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Abstract

Coastal megacities face compounding hazards from rising sea levels and land
subsidence. Jakarta, one of the fastest-sinking megacities, already experi-
ences recurrent flooding amplified by rapid land subsidence. Assessing and
mitigating this hazard requires reliable estimates of three-dimensional ground
motion over wide spatial and temporal scales in a well-defined geodetic refer-
ence frame and datum. Here we combine spaceborne InSAR and GNSS mea-
surements. We develop a datum connection procedure that aligns multi-track
InSAR line-of-sight datasets between 2014 and 2025 to a common datum for
unbiased three-dimensional velocity decomposition, and connect the result-
ing displacement field to the Sunda plate-fixed frame using GNSS, yielding
a 3D characterization of Jakarta’s land deformation in a globally consistent
reference frame. Our results show that Jakarta’s land motion is dominated by
six main subsidence bowls, with subsidence and directional horizontal rates
of up to −7.9 cm/yr and 1.7 cm/yr, respectively, overlying slow regional sub-
sidence of −0.9 cm/yr across the metropolitan area. As these results hinge
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on the availability of one single continuous GNSS station, we recommend
the installation of dedicated geodetic ground-based infrastructure to ensure
sustainable and rigorous monitoring capabilities for the future.
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1. Introduction

Jakarta, the world’s most populous city with close to 42 million residents (United
Nations, 2025), is among the fastest-sinking megacities on Earth. Histori-
cally, using observations since 1925 (Schepers, 1926; Schuitenvoerder, 1926),
subsidence occurred at two distinct scales: a citywide north-dipping tilt span-
ning ∼30 km1, with rates declining from −4.5 cm/yr in the north to near-
zero in the south, and localized subsidence bowls superimposed on this trend,
whose extent and intensity vary spatiotemporally, with maximum rates rang-
ing from −7 to −15 cm/yr (Abidin et al., 2001, 2011, 2022). 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 (Juliandri et al., 2022). 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 fur-
ther intensified by ongoing regional sea-level rise (Fenoglio-Marc et al., 2012).
Jakarta’s subsidence is attributed to three interacting mechanisms: (i) natu-
ral compaction of young Quaternary coastal alluvium, (ii) increased effective
stress from the load of dense urban development and infrastructure, and (iii)
groundwater extraction, which reduces pore pressure in the aquifer system
and induces localized, bowl-shaped subsidence (Murdohardono and Sudar-
sono, 1998; Abidin et al., 2001; Colbran, 2009; Batubara et al., 2023). While
natural compaction and loading act gradually, groundwater withdrawal pro-
duces rapid and spatially concentrated deformation. The combined effects
are structural damage to buildings, cracking and tilting (Abidin et al., 2015;
Nugraha et al., 2024), and recurrent flooding (Takagi et al., 2016; Sagala
et al., 2013; Firman et al., 2011; Lubis et al., 2022), making land subsidence
one of the most critical hazards for Jakarta’s long-term sustainability. The
combined processes (Abidin et al., 2022; Bennett et al., 2023; Lubis et al.,
2022; Colbran, 2009; Takagi et al., 2016; Sagala et al., 2013; Firman et al.,
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2011) of land subsidence, 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 precise estimation and continuous monitoring of land sub-
sidence essential for effective risk assessment and flood mitigation (Abidin
et al., 2015).

Over the past four decades, a range of geodetic techniques (Abidin et al.,
2004) have been applied, each with distinct strengths and limitations. Spirit
leveling in the 1980s (Abidin et al., 2001; Ekkelenkamp, 2019; Schepers, 1926;
Schuitenvoerder, 1926) provided millimeter-level precision but was costly,
slow, and spatially sparse. Of the 45 benchmarks established in 1982 (Abidin
et al., 2001), many have since disappeared due to Jakarta’s rapid urban devel-
opment. GNSS campaigns from the 1990s onward (Abidin et al., 2001, 2008;
Abdullah et al., 2021; Susilo et al., 2023) expanded from 13 benchmarks
to 65 by 2010, improving spatial coverage and revealing broader subsidence
patterns, but in the meantime several benchmarks became unobservable due
to monument destruction (Abidin et al., 2011). Thus, for both leveling and
GNSS, the loss or inaccessibility of benchmarks limits the temporal conti-
nuity and spatial completeness of the subsidence record. The introduction
of spaceborne Interferometric Synthetic Aperture Radar (InSAR) (Hanssen,
2001) in the 1990s revolutionized monitoring, offering dense spatial coverage
and frequent temporal sampling across Jakarta’s metropolitan area (Abidin
et al., 2005, 2011). Early InSAR studies (Abidin et al., 2005; Ng et al.,
2012; Koudogbo et al., 2012; Chaussard et al., 2013; Widodo et al., 2019)
from Jakarta relied on short, single-track SAR datasets and suffered from
temporal decorrelation (Zebker and Villasenor, 1992). Advances in process-
ing methods (e.g., Persistent Scatterer Interferometry (PSI) (Ferretti et al.,
2002b,a) and Small Baseline Subset (SBAS) (Berardino et al., 2003; Hooper,
2008)) combined with greater computational capacity, have enabled longer
time series and multi-track coverage (Hakim et al., 2020; Zhang et al., 2025;
Sidiq et al., 2025).

