cm).
The remaining four bowls show substantial but less extreme vertical motion.
Across these bowls, the vertical and horizontal velocity components exhibit
coupled deformation patterns. Vertical subsidence is generally greatest to-
ward the bowl centers, while the strongest horizontal velocities occur along
their flanks and converge toward the centers, see Sup. S4. The bowls span
a variety of urban functions, including industrial areas, residential neighbor-
hoods, commercial districts, and mixed-use zones. In the absence of a clear
correlation, subsidence cannot be attributed to specific urban functions.

The reported maximum vertical velocities and cumulative displacements
are comparable with those of Harintaka et al. [41]. Other studies, such as
Sidiq et al. [37], report higher vertical velocities for the 2017-2023 period us-
ing descending-track LoS velocities projected onto the vertical. This vertical
projection neglects horizontal motion and can increase the apparent vertical
velocity by 12-14 mm /yr in Bowl III.

Several regions along the northern and northeastern coast of Jakarta, rep-
resented by the yellow RUMs in Sup. Fig. S8B , exhibit higher intra-RUM
velocity variability than the rest of the study area. This is evidenced by
larger residual LoS velocities after removal of a planar trend within each
RUM, as detailed in Sup. S4.These areas correspond to densely built neigh-
borhoods dominated by low-rise structures, likely supported by shallow or
absent foundations, which experience slow subsidence with moderate spatial
variability and lack the bowl-like velocity patterns characteristic of the ma-
jor subsidence bowls, see Fig. [l The observed velocity variability therefore
points to a different subsidence mechanism, likely related to shallow subsur-
face processes. Two explanations are plausible: i) localized subsidence due
to shallow groundwater extraction, or ii) slow consolidation of young coastal
alluvium. Given that these regions are located in districts such as Tanjung
Priok, Tambora, Pademangan, and Pluit—where municipal piped-water cov-
erage is high and the phreatic aquifer is polluted [61]—shallow groundwater
pumping is unlikely. Slow consolidation of young coastal alluvium is therefore
the more probable mechanism.

Beyond the distinct subsidence bowls, the entire metropolitan area expe-
riences slow regional subsidence, with a mean vertical velocity of —9.1 mm /yr
across Jakarta.

The validity of the geophysical interpretation of Jakarta’s subsidence de-
pends on the quality of the final datum connection to the Sunda plate-fixed
frame, anchored to the single CORS station at CJKT. As detailed in Sec.
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and discussed further below, this connection is robust for the study period
(2014-2025), with a co-location precision of ~1 mm/yr. However, relying on
a single GNSS station in a dynamic urban environment has inherent limi-
tations: changes in local building subsidence, or the relocation or destruc-
tion of the GNSS monument, could reduce the precision of future datum
connections—or even prevent InSAR connection to the Sunda plate-fixed
frame entirely. To support reliable long-term monitoring and rigorous In-
SAR-GNSS alignment, new infrastructure is urgently needed in Jakarta.
Establishing multiple Integrated Geodetic Reference Stations (IGRS) [62],
combining GNSS and corner reflectors visible in multiple InSAR geometries,
would ensure precise ties and consistent alignment of the InSAR datum to
the Sunda plate-fixed frame.

4.2. Geodetic discussion

Millimeter-scale misalignments between InSAR LoS datasets from differ-
ent tracks can propagate through the strapdown decomposition and distort
the estimated 3D velocity components. A sensitivity analysis for Jakarta,
see Sup. S3, shows that neglected inter-track datum offsets may produce bi-
ases in both magnitude and direction (including sign flips) of the transversal
velocities, whereas normal velocities are affected only about one quarter as
much in magnitude and roughly one tenth as much in direction. As the
CJKT GNSS station exhibits millimeter-level residual horizontal motion af-
ter plate motion removal, see Fig. 2| using this station to align the ascending
and descending LoS datums prior to the strapdown decomposition would
propagate these residuals into the decomposed 3D velocities, particularly
affecting the transversal velocities. To avoid introducing such errors from
the earliest stage of the decomposition, the methodology in Sec. instead
exploits the high redundancy{™|of InSAR observations to simultaneously esti-
mate 3D RUM-averaged velocities and perform inter-track datum alignment
with sub-millimeter precision. This alignment is fully independent of GNSS
data, providing a physically constrained and internally consistent means to
tie multi-track InSAR observations to a common datum. GNSS observations
at CJKT are used only for the final connection to the Sunda plate-fixed
frame, as described later in this section.

The inter-track datum alignment assumes positive centripetal horizontal

10> 50 PS per RUM per track across all 4779 RUMs
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motion toward areas of increasing subsidence, a deformation-driven assump-
tion in which gravity-driven compaction induces coupled vertical settlement
and inward horizontal motion. For Jakarta, this is justified: the study area
lies on coastal alluvial soils [12], 10, 13| with no known active faults crossing
it, and the southward-dipping Baribis Fault [63], 50 km to the north, is too
distant and oriented away to produce significant tectonic uplift or centrifu-
gal horizontal motion. Consequently, the observed inward horizontal motion
toward the centers of subsidence bowls is consistent with compaction-driven
subsidence, likely linked to groundwater extraction [58].

The strapdown decomposition in Jakarta relies on a spatially coherent
deformation regime, where velocity change along iso-displacement lines is
zero and radial velocity gradients within subsidence bowls define the local
TLN orientation, enabling accurate 3D velocity reconstruction. To assess this
coherence, a planar trend is fitted to the LoS velocities within each RUM,
see Sup. S4. Most RUMs (88%) show low residuals and semivariance after
planar removal, with the strongest reduction inside the six main subsidence
bowls, indicating that deep-seated, long-wavelength compaction dominates
Jakarta’s primary subsidence signal. By contrast, a small subset of RUMs,
shown in yellow in Sup. Fig. S8B | retains higher residual variability. In
these RUMs, PS elevations vary by only ~20 m (20), and the LoS velocity
variability remains within £3.5 mm/yr (20), indicating that the variability is
not primarily elevation-dependent. These regions show slow subsidence, weak
velocity gradients, and less well-resolved horizontal motion. This pattern
suggests a different subsidence mechanism from that of the main bowls, most
likely related to shallow subsurface processes such as consolidation of young
coastal alluvium, as discussed earlier.

In the final step, the strapdown-derived 3D velocity field is aligned to the
Sunda plate-fixed frame using the CORS station at CJKT, the only long-term
GNSS infrastructure available for datum connection in Jakarta, as confirmed
by national geospatial authoritiesfj] This step assumes that the GNSS point
velocity and the InSAR velocity of selected PS within the co-located RUM
capture the same deformation signal. To satisfy this assumption, the co-
location RUM velocity is computed before decomposition using only PS at
or above the CJKT antenna height. These roof-level or taller scatterers are
expected to behave similarly to the GNSS building, yielding a co-location

"Badan Informasi Geospasial (BIG) and Jakarta Survey Division
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uncertainty of ~1 mm/yr for 2014-2025, see Fig. . This supports a re-
liable datum connection for the study period. However, future differential
settlement or modifications to the structures hosting the selected PS or the
GNSS monument could degrade or prevent this connection. Ensuring con-
sistent, long-term alignment of InSAR-derived 3D velocity products to the
Sunda plate-fixed frame will therefore require establishing multiple co-located
GNSS-InSAR benchmarks across Jakarta.

