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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 −7.7 cm/yr and 1.7 cm/yr, respectively, overlying slow regional sub-
sidence of −1.1 cm/yr across the metropolitan area. As these results hinge
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 Na-
tions and Social Affairs, 2025), is among the fastest-sinking megacities on
Earth. Historically, using observations since 1925 (Schepers, 1926; Schuiten-
voerder, 1926), subsidence occurred at two distinct scales: a citywide north-
dipping tilt spanning ∼30 km1, with rates declining from −4.5 cm/yr in
the north to near-zero in the south, and localized subsidence bowls super-
imposed on this trend, whose extent and intensity vary spatiotemporally,
with maximum rates ranging from −7 to −15 cm/yr (Abidin et al., 2001,
2011, 2022). Currently, ∼15% of Jakarta’s land area—mainly in the north-
ern 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 further intensified by ongoing regional sea-
level rise (Fenoglio-Marc et al., 2012). Jakarta’s subsidence is attributed 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 extraction, which re-
duces pore pressure in the aquifer system and induces localized, bowl-shaped
subsidence (Murdohardono and Sudarsono, 1998; Abidin et al., 2001; Col-
bran, 2009; Batubara et al., 2023). 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 (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., 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 ex-
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posure, and accelerating runoff. These impacts make precise estimation and
continuous monitoring of land subsidence essential for effective risk assess-
ment 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,
2023). Therefore, no InSAR product currently provides a complete three-
dimensional view of ground motion in Jakarta.

A second issue is that nearly all InSAR-based velocity maps of Jakarta
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are relative, given in a local InSAR datum. The ‘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).

Here, we introduce an optimization-constrained strapdown decomposi-
tion (Brouwer and Hanssen, 2024) that aligns multi-track InSAR data to
a common datum and connects InSAR-derived land motion with GNSS to
a global reference frame, enabling 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
tracks and produce an intermediary velocity map expressed in a common
local InSAR datum. We then estimate the velocity offset between the local
InSAR datum and the Sunda plate-fixed frame at the location of a continu-
ously operating GNSS reference station (CORS) and apply this offset to the
intermediary velocity map, producing a 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.

2.1. Dataset Preparation
We use two datasets of linear velocities estimated from InSAR Point Scat-
terer2 (PS) displacement time series spanning 2014–2025, see Fig. 1. The

2We use the Delft taxonomy for scatterer classification, see (Hu et al., 2019)
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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 used for datum alignment is indicated as a green
triangle.
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datasets were generated from 281 Sentinel-1 acquisitions from ascending
track 98 and 183 acquisitions from descending track 47, using the Delft im-
plementation of Persistent Scatterer Interferometry, DePSI (Kampes, 2006;
Van Leijen, 2014). 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 building, see Fig. 2b. The daily station

Figure 2: (a) Vertical displacement time series for the CJKT CORS station (green markers)
with associated 2σ uncertainties. The yellow line shows the Best Linear Unbiased Estima-
tor (BLUE) least-squares fit for 2014–2022, yielding a velocity of −4.6± 0.2 mm/yr. This
velocity is used to tie the relative InSAR measurements to the Sunda plate-fixed frame.
(b) CJKT station location.

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 soft-
ware package version 10.71 (Herring et al., 2010). Daily station positions
were estimated using double-differenced, ionosphere-free phase observations
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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 solutions were subsequently
combined and aligned in GLOBK to the IGb143 using eight stable global ref-
erence stations.

The vertical displacement time series of CJKT, together with their 2σ
uncertainties, see Fig. 2a, were subsampled over 2014–2022 to align with the
InSAR observation period and used to estimate linear vertical velocity in the
Sunda plate-fixed frame, assuming a constant displacement rate consistent
with the approach used for the InSAR data.

2.2. LoS decomposition to 3D velocity
To convert the InSAR LoS velocities into physically meaningful 3D compo-
nents, we apply the strapdown decomposition 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 a global 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. Second, as the TLN-frame is right-handed with the longitudi-
nal direction tangential to the iso-displacement contours and the transversal
direction defined positive down-slope, i.e., in the direction of increasing sub-
sidence, it assumes 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 longitudinal
direction relative to geographic north, initialized by computing the 2D gradi-
ent 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 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.