As InSAR observes the projection of the 3D displacement vector onto
the radar line of sight (LoS), often these estimates were projected onto the
vertical (PoV), an error-free operation only if horizontal displacements are
negligible (Brouwer and Hanssen, 2023). Consequently, vertical PoV dis-
placements are biased in localized subsidence bowls. Harintaka et al. (2024)
combined ascending and descending tracks to estimate the projection of the
displacement onto the East–Up plane, still biased (Brouwer and Hanssen,
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2023). 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 InSAR 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 (Widodo et al., 2019; Zhang et al., 2025), which is physically un-
realistic. Consequently, studies focusing 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 ref-
erence frame, such as the Sunda plate-fixed frame (Yong et al., 2017). In
fact, only a few studies have rigorously explored geodetic datum connections
that link InSAR to a terrestrial reference frame using GNSS (Mahapatra
et al., 2018; Su et al., 2026), underscoring the need for a robust 3D datum
connection procedure.

Using a modified strapdown decomposition (Brouwer and Hanssen, 2024)—
aligning multi-track InSAR data to a common datum and connecting InSAR-
derived land motion with GNSS to a global 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 the datum connection
of the InSAR velocity map to the Sunda plate-fixed frame using GNSS. 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. 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 methodology for estimating the motion of this common
InSAR datum within the Sunda plate-fixed frame.
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2.1. Dataset Preparation
We use two datasets of linear velocities estimated from InSAR Point Scat-
terer2 (PS) LoS displacement time series spanning 2014–2025, see Fig. 1.
The datasets were generated from 281 Sentinel-1 acquisitions from ascending

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 used for datum alignment is indicated as a green
triangle.

track 98 and 183 acquisitions from descending track 47, using the Delft im-
plementation of Persistent Scatterer Interferometry, DePSI (Kampes, 2006;
Van Leijen, 2014). Visual inspection and post-fit residual analysis of the
LoS displacement time series show that the deformation is predominately

2We use the Delft taxonomy for scatterer classification, see (Hu et al., 2019)
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linear over 2014–2025. A linear velocity model is therefore adopted for all
subsequent estimates. 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 data from station CJKT, see Figs. 1 and 2, a
long-term CORS to align the common InSAR datum with the Sunda plate-
fixed frame. CJKT is located at Tanjung Priok and operated by Badan Infor-
masi Geospasial (BIG), with its antenna mounted on a 2 m tall cast-concrete
pillar on the roof of a two-story concrete building, see Fig. 2D. It is the only
existing CORS station in Jakarta that was operational during the 2014–2025
period. The daily station coordinates were derived from continuous GPS
phase observations collected between October 2010 and January 2022. The
GNSS data were processed by Susilo et al. (2023) in differential mode using
the GAMIT/GLOBK software package version 10.71 (Herring et al., 2010).
Daily station positions were estimated using double-differenced, ionosphere-
free phase observations with respect to 12 IGS reference stations. This yields
station coordinates in ITRF2014, applying precise IGS orbits, atmospheric
delay modeling, and standard tidal and loading corrections. The daily so-
lutions were subsequently combined and aligned in GLOBK to the IGb143

using eight stable global reference stations.
To express the GNSS time series in the Sunda plate-fixed frame, we re-

moved the rigid motion of the Sunda Plate from the IGb14 coordinates using
the GSRM v2.1 plate-motion model (Kreemer et al., 2014)4. The horizontal
velocity of the Sunda Plate at CJKT was computed at epoch 2016.66, lin-
early propagated over the IGb14 displacements time span, and subtracted
from the displacement time series, see Fig. 2A–C.

The 3D displacement time series of CJKT, together with their 2σ uncer-
tainties were subsampled over 2014–2022 to match the InSAR observation
period and used to estimate linear 3D velocities in the Sunda plate-fixed
frame, assuming a constant displacement rate consistent with the InSAR
analysis. These 3D velocities are used to tie the relative InSAR velocity
estimate to the Sunda plate-fixed frame for land-subsidence analysis. The
resulting velocities in both reference frames are summarized in Tab. 1