5. Conclusion

The first unbiased 3D displacement velocity field for Jakarta is estimated
on a 450x450 m grid covering 2014-2025 and referenced to the Sunda plate-
fixed frame, achieving millimeter precision that resolves detailed subsidence
patterns beyond the capability of traditional GNSS or leveling surveys. All
estimates are accompanied by a full variance—covariance matrix, allowing
displacement significance to be assessed for groundwater management, flood-
risk assessment, city planning and asset management.

The velocity field shows that Jakarta’s land motion is dominated by dis-
tinct subsidence bowls with extreme localized displacement, reaching a max-
imum vertical velocity of —78.5 mm/yr. These bowls are superimposed on
slower regional subsidence, characterized by a mean background vertical ve-
locity of —9.1 mm/yr outside the bowl regions. Smaller coastal areas along
the northern and northeastern shores show slower, spatially heterogeneous
subsidence with no coherent bowl-shaped pattern. This suggests shallow
subsidence processes, in addition to the deep-seated, long-wavelength com-
paction observed in the major bowls, with natural consolidation of young
coastal alluvium as one possible mechanism. Localized directional horizontal
displacements of up to 16.9 mm/yr are observed, providing statistically sig-
nificant information for assessing deformation pathways and infrastructure
risk.

The InSAR 3D velocity field is tied to the Sunda plate-fixed frame through
the single long-term CORS GNSS station at CJKT—the only one currently
available in Jakarta. The selected high-elevation point scatterers co-located
with CJKT provide a reliable datum connection for 2014-2025 with ~1 mm /yr
precision. However, future settlement or structural changes at the selected
point scatterers or the GNSS monument could affect long-term alignment.
The deployment and maintenance of multiple co-located GNSS-InSAR bench-
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marks across Jakarta is therefore imperative for continued, accurate connec-
tion of InSAR-derived 3D velocities to the Sunda plate-fixed frame.

The findings demonstrate a novel procedure that combines strapdown
decomposition of ascending and descending InSAR displacement velocities,
a deformation-driven internal datum connection, and a GNSS-based InSAR
datum alignment to a global terrestrial reference frame. This approach pro-
vides a comprehensive 3D subsidence monitoring method for Jakarta and
establishes a transferable framework for other rapidly subsiding megacities,
provided that spatially coherent deformation, suitable multi-track InSAR
geometry, a physically justified internal datum constraint, and at least one
reliable GNSS-InSAR co-location are available. Effectively, careful InSAR
datum alignment is as critical as the subsidence measurements themselves.

Supplementary material

Supplementary material is available for this article as a PDF and accompa-
nying standalone files. It includes methodological details, parameterization
choices and sensitivity analyses, velocity-homogeneity assessment, additional
LoS and 3D velocity figures, zoomed views of the main subsidence bowls,
and an animation of the inter-track datum-alignment procedure described in
Sec.[2.3] All supplementary items should be considered supporting informa-
tion to the main article.
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The North-East-Up GNSS time series of the CJKT CORS station are avail-
able from the Zenodo repository at https://doi.org/10.5281/zenodo.
7775016 [23].

All other data and materials required to evaluate the conclusions of this
study are included in the article and the supplementary material.

Author Contributions

A.M.L. contributed to Conceptualization, Methodology, Formal analysis, In-
vestigation, Data Curation, Visualization, and Writing — Original Draft; de-
signed the research, performed the analysis, created the figures, and wrote
the first draft. H.A. contributed to Investigation, Resources, Data Cura-
tion, and Writing — Review & Editing; conducted, processed, and provided
the GNSS data and additional metadata on the GNSS benchmarks. D.P.
contributed to Investigation, Resources, and Data Curation; conducted, pro-
cessed, and provided the GNSS data and additional metadata on the GNSS
benchmarks. W.B. contributed to Methodology and Software; developed the
strapdown method and provided feedback on its application. S.v.D. con-
tributed to Investigation and Data Curation; processed the InSAR data.
R.H. contributed to Supervision and Writing — Review & Editing; analyzed,
reviewed, and edited the manuscript.

Acknowledgments

We thank Dr. F. van Leijen for valuable input on selecting InSAR processing
parameters in DePSI. We also thank Bayu Triyogo Widyantoro, Sidik Tri
Wibowo, and Febrylian Fahmi Chabibi from Badan Informasi Geospasial
(BIG) for providing the GNSS data of the CORS station at CJKT in RINEX

format.

23


https://doi.org/10.5281/zenodo.7775016
https://doi.org/10.5281/zenodo.7775016
https://doi.org/10.5281/zenodo.7775016

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

References

[1]

2]

3]

4]

[5]

6]

7]

18]

United Nations, World Urbanization Prospects 2025: Summary of Re-
sults, Technical Report UN DESA /POP /2025/TR/NO. 12, United Na-

tions, Department of Economic and Social Affairs, Population Division,
New York, 2025.

J. Schepers, De Nauwkeurigheidswaterpassing van Java, de Primaire
Kringen la en ii, benevens het Stadsnet van Batavia en Weltevre-
den, Verhandelingen No. 1, Topografische Dienst in Nederlandsch-Indié
(1926).

H. Schuitenvoerder, De Nauwkeurigheidswaterpassing van Java,
Jaarverslag van den Topografischen Dienst in Nederlandsch-Indié 1925
(1926).

H. Z. Abidin, R. Djaja, D. Darmawan, S. Hadi, A. Akbar, H. Rajiyowiry-
ono, Y. Sudibyo, I. Meilano, M. A. Kasuma, J. Kahar, Land Subsidence
of Jakarta (Indonesia) and its Geodetic Monitoring System, Nat. Haz-
ards 23 (2001) 365-387. https://doi.org/10.1023/A: 1011144602064

H. Z. Abidin, H. Andreas, I. Gumilar, Y. Fukuda, Y. E. Pohan,
T. Deguchi, Land Subsidence of Jakarta (Indonesia) and its Rela-
tion with Urban Development, Nat. Hazards 59 (2011) 1753-1771.
https://doi.org/10.1007/s11069-011-9866-9.

H. Z. Abidin, H. Andreas, I. Gumilar, T. P. Sidiq, D. Pradipta, B. D.
Yuwono, On the Disaster Risk Reduction of Land Subsidence in In-
donesia’s Northern Coastal Areas of Java, in: EGU Gen. Assem. Conf.
Abstr., volume 2, 2022, pp. EGU22-1721. https://doi.org/10.13140/
RG.2.2.34300.00646.

F. Juliandri, H. Andreas, D. Pradipta, Efek Akurasi dan Geometrik Sis-
tem Tinggi Digital Elevation Model (DEM) terhadap Pemodelan Banjir
Rob di Jakarta, Bull. Geol. 6 (2022) 934-948. https://doi.org/10.5614/
bull.geol.2022.6.2.2.

L. Fenoglio-Marc, T. Schone, J. Illigner, M. Becker, P. Manurung,
Khafid, Sea Level Change and Vertical Motion from Satellite Altimetry,
Tide Gauges and GPS in the Indonesian Region, Mar. Geod. 35 (2012)
137-150. https://doi.org/10.1080/01490419 . 2012 . 674063,

24


http://dx.doi.org/10.1023/A:1011144602064
http://dx.doi.org/10.1007/s11069-011-9866-9
http://dx.doi.org/10.13140/RG.2.2.34300.00646
http://dx.doi.org/10.13140/RG.2.2.34300.00646
http://dx.doi.org/10.13140/RG.2.2.34300.00646
http://dx.doi.org/10.5614/bull.geol.2022.6.2.2
http://dx.doi.org/10.5614/bull.geol.2022.6.2.2
http://dx.doi.org/10.5614/bull.geol.2022.6.2.2
http://dx.doi.org/10.1080/01490419.2012.674063

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

D. Murdohardono, U. Sudarsono, Land Subsidence Monitoring System
in Jakarta, in: Proc. Symp. Japan-Indonesia IDNDR Proj.: Volcanol.,
Tecton., Flood Sediment Hazards, 1998, pp. 243-256.

N. Colbran, Will Jakarta be the next Atlantis? Excessive Groundwater
Use resulting from a Failing Piped Water Network, Law Environ. Dev.
J.5(2009) 18. URL: http://www.lead- journal.org/content/09018.
pdf, accessed 07 Aug 2026.

B. Batubara, M. Kooy, M. Zwarteveen, Politicising Land Subsidence in
Jakarta: How Land Subsidence is the Outcome of uneven Sociospatial
and Socionatural Processes of Capitalist Urbanization, Geoforum 139
(2023) 1-9. https://doi.org/10.1016/j.geoforum.2023.103689.

H. 7Z. Abidin, H. Andreas, I. Gumilar, J. J. Brinkman, Study
on the Risk and Impacts of Land Subsidence in Jakarta, Proc.
Int. Assoc. Hydrol. Sci. 372 (2015) 115-120. https://doi.org/10.5194/
piahs-372-115-2015.

G. U. Nugraha, H. Bakti, R. F. Lubis, A. A. Nur, Jakarta Ground-
water Modeling: A Review,  Appl. Water Sci. 14 (2024) 186.
https://doi.org/10.1007/s13201-024-02168-5.

H. Takagi, M. Esteban, T. Mikami, D. Fujii, Projection of
Coastal Floods in 2050 Jakarta, Urban Clim. 17 (2016) 135-145.
https://doi.org/10.1016/j.uclim.2016.05.003.

S. Sagala, J. Lassa, H. Yasaditama, D. Hudalah, The Evolution of Risk
and Vulnerability in Greater Jakarta: Contesting Government Policy,
Institute for Resource Governance and Social Change, Kupang, Indone-
sia (2013).

T. Firman, I. M. Surbakti, I. C. Idroes, H. A. Simarmata, Potential
Climate-Change related Vulnerabilities in Jakarta: Challenges and cur-
rent Status, Habitat Int. 35 (2011) 372-378. https://doi.org/10.1016/
j.habitatint.2010.11.011.

S. W. Lubis, S. Hagos, E. Hermawan, M. R. Respati, A. Ridho, Risyanto,
J. A. Paski, F. R. Muhammad, Siswanto, D. N. Ratri, et al., Record-
Breaking Precipitation in Indonesia’s Capital of Jakarta in early January

25


http://www.lead-journal.org/content/09018.pdf
http://www.lead-journal.org/content/09018.pdf
http://www.lead-journal.org/content/09018.pdf
http://dx.doi.org/10.1016/j.geoforum.2023.103689
http://dx.doi.org/10.5194/piahs-372-115-2015
http://dx.doi.org/10.5194/piahs-372-115-2015
http://dx.doi.org/10.5194/piahs-372-115-2015
http://dx.doi.org/10.1007/s13201-024-02168-5
http://dx.doi.org/10.1016/j.uclim.2016.05.003
http://dx.doi.org/10.1016/j.habitatint.2010.11.011
http://dx.doi.org/10.1016/j.habitatint.2010.11.011
http://dx.doi.org/10.1016/j.habitatint.2010.11.011

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

18]

[19]

[20]

[21]

22]

23]

[24]

[25]

2020 linked to the Northerly Surge, Equatorial Waves, and MJO, Geo-
phys. Res. Lett. 49 (2022) ¢2022GL101513. https://doi.org/10.1029/
2022GL101513.

W. G. Bennett, H. Karunarathna, Y. Xuan, M. S. Kusuma, M. Farid,
A. A. Kuntoro, H. P. Rahayu, B. Kombaitan, D. Septiadi, T. N. Kesuma,
et al., Modelling Compound Flooding: A Case Study from Jakarta,
Indonesia, Nat. Hazards 118 (2023) 277-305. https://doi.org/10.1007/
s11069-023-06001-1.

H. Abidin, R. Djaja, H. Andreas, M. Gamal, K. Hirose, Y. Maruyama,
Capabilities and Constraints of Geodetic Techniques for Monitoring
Land Subsidence in the Urban Areas of Indonesia, Geomatics Res. Aus-
tralas. 81 (2004) 45-58.

H. Ekkelenkamp, Indonesié op de Kaart: De Rol van de Nederlandse
Aanwezigheid in Indonesié bij de Ontwikkeling van de Geodesie in Ned-
erland (2019).

H. 7Z. Abidin, H. Andreas, R. Djaja, D. Darmawan, M. Gamal,
Land Subsidence Characteristics of Jakarta between 1997 and 2005,
as estimated using GPS Surveys, GPS Solut. 12 (2008) 23-32.
https://doi.org/lo .1007/810291-007-0061-0L

F. M. Abdullah, H. Andriyanto, J. R. Nababan, F. Abdillah, R. I. H.
Sulistyawan, Results of Land Subsidence Measurement using GPS
Method in the Jakarta Groundwater Basin in 2015-2019, in:
IOP Conf. Ser. Earth Environ. Sci., volume 873, 2021, p. 012034.
https://doi.org/10.1088/1755-1315/873/1/012034.

S. Susilo, R. Salman, W. Hermawan, R. Widyaningrum, S. T. Wibowo,
Y. A. Lumban-Gaol, I. Meilano, S.-H. Yun, GNSS Land Subsidence
Observations along the Northern Coastline of Java, Indonesia, Sci. Data
10 (2023) 421. https://doi.org/10.1038/s41597-023-02274-0.