3International GNSS Service (IGS) reference frame aligned with ITRF2014.
4Euler pole and angular velocity, IGS08 realization.
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Figure 2: (A–C) East, North, and Up displacement time series of the CJKT GNSS station
(2014–2022) with 2σ uncertainties. Grey 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±0.05 mm/yr, yielding near-zero horizontal velocity. The
corresponding 3D linear velocities in both reference frames are reported in Tab. 1. (D)
Photograph of the CJKT GNSS installation and pillar, located on the roof of a two-story
concrete building with a likely deep foundation.
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Component d̂G|IGb14 [mm/yr] d̂G|S [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

Table 1: Linear velocities of the CJKT GNSS station in the IGb14 (d̂G|IGb14) and Sunda
Plate-fixed (d̂G|S) reference frames, corresponding to the linear models fitted to the dis-
placement time series in Fig. 2, with 2σ uncertainties. The Sunda plate-fixed frame values
show small residual horizontal motion after plate-motion removal, likely reflecting limita-
tions of the plate-motion model or local monument motion.

2.2. LoS decomposition to 3D velocity
To convert the InSAR LoS velocities (see Sup. los_velocity_input.png), into
physically meaningful 3D components, we apply the strapdown decomposi-
tion method (Brouwer and Hanssen, 2024, 2021), which transforms ascending
and descending LoS observations into a local transversal-longitudinal-normal
(TLN) coordinate system (Chang et al., 2018), and subsequently to an East-
North-Up (ENU) coordinate system (Brouwer and Hanssen, 2024).

The method assumes that deformation within each region of uniform mo-
tion (RUM), defined here as a 450×450 m area, is spatially constant, i.e.,
all PS within the RUM share the same displacement behavior and average
linear velocity. The RUM size of 450×450 m is chosen as a trade-off be-
tween preserving homogeneous spatial deformation within each RUM and
providing sufficient spatial sampling for reliable statistics, ensuring a mini-
mum of 50 PS per track per RUM while limiting the averaging of local ve-
locity variability. For the strapdown decomposition, the input observations
consist of track-specific RUM-averaged velocities, see Sup. A, computed as
the robust median5 of all PS LoS velocities within each RUM. This yields
two representative velocities per RUM, one per viewing geometry, which
serve as the observations for the decomposition. Ideally, the velocity vari-
ability and contributing PS within each RUM should be evaluated on their
own merit, discarding anomalous PS where justified, as will be done for the
RUM used to connect to the Sunda plate-fixed frame Ṡecond, as the lo-
cal TLN-frame is right-handed with the longitudinal direction tangential to

5The 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)).

8



the iso-displacement contours and the transversal direction defined positive
down-slope, i.e., in the direction of increasing subsidence, it postulates that
all transversal estimates are positive.

The initial TLN coordinate system orientation (Brouwer and Hanssen,
2024) is approximated using three angles: Λ, the azimuth of the longitudi-
nal direction relative to geographic north, initialized by computing the 2D
gradient of LoS velocities projected onto the vertical; Φ, the elevation angle
of the longitudinal direction relative to the horizontal; and Ω , the elevation
angle of the transversal direction. Based on Jakarta’s relatively flat terrain,
with topographic slopes less than 2◦ (Abidin et al., 2005), we assume and
set Φ = Ω = 0. Conservative uncertainties of σΛ = 10◦, and σΦ = σΩ = 3◦

are assigned to account for potential imperfections in the TLN orientation,
yielding quality metrics for the ENU displacement velocity estimates.

A concise mathematical description of the strapdown decomposition, in-
cluding the observation equations and uncertainty propagation is given in
Sup. A.

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 terrestrial 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 (Kratzsch, 2012). A mismatch
between track datums alters both the magnitude and sign of the decomposed
velocities (transversal, d̂T , and normal, d̂N), producing physically implausible
results, such as transversal velocities pointing upslope and normal velocities
indicating uplift, see Sup. B.

We use this constraint to jointly estimate the inter-track datum offset and
the unbiased 3D velocities. Taking the descending track as reference6, a trial
offset, ∆dascLoS, is applied to the ascending-track LoS velocities. The strapdown
decomposition is recomputed for each trial, and the optimal offset is found
by sampling the solution space of possible datum offsets and selecting the

6The inter-track datum alignment procedure is independent of the choice of reference
track; here, the descending track is used as the reference datum.
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one that minimizes the number of negative transversal velocities

min
∆dascLoS

n∑
i=1

1
(
d̂Ti

(dascLoS,i +∆dascLoS, d
dsc
LoS,i) < 0

)
, (1)

where i = 1, . . . , n indexes the RUM observations, dascLoS,i and ddscLoS,i are the
ascending- and descending-track LoS velocities for observation i, d̂Ti