R. F. Hanssen, Radar Interferometry: Data Interpretation and Error
Analysis, Springer, 2001. https://doi.org/10.1007/0-306-47633-9_4.

H. Z. Abidin, H. Andreas, M. Gamal, R. Djaja, C. Subarya, K. Hirose,
Y. Maruyama, D. Murdohardono, H. Rajiyowiryono, Monitoring Land

26


http://dx.doi.org/10.1029/2022GL101513
http://dx.doi.org/10.1029/2022GL101513
http://dx.doi.org/10.1029/2022GL101513
http://dx.doi.org/10.1007/s11069-023-06001-1
http://dx.doi.org/10.1007/s11069-023-06001-1
http://dx.doi.org/10.1007/s11069-023-06001-1
http://dx.doi.org/10.1007/s10291-007-0061-0
http://dx.doi.org/10.1088/1755-1315/873/1/012034
http://dx.doi.org/10.1038/s41597-023-02274-0
http://dx.doi.org/10.1007/0-306-47633-9_4

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

[26]

[27]

28]

[29]

[30]

[31]

32]

Subsidence of Jakarta (Indonesia) using Leveling, GPS Survey and In-
SAR Techniques, in: A Window on the Future of Geodesy: Proc. Int.
Assoc. Geod. (IAG) Gen. Assem., Sapporo, Japan, June 30-July 11,
2003, 2005, pp. 561-566. https://doi.org/10.1007/3-540-27432-4_95.

A.H.-M. Ng, L. Ge, X. Li, H. Z. Abidin, H. Andreas, K. Zhang, Mapping
Land Subsidence in Jakarta, Indonesia using Persistent Scatterer Inter-
ferometry (PSI) Technique with ALOS PALSAR, Int. J. Appl. Earth
Obs. Geoinf. 18 (2012) 232-242. https://doi.org/10.1016/j. jag.2012.
01.018.

F. N. Koudogbo, J. Duro, A. Arnaud, P. Bally, H. Z. Abidin, H. An-
dreas, Combined X- and L-Band PSI Analyses for Assessment of Land
Subsidence in Jakarta, in: Remote Sens. Agric. Ecosyst. Hydrol. XIV,
volume 8531, 2012, pp. 46-58. https://doi.org/10.1117/12.974821.

E. Chaussard, F. Amelung, H. Abidin, S.-H. Hong, Sinking Cities in
Indonesia: ALOS PALSAR detects rapid Subsidence due to Ground-
water and Gas Extraction, Remote Sens. Environ. 128 (2013) 150-161.
https://doi.org/10.1016/j.rse.2012.10.015.

J. Widodo, A. Herlambang, A. Sulaiman, P. Razi, D. Perissin, H. Kuze,
J. T. S. Sumantyo, Land Subsidence Rate Analysis of Jakarta Metropoli-
tan Region based on D-InSAR Processing of Sentinel Data C-band
Frequency, in: J. Phys. Conf. Ser., volume 1185, 2019, p. 012004.
https:/ /doi.org/10.1088/1742-6596/1185/1/012004.

H. A. Zebker, J. Villasenor, Decorrelation in Interferometric Radar
Echoes, IEEE Trans. Geosci. Remote Sens. 30 (1992) 950-959.
https://doi.org/10.1109/36.175330.

A. Ferretti, C. Prati, F. Rocca, Permanent Scatterers in SAR In-
terferometry, IEEE Trans. Geosci. Remote Sens. 39 (2002) 8-20.
https://doi.org/10.1109/36.898661.

A. Ferretti, C. Prati, F. Rocca, Nonlinear Subsidence Rate Estimation
using Permanent Scatterers in Differential SAR Interferometry, IEEE
Trans. Geosci. Remote Sens. 38 (2002) 2202-2212. https://doi.org/10.
1109/36.868878.

27


http://dx.doi.org/10.1007/3-540-27432-4_95
http://dx.doi.org/10.1016/j.jag.2012.01.018
http://dx.doi.org/10.1016/j.jag.2012.01.018
http://dx.doi.org/10.1016/j.jag.2012.01.018
http://dx.doi.org/10.1117/12.974821
http://dx.doi.org/10.1016/j.rse.2012.10.015
http://dx.doi.org/10.1088/1742-6596/1185/1/012004
http://dx.doi.org/10.1109/36.175330
http://dx.doi.org/10.1109/36.898661
http://dx.doi.org/10.1109/36.868878
http://dx.doi.org/10.1109/36.868878
http://dx.doi.org/10.1109/36.868878

687

688

689

690

691

692

693

694

695

696

697

698

699

701

702

704

705

707

708

709

710

711

712

713

714

715

716

717

718

[33]

[34]

[35]

[36]

37]

38

[39]

[40]

[41]

P. Berardino, G. Fornaro, R. Lanari, E. Sansosti, A new Algorithm for
Surface Deformation Monitoring based on Small Baseline Differential
SAR Interferograms, IEEE Trans. Geosci. Remote Sens. 40 (2003) 2375—
2383. https://doi.org/10.1109/TGRS . 2002 . 803792,

A. Hooper, A multi-temporal InSAR Method incorporating both Per-
sistent Scatterer and Small Baseline Approaches, Geophys. Res. Lett.
35 (2008). https://doi.org/10.1029/2008GL034654.

W. L. Hakim, A. R. Achmad, J. Eom, C.-W. Lee, Land Subsidence
Measurement of Jakarta Coastal Area using Time Series Interferom-
etry with Sentinel-1 SAR Data, J. Coast. Res. 102 (2020) 75-81.
https://doi.org/10.2112/31102-010. 1.

J. Zhang, W. Duan, X. Fu, Y. Yun, X. Lv, The stepwise multi-temporal
Interferometric Synthetic Aperture Radar with partially Coherent Scat-
terers for long-time Series Deformation Monitoring, Remote Sens. 17
(2025) 1374. https://doi.org/10.3390/rs17081374.

T. P. Sidiq, I. Gumilar, H. Z. Abidin, I. Meilano, A. Purwarianti,
R. Lestari, Spatial Distribution and Monitoring of Land Subsidence
using Sentinel-1 SAR Data in Java, Indonesia, Appl. Sci. 15 (2025).
https://doi.org/10.3390/app15073732.

T. J. Wright, B. E. Parsons, Z. Lu, Toward Mapping Surface Deforma-
tion In Three Dimensions Using InSAR, Geophys. Res. Lett. 31 (2004).
https://doi.org/10.1029/2003GL018827.

W. S. Brouwer, R. F. Hanssen, A Treatise on InSAR Geometry and 3-D
Displacement Estimation, IEEE Trans. Geosci. Remote Sens. 61 (2023)
1-11. https://doi.org/10.1109/TGRS . 2023 . 3322595

L. O. Ohenhen, M. Shirzaei, P. Kumar, A. Aditiya, A. Tiwari, J. L.
Davis, F. Kolawole, E. Chaussard, N. Sadhasivam, O. Dasho, et al.,
Land Subsidence On Java Island And Its Contributions To Relative Sea
Level Change, Sci. Adv. 12 (2026) eaec0172. https://doi.org/10.1126/
sciadv.aecQ172.

H. Harintaka, A. G. Suhadha, A. Syetiawan, M. Ardha, A. Rarasati,
Current Land Subsidence in Jakarta: A multi-track SBAS InSAR Anal-

28


http://dx.doi.org/10.1109/TGRS.2002.803792
http://dx.doi.org/10.1029/2008GL034654
http://dx.doi.org/10.2112/SI102-010.1
http://dx.doi.org/10.3390/rs17081374
http://dx.doi.org/10.3390/app15073732
http://dx.doi.org/10.1029/2003GL018827
http://dx.doi.org/10.1109/TGRS.2023.3322595
http://dx.doi.org/10.1126/sciadv.aec0172
http://dx.doi.org/10.1126/sciadv.aec0172
http://dx.doi.org/10.1126/sciadv.aec0172

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

42]

[43]

[44]

[45]

[46]

[47]

48]

[49]

ysis during 2017-2022 using C-band SAR Data, Geocarto Int. 39 (2024)
2364726. https://doi.org/10.1080/10106049 . 2024 . 2364726.

C. Z. Yong, P. H. Denys, C. F. Pearson, Present-day kinematics of the
Sundaland plate, J. Appl. Geod. 11 (2017) 169-178. https://doi.org/10.
1515/jag-2016-0024.

G. Su, C. Xiong, W. Zhan, ID-GInSAR: An Improved Methodology
for Integrating GNSS to Enhance InSAR-Based Deformation Monitor-
ing, Geophys. J. Int. 244 (2026) ggaf430. https://doi.org/10.1093/gji/
ggafa30.

L. Lemrabet, M.-P. Doin, C. Lasserre, P. Durand, Referencing Of
Continental-Scale InSAR-Derived Velocity Fields: Case Study Of The
Eastern Tibetan Plateau, J. Geophys. Res. Solid Earth 128 (2023)
€2022JB026251. https://doi.org/10.1029/2022JB026251.

J. R. Elliott, J. Fang, M. Lazecky, Y. Maghsoudi, Q. Ou, J. A. Payne,
C. Rollins, D. Wang, A. Hooper, T. J. Wright, Deformation, Strains
And Velocities For The Alpine Himalayan Belt From Trans-Continental
Sentinel-1 InSAR & GNSS, Remote Sens. Environ. 338 (2026) 115320.
https://doi.org/10.1016/j.rse.2026.115320.

E. Giorgini, M. Lazecky, A. Hooper, S. Gandolfi, Best Practice For
Integrating InSAR And GNSS Observations In High-Density GNSS
Networks, IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. (2026).
https://doi.org/10.1109/JSTARS. 2026 .3675875.

P. Mahapatra, H. van der Marel, F. van Leijen, S. Samiei-
Esfahany, R. Klees, R. Hanssen, InSAR Datum Connection Using
GNSS-Augmented Radar Transponders, J. Geod. 92 (2018) 21-32.
https://doi.org/10.1007/500190-017-1041-7!

G. Ketelaar, F. van Leijen, P. Marinkovic, R. Hanssen, Multi-Track
PS-InSAR Datum Connection, in: IEEE Int. Geosci. Remote Sens.
Symp. (IGARSS), IEEE, 2007, pp. 2481-2484. https://doi.org/10.
1109/IGARSS.2007.4423346.

W. S. Brouwer, R. F. Hanssen, Estimating Three-Dimensional Displace-
ments with InSAR: The Strapdown Approach, J. Geod. 98 (2024) 110.
https://doi.org,/10. 1007/500190-024-01918-2,

29


http://dx.doi.org/10.1080/10106049.2024.2364726
http://dx.doi.org/10.1515/jag-2016-0024
http://dx.doi.org/10.1515/jag-2016-0024
http://dx.doi.org/10.1515/jag-2016-0024
http://dx.doi.org/10.1093/gji/ggaf430
http://dx.doi.org/10.1093/gji/ggaf430
http://dx.doi.org/10.1093/gji/ggaf430
http://dx.doi.org/10.1029/2022JB026251
http://dx.doi.org/10.1016/j.rse.2026.115320
http://dx.doi.org/10.1109/JSTARS.2026.3675875
http://dx.doi.org/10.1007/s00190-017-1041-y
http://dx.doi.org/10.1109/IGARSS.2007.4423346
http://dx.doi.org/10.1109/IGARSS.2007.4423346
http://dx.doi.org/10.1109/IGARSS.2007.4423346
http://dx.doi.org/10.1007/s00190-024-01918-2

752

753

754

755

756

757

758

759

760

761

762

763

764

765

767

768

769

770

771

772

773

74

775

776

T

778

779

780

781

782

[50] F. Hu, J. Wu, L. Chang, R. F. Hanssen, Incorporating temporary
coherent scatterers in multi-temporal insar using adaptive temporal
subsets, IEEE Trans. Geosci. Remote Sens. 57 (2019) 7658-7670.
https://doi.org/10.1109/TGRS.2019.2915658.

[51] B. M. Kampes, Radar Interferometry: Persistent Scatterer Technique,
Springer, Berlin, 2006.

[52] F. J. Van Leijen, Persistent Scatterer Interferometry Based on Geode-
tic Estimation Theory, Ph.D. thesis, Netherlands Geodetic Commission
(NCG), Amersfoort, The Netherlands, 2014.

[53] T. A. Herring, R. W. King, S. C. McClusky, et al., Introduction to
GAMIT /GLOBK, Massachusetts Institute of Technology, Cambridge,
Massachusetts 400 (2010) 401.

[54] J. Geng, X. Chen, Y. Pan, S. Mao, C. Li, J. Zhou, K. Zhang,
PRIDE PPP-AR: An Open-Source Software For GPS PPP Ambigu-
ity Resolution, GPS Solut. 23 (2019) 91. https://doi.org/10.1007/
s10291-019-0888-1.

[55] C. Kreemer, G. Blewitt, E. C. Klein, A Geodetic Plate Motion and
Global Strain Rate Model, Geochem. Geophys. Geosyst. 15 (2014) 3849—
3889. https://doi.org/10. 1002/2014GC005407.

[56] W. S. Brouwer, R. F. Hanssen, An Analysis of InSAR Displacement
Vector Decomposition Fallacies and the Strap-Down Solution, in: 2021
[EEE Int. Geosci. Remote Sens. Symp. (IGARSS), 2021, pp. 2927-2930.
https://doi.org/10.1109/IGARSS47720.2021.9554216.

[57] L. Chang, R. P. Dollevoet, R. F. Hanssen, Monitoring line-infrastructure
with multisensor sar interferometry: products and performance assess-
ment metrics, IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 11
(2018) 1593-1605. https://doi.org/10.1109/JSTARS.2018.2803074.