(·) is the
resulting transversal velocity from the strapdown decomposition given the
input LoS velocities, ∆dascLoS 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, ˆ∆dascLoS, is determined by sampling the solution space
of trial offsets within a pre-defined range, using increments of 0.1 mm yr−1

to match InSAR precision (2σ), and then identifying the global minimum
analytically. The strapdown decomposition results corresponding to this op-
timal offset produces physically consistent transversal and normal velocities,
d̂Ti

and d̂Ni
, along with their corresponding ENU displacement velocity esti-

mates 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 converted to a terrestrial reference frame for geophysical in-
terpretation. This is achieved using co-located RUMs, defined as RUM
cells whose footprint 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 (Bock et al., 2003)—is assumed to
represent the same deformation signal as the spatially averaged InSAR ve-
locity 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,
d̂
G|S
i , and the RUM-averaged InSAR velocity in the local InSAR datum, d̂Ii

∆dI→S
i = d̂

G|S
i − d̂Ii, (2)

where ∆dI→S
i is the 3D offset needed to align the InSAR-derived velocity

of RUM i in the local InSAR datum (superscript I) with the corresponding
GNSS velocity in the Sunda Plate–Fixed Frame (superscript G|S).
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In the general case of multiple co-located RUMs, the final datum-connection
vector, ∆dI→S, and its uncertainty are estimated by a least-squares adjust-
ment of all individual datum-connection vectors ∆dI→S

i 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 spanning the study period (2014-2025), see Sec. 3. 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

d̂
I|S
i = d̂Ii +∆dI→S. (3)

Here, d̂Ii is the RUM-averaged ENU velocity obtained from the strapdown de-
composition in the descending InSAR datum, and d̂

G|S
i is the ENU GNSS ve-

locity in the Sunda plate-fixed frame. The uncertainties of ∆dI→S are derived
through standard variance propagation, assuming independent uncertainties
of the co-located GNSS and RUM-averaged InSAR velocity estimates.

3. Results

To estimate unbiased three-dimensional land motion in Jakarta with associ-
ated uncertainties, the ascending-track datum is first aligned to the descending-
track datum, establishing a common InSAR datum shared by both tracks.
Following the procedure described in Sec. 2.3, a relative datum offset of

ˆ∆dascLoS = 1.2 mm/yr is estimated by evaluating the objective function in
Eq. (1) over all 4779 RUMs, sampling trial offsets within the range [−2.4, 2.4]
mm/yr at 0.1 mm/yr increments. The optimal offset corresponds to the
unique global minimum of this function, i.e., the minimum number of RUMs
exhibiting negative transversal velocities (see supplementary animation
rum_bias_animation_sup1.gif). The strapdown decomposition correspond-
ing to the optimal offset ˆ∆dascLoS = 1.2 mm/yr yields an unbiased intermediary
3D velocity field of Jakarta expressed in the common InSAR datum.

We connect this intermediary 3D velocity field to the Sunda plate-fixed
frame, as described in Sec. 2.4. The 3D datum connection vector is computed
at the single co-located RUM containing the CJKT GNSS station. Because
only one GNSS station exists that covers the entire duration (2014–2025)
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of the study, this vector is directly obtained from the ENU velocity differ-
ences between the GNSS velocity (in the Sunda plate-fixed frame) and the
co-located RUM velocity from the strapdown decomposition (in the common
InSAR datum), following Eq. (2). The final datum connection assumes that
the GNSS point velocity represents the same deformation signal as the spa-
tially averaged InSAR velocity of the co-located 450×450 m RUM. Inspection
of the original PS LoS velocities within this RUM, see Fig. 3, reveals mod-
erate velocity heterogeneity (range ≈ 2.0 mm/yr, σ = 0.5 mm/yr, MAD
= 0.4 mm/yr), reflecting the complex urban environment and the presence
of multiple scattering mechanisms. Such variability increases the error in
estimating the 3D datum offset. To reduce this uncertainty, the co-located
RUM is treated conservatively by retaining only LoS velocities from PS in
the upper 25% of ellipsoidal heights (above the 75th percentile7) prior to
the strapdown decomposition, thereby preferentially selecting returns from
tall, likely deeply founded structures expected to experience minimal mo-
tion, similar to the building hosting the CJKT GNSS antenna, see Fig. 2.
As a result, the LoS velocity range—and therefore the potential co-location
error—is reduced to 1 mm/yr, ensuring a precise estimation of the datum
offset from the single GNSS–InSAR co-location pair.

The estimated 3D datum offset is applied component-wise to the ENU ve-
locity components of all RUMs, transforming the strapdown-derived velocity
field into the Sunda plate-fixed frame and yielding the final 3D velocity map
shown in Fig. 4. The map shows vertical velocities in color, and directional
horizontal (i.e., transversal) velocities with vectors. Only vectors with mag-
nitudes greater than 2σ are plotted, corresponding to a confidence level of at
least 95%, so that plotted vectors represent statistically significant motion.
Subsidence bowls are clearly visible. Horizontal velocities along the rims of
the major subsidence bowls (outlined and numbered in turquoise in Fig. 4)
exceed 10 mm/yr, including distinct north components. These horizontal
velocity vectors point toward the centers of the subsidence bowls (Kratzsch,
2012), indicating centripetal motion driven by sediment compaction. As
pore pressure decreases in unconsolidated sediments, vertical settlement is
accompanied by inward horizontal displacement with velocities on the or-

7The 75th percentile threshold is chosen pragmatically to select the tallest structures;
while somewhat arbitrary, it aims to minimize co-location errors by focusing on points
most representative of stable 3D motion.
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Figure 3: Selection of tall PS within the co-location RUM for precise datum connection
to the Sunda plate-fixed frame. Using all PS would alter the estimated datum offset by
∼ 0.3 mm/yr. Panels A and B show the 450×450 m co-location RUM (black outline) over
satellite imagery, including PS (scatter dots) colored by PoV velocities and the CJKT
GNSS station (green triangle). Marker size in all three panels scales with ellipsoidal
height (HWGS84). Both track geometries are jointly visualized by first performing the
inter-track datum alignment (see Sec. 2.3) and projecting LoS velocities onto the vertical.
A: Excluded PS: lower-elevation points (below the 75th percentile) and points with LoS
velocities outside their ±2 MAD interval (turquoise outline). B: Selected high-elevation
PS (magenta outline, highest 25%), used to compute the track-specific RUM-averaged
LoS velocities for the strapdown decomposition and estimation of the RUM 3D velocity
for datum connection. C: PoV velocity versus ellipsoidal height for all PS; dashed blue
lines show the ±2 MAD interval computed from all LoS velocities after inter-track datum
alignment, and the magenta line shows the median LoS velocity of the selected magenta
subset (identical for both tracks). The ±2 MAD interval provides an empirical estimate
of potential co-location error (≈ 1 mm/yr).13



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 2σ confidence ellipses; only a subset of the vectors exceeding 2σ are displayed. Six
major subsidence bowls (I–VI) are outlined in turquoise, while weaker subsidence pat-
terns below ∼ 1 mm/yr (white) may also be present. 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. strapdown_zoomin_bowls.png. The cor-
responding decomposed 3D ENU velocity components and associated uncertainties are
provided in Sup. figures/ENU_field_plot.png

.
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der of centimeters per year. This substantial lateral motion may generate
shearing along mid-slopes and extensional deformation near the bowl edges,
potentially affecting building stability and increasing the vulnerability of un-
derground pipelines.

4. Discussion

4.1. Geophysical discussion
The 3D velocity map in the Sunda plate-fixed frame reveals six spatially lo-
calized subsidence bowls, labeled I to VI in Fig. 4 and outlined in turquoise.
These bowls exhibit maximum vertical velocities of up to −78.5 mm/yr,
and their subsidence characteristics are summarized in Tab. 2. Bowl III in

Bowl # # RUMs d̂Ui
[mm/yr] d̂Ti

[mm/yr]

mean max max cum. [mm] mean max max cum. [mm]

I 112 −31.1 −55.9 −594.9 1.5 6.6 69.6
II 275 −21.9 −39.8 −423.4 1.0 3.8 40.4
III 44 −29.7 −78.5 −835.3 2.4 16.9 179.5
IV 32 −15.6 −35.1 −373.9 1.1 4.8 51.1
V 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

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.

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
severe vertical subsidence (maximum −55.9 mm/yr; cumulative −59 cm).
The remaining four bowls show substantial but less extreme vertical motion.
The six bowls span a variety of urban functions, including industrial areas,
residential neighborhoods, 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. (2024), while
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about 28% lower than values reported by Sidiq et al. (2025). This differ-
ence reflect the methodological steps implemented here, namely the explicit
connection to a terrestrial reference frame via inter-track datum alignment
and GNSS, and the full 3D displacement decomposition that accounts for
horizontal motion.

Several regions along the northern and northeastern coast of Jakarta,
represented by the yellow RUMs in Fig. C.7B, exhibit higher intra-RUM ve-
locity 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. C. These areas correspond to densely built neighborhoods
dominated by low-rise structures, likely supported by shallow or absent foun-
dations, which experience slow subsidence with moderate spatial variability
and lack the bowl-shaped velocity gradients characteristic of the major subsi-
dence bowls, see Fig. 4. The observed velocity variability therefore points to
a different subsidence mechanism, likely related to shallow subsurface mecha-
nisms. 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, Tamb-
ora, Pademangan, and Pluit—where municipal piped-water coverage is high
and the phreatic aquifer is polluted (Taftazani et al., 2022)—shallow ground-
water pumping is unlikely. Slow consolidation of young coastal alluvium is
therefore the more probable mechanism.