[58] H. Kratzsch, Mining Subsidence Engineering, Springer Science &
Business Media, Berlin, Heidelberg, 1983. https://doi.org/10.1007/
978-3-642-81923-0.

[59] Y. Bock, L. Prawirodirdjo, J. F. Genrich, C. W. Stevens, R. McCaffrey,
C. Subarya, S. S. O. Puntodewo, E. Calais, Crustal Motion in Indonesia

30


http://dx.doi.org/10.1109/TGRS.2019.2915658
http://dx.doi.org/10.1007/s10291-019-0888-1
http://dx.doi.org/10.1007/s10291-019-0888-1
http://dx.doi.org/10.1007/s10291-019-0888-1
http://dx.doi.org/10.1002/2014GC005407
http://dx.doi.org/10.1109/IGARSS47720.2021.9554216
http://dx.doi.org/10.1109/JSTARS.2018.2803074
http://dx.doi.org/10.1007/978-3-642-81923-0
http://dx.doi.org/10.1007/978-3-642-81923-0
http://dx.doi.org/10.1007/978-3-642-81923-0

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

[60]

[61]

62]

[63]

from Global Positioning System Measurements, J. Geophys. Res. Solid
Earth 108 (2003). https://doi.org/10.1029/2001JB000324.

ESA/DLR, Extension To Interferometry, Technical Note ETAD-DLR-
TN-1006, European Space Agency (ESA) and German Aerospace Center
(DLR), 2025. Issue 1.6.

R. Taftazani, S. Kazama, S. Takizawa, Spatial Analysis of Groundwater
Abstraction and Land Subsidence for Planning the Piped Water Supply
in Jakarta, Indonesia, Water 14 (2022) 3197. https://doi.org/10.3390/
wl14203197.

R. F. Hanssen, A radar retroreflector device and a method
of preparing a radar retroreflector device, 2017. URL:
https://patentimages.storage.googleapis.com/fe/ad/46/
df362a63c8ed57/W02018236215A1.pdf, patent WO 2018/236215
Al; accessed 07 Aug 2026.

E. Gunawan, S. Widiyantoro, E. Hussain, N. R. Hanifa, M. F. Syafiudin,
S. T. Wibowo, GNSS Constraints on the Jakarta Fault, Indonesia: Re-
solving Slip Rate and Seismic Hazard Potential, Earthq. Res. Adv. 6
(2026) 100424. https://doi.org/10.1016/j.eqrea.2025.100424.

31


http://dx.doi.org/10.1029/2001JB000324
http://dx.doi.org/10.3390/w14203197
http://dx.doi.org/10.3390/w14203197
http://dx.doi.org/10.3390/w14203197
https://patentimages.storage.googleapis.com/fe/ad/46/df362a63c8ed57/WO2018236215A1.pdf
https://patentimages.storage.googleapis.com/fe/ad/46/df362a63c8ed57/WO2018236215A1.pdf
https://patentimages.storage.googleapis.com/fe/ad/46/df362a63c8ed57/WO2018236215A1.pdf
http://dx.doi.org/10.1016/j.eqrea.2025.100424

10

11

12

13

14

15

16

17

18

19

Supplementary Material: Land Subsidence in Jakarta
in Three Dimensions (2014-2025) using InSAR-GNSS
Datum Connection and the Strapdown Decomposition'

Alexandru M. Lapadat®, Heri Andreas”, Wietske S. Brouwer?, Simon A.N.
van Diepen?, Dhota Pradipta®, Ramon F. Hanssen?®

®Mathematical Geodesy and Positioning, Delft University of Technology, Stevinweg
1, Delft, 2628 CN, Netherlands
bGeodesy Research Division, Institute of Technology Bandung, Jl. Ganesha 10, Bandung,
40132, Indonesia

S1. Mathematical Formulation of Strapdown Decomposition

The strapdown decomposition is used to estimate 3D displacement ve-
locities from InSAR LoS velocity observations, following the approach of
Brouwer and Hanssen [1].

Let the vector of unknown parameters for each RUM be

x=1[dr d dyv A Q @], (S1)

where dr,dy,dy are the displacement velocities in the transversal, longitu-
dinal (along the iso-displacement contour lines), and normal directions of
the local TLN coordinate system, and A, {2, ® are the orientation angles of
the TLN coordinate system, treated as pseudo-observation representing prior
approximations for the TLN frame orientation.

The observations used to estimate these RUM-specific parameters are or-
ganized into s = 1, ..., m sets, each corresponding to a distinct SAR viewing
geometry (ascending or descending). These observations consist of RUM-
averaged LoS velocities for each SAR viewing geometry and the pre-set TLN

t Abbreviations: OMT, Overall Model Test; RUM, region of uniform motion; TLN,
transversal-longitudinal-normal; WMAB, weighted mean absolute bias.
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orientation angles, related to the unknowns through

—d(l) T - .

ZLoS al(m)

d(:m) : dp
A L
Q Q

2] L%

where P}S), L(S), P](VS) project the TLN velocities onto the LoS for all obser-
vations in set s.

For Jakarta, each RUM has two sets, corresponding to Sentinel-1 ascend-
ing track 98 and descending track 47. In the equations of the main text, the
set index is indicated as a superscript: s = asc for the ascending track and
s = dsc for the descending track. The RUM-averaged LoS velocity observa-
tions are computed as the robust median of all PS within each RUM (see
Sec. and, together with the pre-set TLN angles ¢ and {2 (set to 0) and
the longitudinal azimuth A initialized from the 2D gradient of PoV velocities,
are used to estimate the RUM-specific 3D displacement velocity parameters.

The dispersion of the observations is described by the covariance matrix

ath [(Qrosg 0 -+ 0 0 0 0]
: 0 Quesp - 0 0 0 0
d(}n) : : ' : R
D{|Tes1} =1 o 0 Quosm 0 0 0| (83)
A 0 0 0 o2 0 0
Q 0 0 0 0 o3 0
| @ | L0 0 0 0 0 o2

where Q.5 ¢ 1s the variance—covariance matrix of the RUM-averaged LoS ob-
servation in set s, derived via standard error propagation for the median av-
eraging, and 03, 03, and o2 are the variances of the TLN pseudo-observation
angles. For Jakarta, these are pre-set to oy = 10° and oq = g = 3° (see
Sec. [2.2)).

The displacement velocity vector from @, drin = [dr,dy,dn]", is pro-
jected onto the LoS direction via a projection onto the plane orthogonal to
the LoS, using the projector

Pl .. =[Pr, Pp, Py, (S4)

2
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with components

Pr = (sin@sin agcos A — sin 0 cos agsin A) cos €2

- ((— sin 0 sin g sin A + sin 6 cos ag cos A) sin @

+ cos 6 cos @) sin €2, (Sh)

P, = (sin 0 sin ag sin A + sin 0 cos ag cos A) cos @
+ cos 0 sin @, (S6)

Py = (sinfsin agcos A — sin 6 cos g sin A) sin §)

+ ((— sin @ sin ayg sin A 4 sin 6 cos ag cos A) sin @

+ cos 6 cos @) cos €. (S7)

Here, 6 denotes the incidence angle toward the radar, and oy is the azimuth
of the zero-Doppler plane at the target location, measured in the direction
toward the satellite [2].