Beyond the six subsidence bowls, the entire metropolitan area experiences
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. 3
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 limita-
tions: changes in local building subsidence, or the relocation or destruction
of the GNSS monument, could reduce the precision of future datum connec-
tions—or even prevent InSAR connection to the Sunda plate-fixed frame en-
tirely. To support reliable long-term monitoring and rigorous InSAR–GNSS
alignment, new infrastructure is urgently needed in Jakarta. Establishing
multiple Integrated Geodetic Reference Stations (IGRS) (Hanssen, 2017),
combining GNSS and corner reflectors visible in multiple InSAR geometries,
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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. B, shows that neglected inter-track datum offsets may produce biases in
both magnitude and direction (including sign flips) of the transversal veloc-
ities, 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 after plate
motion removal, see Fig. 2, using GNSS data for inter-track datum alignment
would propagate these residuals into the strapdown decomposition, particu-
larly affecting transversal velocities. To avoid introducing such errors from
the earliest stage of the decomposition, the methodology in Sec. 2.3 instead
exploits the high redundancy8 of InSAR observations to simultaneously esti-
mate 3D RUM-average 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
motion toward areas of increasing subsidence, a deformation-driven, gravity-
compliant assumption in which gravity-driven compaction induces coupled
vertical settlement and inward horizontal motion. For Jakarta, this is justi-
fied: the study area lies on coastal alluvial soils (Abidin et al., 2015; Colbran,
2009; Nugraha et al., 2024) with no known active faults crossing it, and the
southward-dipping Baribis Fault (Gunawan et al., 2025), 50 km to the north,
is too distant and oriented away to produce significant tectonic uplift or
centrifugal 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 (Kratzsch, 2012).

8> 50 PS per RUM per track across all 4779 RUMs
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The success of the strapdown decomposition in Jakarta relies on a spa-
tially coherent deformation regime, where the velocity change along iso-
displacement lines is zero and strong radial gradients across subsidence bowls
define the local TLN orientation, enabling accurate 3D velocity reconstruc-
tion. To verify this spatial coherence across the metropolitan area, a pla-
nar trend is fitted to the LoS velocities within each RUM, see Sup. C.
Most areas (88% of RUMs) show low residuals and semi-variance after pla-
nar removal, with the strongest reduction within the six major subsidence
bowls, see Fig. C.7, indicating that deep-seated, long-wavelength compaction
dominates Jakarta’s primary subsidence signal. By contrast, a small subset
of RUMs (yellow in Fig. C.7B) retains higher residual variability. Here,
PS elevations vary by only ∼ 20 m (2σ) and LoS velocity differences re-
main within ±3.5 mm/yr, indicating that this variability is not elevation-
dependent. These regions are characterized by slow subsidence, weak veloc-
ity gradients, and less well resolved horizontal motion. This pattern suggests
a different subsidence mechanism than in the main bowls, most likely re-
lated to shallow subsurface processes such as consolidation of young coastal
alluvium, as discussed in the geophysical context.

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 authorities9. The alignment assumes that
highly elevated PS within the co-located RUM—associated with tall, deeply
founded structures—exhibit minimal motion, similar to the building hosting
the GNSS monument. Careful selection and evaluation of these PS ensure a
representative RUM velocity, yielding a co-location precision of ∼ 1 mm/yr
for the 2014–2025 period, see Fig. 3, within which this assumption is valid.
While this supports a reliable datum connection for the study period, long-
term reliability is not guaranteed, as future differential settlement or modifi-
cations to the structures hosting the selected PS in the co-location RUM or
the GNSS monument may degrade or prevent the datum connection. Ensur-
ing consistent, 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.

9Badan Informasi Geospasial (BIG) and Jakarta Survey Division
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5. Conclusion

Three-dimensional displacement velocities for Jakarta are estimated on
a 450 × 450 m grid covering 2014–2025 and referenced to the Sunda plate-
fixed frame, achieving sub-millimeter precision that resolves detailed subsi-
dence patterns beyond the capability of traditional GNSS or leveling surveys.
All estimates are accompanied by a full variance–covariance matrix, allowing
detailed analysis of displacement significance for applications such as ground-
water management and flood-risk assessment, supporting city planning and
asset management.

Unlike previous InSAR studies relying on simplified geometric decompo-
sitions, this study produces the first unbiased 3D velocity field for Jakarta,
including the often neglected north component. The velocity field shows that
Jakarta’s land motion is dominated by six distinct subsidence bowls with
extreme localized displacement (maximum vertical velocity −77.4 mm/yr),
superimposed on slower regional subsidence, with a mean background verti-
cal velocity of −9.1 mm/yr across the metropolitan area, calculated outside
the major bowls. Several smaller coastal areas along the northern and north-
eastern shores exhibit slower, spatially heterogeneous subsidence without the
characteristic bowl-shaped gradients, providing the first spatial evidence of
multiple coexisting subsidence processes in Jakarta, likely reflecting natural
consolidation of young coastal alluvium. Localized directional horizontal dis-
placements of up to 17 mm/yr are observed, providing statistically significant
information for assessing deformation pathways and infrastructure risk.