The unknown parameter vector & in Eq. is estimated using an iter-
ative Gauss—Newton approach applied to the observation model in Eq. .
At each iteration, the nonlinear equations are linearized around the current
estimate and solved in a weighted least-squares sense until convergence is
reached, yielding the final parameter estimates & and their associated co-
variance matrix Q.. The latter can be written in block-diagonal form as
Q:;: = blOdeiag(QéTLN’ QA’ QQ’ Q@)

The estimated TLN displacement velocities dpy = [dp,d,,dy]T and
their covariance matrix Q d.,, Bre subsequently rotated into the local East—

North-Up KENU) coordinate system using the estimated orientation angles
A, Q, and @

Rrinoenu = Ry Ry Ry, (S8)
cosA  sinA 0 cosf) 0 sin®Q 1 0 0
R; = |—sinA cosA 0|, Rg= 0 1 0 |, Ry=1[0 cos® sind
B 0 0 1 B —sin Q 0 cos Q B 0 —sin i cos i

(S9)
The ENU displacement velocities are obtained by rotating the estimated

TLN velocities using RriNn_eNu, 1.€., dgnyy = Rrinsenu drpy, While the as-
T

sociated covariance matrix is propagated as Q Aoy = Rrin_enu Q don Ry n_ENUs
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yielding the final 3D displacement components in the ENU coordinate system
together with their full variance—covariance information.

For a full description of the equations and the estimation procedure, see
Brouwer and Hanssen [1].

S2. Statistical hypothesis testing of linear LoS displacement be-
havior

We assessed whether an average linear velocity parameterization is represen-
tative of the 2014-2025 PS LoS displacement time series. The assessment
was performed at the level of regions of uniform motion (RUMs), defined in
Sec. [2.2] as 450x450 m spatial units within which deformation is assumed
to be spatially constant. For each RUM, the PS LoS displacement time
series were aggregated at each epoch by taking the median. This yields a
RUM-averaged LoS displacement time series that describes the average dis-
placement behavior of the RUM.

To assess linearity, a linear displacement model was fitted to the RUM-
averaged LoS displacement time series for each RUM 7 and track s € {asc, dsc}.
The post-fit residuals were then tested against a prescribed track-specific LoS
displacement uncertainty using an Overall Model Test (OMT) [3]. The test
statistic is

NONNOYIN
5) Dot (Ti (t))
i = 2 ; (510)
(UIE?S)
(t) is the residual of the linear model at epoch t = 1,... ,n(®),
n®) is the number of valid epochs for track s, and aﬁso)s is the prescribed
LoS displacement uncertainty for that track. The test was applied with a
false-alarm probability of o = 0.05, using O'£SO)S = 5.0 mm for both ascending
and descending tracks. The null hypothesis Hy of linear displacement was

rejected when

(s)

i

where r

7—;(3) > ka=0.05,n(5)—27 (Sll)

where k,_g o502 is the critical value for n(®) — 2 degrees of freedom, corre-
sponding to the fitted intercept and linear velocity. If Hy, was not rejected,
the RUM was classified as linear for that track; otherwise, it was classified
as nonlinear.

Across the combined ascending and descending OMT results, 92% of the
evaluated RUMs are linear and 8% are nonlinear, see Tab. [S1} Nonlinear

4
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Table S1: Hypothesis testing classification of RUMs over 20142025 using the OMT. The
OMT is applied separately to each RUM and track to test whether the linear displacement
model is rejected. The table reports the combined ascending and descending results;
therefore, one RUM can contribute up to two classifications. Percentages are computed
relative to the number of classifications in each row.

Subset # classifications Linear Nonlinear
Full RUM field 9558 8752 (92%) 806 (8%)
Inside subsidence regions 1686 1216 (72%) 470 (28%)
Region I 924 139 (62%) 85 (38%)
Region II 550 430 (78%) 120 (22%)
Region T1T 88 43 (49%) 45 (51%)
Region IV 64 35 (55%) 29 (45%)
Region V 44 10 (23%) 34 (77%)
Region VI 716 559 (78%) 157 (22%)
Outside subsidence regions 7872 7536 (96%) 336 (4%)

RUMs are mainly located within the outlined subsidence regions in Fig. [S5]
which contain 58% of all nonlinear classifications. Among these regions,
Region V has the highest nonlinear fraction, followed by Regions III and IV;
Regions I, II, and VI are predominantly linear. At the GNSS sites, both
the CJKT datum-connection site and the KBGN validation site are located
in RUMs showing linear subsidence behavior.

Overall, the predominance of linear RUMs supports the average linear
velocity parameterization used to derive RUM-averaged LoS velocity obser-
vations for the strapdown decomposition.
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Hop = linear model accepted; Ha = non-linear model accepted.

Figure S5: Hypothesis testing of whether RUM-averaged LoS displacement time series can
be represented by a linear displacement model over 2014—2025 for ascending track 98 and
descending track 47. A: OMT classification for each RUM and track, using o = 0.05 and
a prescribed LoS displacement uncertainty of JI(:Z)S = 5.0 mm for both tracks; Hy (light
blue) denotes RUMs for which the linear displacement model is not rejected, whereas H 4
(red) denotes nonlinear RUMs. B: Magnitude of deviation from linear behavior, computed
as RMSE(Jquad — J1in) between fitted quadratic and linear displacement models. Magenta
outlines mark the main subsidence regions, corresponding to the turquoise outlines in
Fig. @l The CJKT datum-connection GNSS station is shown in green, and the KBGN
validation GNSS station is shown in blue. Both CJKT and KBGN are located in RUMs
showing linear subsidence behavior. Nonlinear behavior is mainly concentrated in and
around the outlined subsidence regions.



o S3. Effect of inter-track datum misalignment on the relative veloc-
100 ity map of Jakarta

1w To quantify the impact of datum misalignment on the decomposed 3D ve-
102 locity field, we compute both magnitude and directional (sign flip) residuals
w03 between the unaligned (Ad2% = 0 mm /yr) and aligned (Ad®% = 1.2 mm /yr)
1w decomposed velocity fields of each RUM, after the inter-track datum align-

15 ment, see Sec. Magnitude residuals are defined as

;7 3 asc dsc 7 asc asc dsc
Ady, = dr, (diss,, divs,) — dr, (diss, + Adis,, divs, ),

S ; (S12)
Ady, = dy, (d5s,, diss,) — dn, (diss, + Adiss,, diss,) -

s The magnitude bias is expressed as the Weighted Mean Absolute Bias (WMAB):

Y

L= a s
WMABy = ~ Z | Ad,

) o (S13)
WMABy = ~ ; | Ady,|.

w7 Directional bias is quantified as the percentage of RUMs exhibiting a sign
108 ﬂip

100 «—

Ay = —= 371 (dn, (A, di5,) - dr (i, + Ad, d55,) < 0))
100 Zzl (514)
Ay = —= 7 1 (dw, (A, i) - do (A5, + Adiss di ) < 0),
i=1

o where 1(+) is the indicator function, which equals 1 if the argument is true

o (i.e., if the unaligned decomposed velocity has the opposite sign to the aligned

i decomposed velocity for the same RUM, their product will be negative) and

n2 0 otherwise. For transversal velocities, the positive direction is defined as

us  downslope (centripetal), while normal velocities are expected to be negative

us in sinking regions.