Currently, the InSAR 3D velocity field is tied to the Sunda plate-fixed
frame via the single long-term CORS GNSS station at CJKT, the only such
infrastructure available in Jakarta. Careful selection of high-elevation point
scatterers within a region co-located with the CJKT GNSS station ensures
that the InSAR line-of-sight and GNSS velocities capture the same defor-
mation signal, providing a reliable datum connection for 2014–2025 with ∼
1 mm/yr precision. Although robust over this period, long-term reliability of
the datum connection could be affected by settlement or changes to the struc-
tures hosting the point scatterers or the GNSS monument. To ensure contin-
ued, accurate alignment of InSAR-derived 3D velocities to the Sunda plate-
fixed frame, deploying and maintaining multiple co-located GNSS–InSAR
benchmarks across Jakarta is imperative for long-term monitoring of land
subsidence and safeguarding coastal and urban resilience.

The findings demonstrate a novel procedure that combines strapdown
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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,
emphasizing that careful InSAR datum alignment is as critical as the subsi-
dence measurements themselves.
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A. 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 (2024).

Let the vector of unknown parameters for each RUM be

x = [dT , dL, dN ,Λ,Ω,Φ]
T , (A.1)

where dT , dL, dN 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 Λ,Ω,Φ 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
orientation angles, related to the unknowns through

E{



d
(1)
LoS
...

d
(m)
LoS

Λ
Ω
Φ


} =



a1(x)
...

am(x)
Λ
Ω
Φ


, as(x) = P

(s)
T (Λ,Ω,Φ)dT+P

(s)
L (Λ,Ω,Φ)dL+P

(s)
N (Λ,Ω,Φ)dN ,

(A.2)
where P

(s)
T , P

(s)
L , P

(s)
N 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. 2.2) and, together with the pre-set TLN angles Φ and Ω (set to 0) and
the longitudinal azimuth Λ initialized from the 2D gradient of PoV velocities,
are used to estimate the RUM-specific 3D displacement velocity parameters.
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The dispersion of the observations is described by the covariance matrix

D{



d
(1)
LoS
...

d
(m)
LoS

Λ
Ω
Φ


} =



QLoS,1 0 · · · 0 0 0 0
0 QLoS,2 · · · 0 0 0 0
...

...
. . .

...
...

...
...

0 0 · · · QLoS,m 0 0 0
0 0 · · · 0 σ2

Λ 0 0
0 0 · · · 0 0 σ2

Ω 0
0 0 · · · 0 0 0 σ2

Φ


, (A.3)

where QLoS,s is 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 σ2

Λ, σ2
Ω, and σ2

Φ are the variances of the TLN pseudo-observation
angles. For Jakarta, these are pre-set to σΛ = 10◦ and σΩ = σΦ = 3◦ (see
Sec. 2.3).

The displacement velocity vector from x, dTLN = [dT , dL, dN ]
T , is pro-

jected onto the LoS direction via a projection onto the plane orthogonal to
the LoS, using the projector

PR
LoS⊥ = [PT , PL, PN ], (A.4)

with components

PT = (sin θ sinαd cosΛ− sin θ cosαd sinΛ) cosΩ

−
(
(− sin θ sinαd sinΛ + sin θ cosαd cosΛ) sinΦ

+ cos θ cosΦ
)
sinΩ, (A.5)

PL = (sin θ sinαd sinΛ + sin θ cosαd cosΛ) cosΦ

+ cos θ sinΦ, (A.6)
PN = (sin θ sinαd cosΛ− sin θ cosαd sinΛ) sinΩ

+
(
(− sin θ sinαd sinΛ + sin θ cosαd cosΛ) sinΦ

+ cos θ cosΦ
)
cosΩ. (A.7)

Here, θ denotes the incidence angle toward the radar, and αd is the azimuth
of the zero-Doppler plane at the target location, measured in the direction
toward the satellite (Brouwer and Hanssen, 2023).

The unknown parameter vector x in Eq. (A.1) is estimated using an iter-
ative Gauss–Newton approach applied to the observation model in Eq. (A.2).
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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 x̂ and their associated co-
variance matrix Qx̂. The latter can be written in block-diagonal form as
Qx̂ = blockdiag

(
Qd̂TLN

, QΛ̂, QΩ̂, QΦ̂

)
.