115 Fig. [S6) compares the unaligned and aligned decomposed velocities over

us the entire RUM field. Transversal velocities show a magnitude bias of WMABy =
17 6.86 mm/yr and directional flips Al = 33%, whereas normal velocities show

us  smaller biases: WMABy = 1.51 mm/yr and Afy = 2%.
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Figure S6: Directional and magnitude biases due to inter-track datum misalignment in
Jakarta. Columns show transversal (first) and normal (second) velocity components. Pan-

els (a)—(b) compare unaligned (AdF%

= 0.0 mm/yr) and aligned (Ad¥% = 1.2 mm/yr)

transversal velocities; panels (e)—(f) show the same for normal velocities. Panels (¢)—(d)
and (g)—(h) display spatial variability of directional and magnitude biases.
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Fig. [S7] shows the effect of varying the ascending track datum offset,
AdES, from —2.4 to +2.4 mm/yr in steps of 0.1 mm/yr. Transversal veloci-
ties reach up to 20 mm/yr (WMAB) and 45% directional flips, while normal
velocities reach up to 4.8 mm/yr and 5% flips. Both magnitude and direc-
tional biases show a clear minimum at Ad{¥ = 1.2 mm/yr, highlighting the
necessity of proper datum alignment.

Directional Bias (sign flip) Magnitude Bias

dr
40 —dy

30

Do [%]
)
(=]
WMAB [mm/yr]

10
\_’_ﬂ_ ” \/
o] 0.0

-2 -1 0 1 2 -2 -1 0 1 2
Bias Increment (mm/yr) Bias Increment (mm/yr)

Figure S7: Directional bias (A#, left) and magnitude bias (WMAB, right) for transversal
(T, orange) and normal (N, blue) velocity components across inter-track datum offsets.
Transversal velocities are more sensitive, reaching 20 mm/yr (WMAB) and 45% (A#).
Both curves show a minimum at Ad{*% = 1.2 mm/yr.

S4. Intra-RUM LoS velocity homogeneity assessment

Fig. evaluates intra-RUM LoS velocity homogeneity for the ascending
and descending tracks to determine whether the estimated 3D velocity field
of Jakarta (Fig. [4]) reflects a spatially coherent subsidence regime. Within
each RUM, homogeneity was assessed using the standard deviation of LoS
velocities, the standard deviation and the semivariance y(h) of residual ve-
locities after planar detrending. The semivariance lag was set to A ~ 60 m,
determined by first computing the mean nearest-neighbor distance d,, be-
tween PS points (~ 11 m ascending, ~ 9.5 m descending) and then incre-
mentally evaluating the scale-dependent heterogeneity H(n) = y(ndy,)/o?
for increasing multiples n until the critical lag n.;; is reached. The critical
lag nei is defined as the smallest n for which H > 1, indicating that local
residual velocity variability exceeds the total RUM variance.
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RUM velocities are considered spatially uniform—and therefore domi-
nated by homogeneous, long-wavelength subsidence—if the LoS velocities
are well described by a planar fit, with small residuals (o < 1 mm/yr) and
low semivariance (7 < 0.8 mm?/yr?). Approximately 88% of RUMs meet
these criteria, especially within the major subsidence bowls, highlighting ar-
eas dominated by deep-seated, long-wavelength compaction. In contrast, a
small subset of RUMs along the northern and northeastern coasts (yellow re-
gions in Fig. ), including Tanjung Priok, Tambora, Pademangan, Pluit,
and a north-south feature from Muara Baru to Central Jakarta, exhibits
higher residual variability and semivariance. These areas are less spatially
coherent and likely reflect different, shallower or more localized subsidence
mechanisms, making the 3D velocity estimates there less well constrained.

Captions for separately supplied supplementary files

Supplementary Figure S1.
Input ascending- and descending-track LoS velocity fields used for the three-
dimensional velocity decomposition.

Supplementary Figure S2.
Technical workflow for estimating the 3D ground-surface velocity field in
the Sunda Plate-Fixed Frame (Sunda plate-fixed frame). Multi-track PSI-
derived LoS velocities are aggregated within 450x450 m RUMs and used
as observations in the joint inter-track datum alignment and 3D strapdown
decomposition. The resulting 3D ENU velocity field in the common InSAR
datum is connected to the Sunda plate-fixed frame using the co-located CJKT
GNSS observations, while KBGN is reserved for independent validation of
the final 3D velocity field.

Supplementary Figure S3.
Zoomed views of the major subsidence bowls outlined in turquoise in the
Jakarta-wide three-dimensional velocity field shown in Fig. Vertical ve-
locities are shown in color, and directional horizontal velocities are shown as
vectors with 20 confidence ellipses; only a subset of vectors exceeding 20 is
displayed.

Supplementary Figure S4.
Decomposed east, north, and up velocity components and associated uncer-
tainties across the Jakarta metropolitan area.

Supplementary Animation S1.

10
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Figure S8: Intra-RUM LoS velocity variability assessment. The major subsidence bowls
(outlined in turquoise in Fig. E[) are highlighted in magenta. Row A: Standard deviation
of original ascending (left) and descending (right) LoS velocities at the RUM level. Row
B: Standard deviation of residual velocities after removing a planar trend within each
RUM. After plane removal, 88% of RUMs have o < 1 mm/yr, with the largest reductions
in the subsidence bowls, indicating long-wavelength, spatially coherent motion. Row C:
Semivariance of residual velocities computed at a distance lag of h =~ 60 m, showing
spatial correlation at short distances. Again, 88% of the AOI exhibits low semivariance
(v < 0.8 mm?/yr?), while northeastern and northern coastal regions (yellow) retain higher
residuals, suggesting subsidence there is not dominated by a uniform, deep-seated mech-
anism. 11
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Iterative estimation of the ascending-track datum offset used for inter-track
datum alignment. The animation shows the transversal (top left) and normal
(top right) velocities obtained from the strapdown decomposition, together
with their standard deviations (bottom panels), as the ascending-track ve-
locity is incrementally shifted by 0.1 mm /yr. The optimal inter-track datum
alignment is obtained at an offset of 1.2 mm/yr, corresponding to the mini-
mum number of negative transversal velocities.
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