The estimated TLN displacement velocities d̂TLN = [d̂T , d̂L, d̂N ]
T and their

covariance matrix Qd̂TLN
are subsequently rotated into the local East–North–

Up (ENU) coordinate system using the estimated orientation angles Λ̂, Ω̂,
and Φ̂

RTLN→ENU = RΛ̂RΩ̂RΦ̂, (A.8)

RΛ̂ =

 cos Λ̂ sin Λ̂ 0

− sin Λ̂ cos Λ̂ 0
0 0 1

 , RΩ̂ =

 cos Ω̂ 0 sin Ω̂
0 1 0

− sin Ω̂ 0 cos Ω̂

 , RΦ̂ =

1 0 0

0 cos Φ̂ sin Φ̂

0 − sin Φ̂ cos Φ̂

 .

(A.9)
The ENU displacement velocities are obtained by rotating the estimated

TLN velocities using RTLN→ENU, i.e., d̂ENU = RTLN→ENU d̂TLN, while the as-
sociated covariance matrix is propagated as Qd̂ENU

= RTLN→ENU Qd̂TLN
R⊤

TLN→ENU,
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 (2024).

24



B. Effect of inter-track datum misalignment on the relative veloc-
ity map of Jakarta

To quantify the impact of datum misalignment on the decomposed 3D ve-
locity field, we compute both magnitude and directional (sign flip) residuals
between the unaligned (∆dascLoS = 0 mm/yr) and aligned ( ˆ∆dascLoS = 1.2 mm/yr)
decomposed velocity fields of each RUM, after the inter-track datum align-
ment, see Sec. 2.3. Magnitude residuals are defined as

∆d̂Ti
= d̂Ti

(
dascLoSi

, ddscLoSi

)
− d̂Ti

(
dascLoSi

+∆dascLoSi
, ddscLoSi

)
,

∆d̂Ni
= d̂Ni

(
dascLoSi

, ddscLoSi

)
− d̂Ni

(
dascLoSi

+∆dascLoSi
, ddscLoSi

)
.

(B.1)

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

WMABT =
1

n

n∑
i=1

∣∣∆d̂Ti

∣∣,
WMABN =

1

n

n∑
i=1

∣∣∆d̂Ni

∣∣. (B.2)

Directional bias is quantified as the percentage of RUMs exhibiting a sign
flip
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100
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)
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n

n∑
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1

(
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(
dascLoSi

, ddscLoSi

)
· d̂Ni

(
dascLoSi

+∆dascLoSi
, ddscLoSi

)
< 0

)
,

(B.3)

where 1(·) is the indicator function, which equals 1 if the argument is true
(i.e., if the unaligned decomposed velocity has the opposite sign to the aligned
decomposed velocity for the same RUM, their product will be negative) and
0 otherwise. For transversal velocities, the positive direction is defined as
downslope (centripetal), while normal velocities are expected to be negative
in sinking regions.

Fig. B.5 compares the unaligned and aligned decomposed velocities over
the entire RUM field. Transversal velocities show a magnitude bias of WMABT =
6.86 mm/yr and directional flips ∆θT = 33%, whereas normal velocities show
smaller biases: WMABN = 1.51 mm/yr and ∆θN = 2%.

25



Figure B.5: Directional and magnitude biases due to inter-track datum misalignment
in Jakarta. Columns show transversal (first) and normal (second) velocity components.
Panels (a)–(b) compare unaligned (∆dascLoS = 0.0 mm/yr) and aligned (∆dascLoS = 1.2 mm/yr)
transversal velocities; panels (e)–(f) show the same for normal velocities. Panels (c)–(d)
and (g)–(h) display spatial variability of directional and magnitude biases.
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Fig. B.6 shows the effect of varying the ascending track datum offset,
∆dascLoS, from −2.2 to +2.2 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 ∆dascLoS = 1.2 mm/yr, highlighting the
necessity of proper datum alignment.

Figure B.6: Directional bias (∆θ, 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% (∆θ).
Both curves show a minimum at ∆dascLoS = 1.2 mm/yr.
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C. Inter-RUM LoS velocity homogeneity assessment

Fig. C.7 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 semi-varianve γ(h) of residual ve-
locities after planar detrending. The semi-variance lag was set to h ≈ 60 m,
determined by first computing the mean nearest-neighbor distance dnn be-
tween PS points (∼ 11 m ascending, ∼ 9.5 m descending) and then incre-
mentally evaluating the scale-dependent heterogeneity H(n) = γ(n dnn)/σ

2

for increasing multiples n until the critical lag ncrit is reached. The critical
lag ncrit is defined as the smallest n for which H > 1, indicating that local
residual velocity variability exceeds the total RUM variance.

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 (σ < 1 mm/yr) and
low semi-variance (γ < 0.8 mm2/yr2). Approximately 88% of RUMs meet
these criteria, especially within the six major subsidence bowls, highlighting
areas 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. C.7B), including Tanjung Priok, Tambora, Pademangan, Pluit,
and a north-south feature from Muara Baru to Central Jakarta, exhibits
higher residual variability and semi-variance. 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.
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