3International GNSS Service (IGS) reference frame aligned with ITRF2014.
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2.3. Inter-track InSAR datum alignment
The strapdown method requires both contributing InSAR viewing geometries
to be in the same datum, see App. A. Ideally, an inter-track datum connec-
tion should be performed using terrestrial control points observable from both
viewing geometries. Since such control points are currently not available in
the area of interest, we exploit the fact that a datum offset between the
two viewing geometries would alter both the magnitude and the sign of the
decomposed transversal, d̂T , and normal, d̂N , velocities, which produces im-
plausible results, e.g., transversal velocities pointing upslope (i.e., negative)
instead of downslope (i.e., in the direction of increasing subsidence), and
normal velocities may appear positive (uplift) in a sinking region. Therefore,
we introduce a physical constraint in the strapdown method enforcing that
the transversal components remain positive centripetal, i.e., directed towards
greater subsidence rates, and estimate the relative datum offset, ∆dascLoS, of
the ascending track datum relative to the descending track datum by mini-
mizing the number of RUMs with negative transversal velocity. This can be
expressed as

min
∆dascLoS

n∑
i=1

1

(
d̂Ti

(dascLoSi
+∆dascLoS, d

dsc
LoSi

) < 0
)
, (1)

where, i = 1, . . . , n indexes the n RUMs, and 1(·) is the indicator function,
which equals 1 if the argument is true (i.e., if the transversal velocity is
pointing downslope, hence positive) and 0 otherwise.

This optimization is achieved via an iterative search. The method is
independent of the choice of reference track, and the alignment is always
performed to a common InSAR datum, which may be defined using the
datum of either track. In this study, we select the descending track as the
common InSAR datum and align the ascending track with respect to it.

A bias offset is incrementally applied to the ascending-track LoS velocities
in steps of 0.1 mm/yr, dascLoSi

+∆dascLoS, followed by the strapdown decomposi-
tion. The optimal offset, ˆ∆dascLoS, is identified as the value that best satisfies
the minimum condition, see Eq. (1). Applying the estimated offset ˆ∆dascLoS to
the ascending track LoS velocities and performing the strapdown decomposi-
tion yields the unbiased normal and transversal velocity components d̂Ni

, d̂Ti

for all RUMs, and subsequently their ENU displacement velocity estimates
and variance-covariance matrices, in the local datum of the descending In-
SAR viewing direction.
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2.4. InSAR and GNSS datum alignment
Since the estimated ENU displacement velocities are now given in the da-
tum of the descending InSAR track, they need to be expressed in a terres-
trial reference frame to facilitate meaningful geophysical interpretation. We
chose to express the InSAR velocities of each RUM in the Sunda plate-fixed
frame (Bock et al., 2003). Thus, the 3D motion of the local descending
InSAR (dI) datum relative to the Sunda plate-fixed frame (S) must be esti-
mated. This can be accomplished by comparing GNSS-derived 3D velocities
in the Sunda plate-fixed frame, denoted by d̂

G|S
i , with InSAR-derived velocity

estimates in the local descending InSAR datum, denoted by d̂
I|dI
i , at one or

more co-located sites within RUM footprints of 450×450 m, see Fig. 3,

∆ddI→S = d̂
G|S
i − d̂

I|dI
i , (2)

where ∆ddI→S is the datum connection vector. This datum offset can subse-

RUM i 

450 m

450 m

GNSS

1

Figure 3: Estimation of InSAR velocities in the Sunda plate-fixed frame using GNSS. Left:
Area containing GNSS benchmark at station CJKT (green triangle); the corresponding
450 × 450 m RUM is outlined in black. Right: Zoom at the RUM level (450 × 450 m
footprint), where the InSAR RUM velocity in the local descending InSAR datum, d̂I|dIi

(grey arrow), is compared with the GNSS velocity in the Sunda plate-fixed frame, d̂G|S
i

(green arrow). Their difference yields the datum-connection vector, ∆ddI→S (magenta
dashed arrow), which links the InSAR velocities to the Sunda plate-fixed frame, see Eq. (2).
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quently be applied uniformly to the relative InSAR velocity field to obtain
the velocities in the Sunda plate-fixed frame:

d̂
I|S
i = d̂

I|dI
i +∆ddI→S. (3)

3. Results

To estimate unbiased three-dimensional land motion in Jakarta with associ-
ated uncertainties, we first align the ascending-track datum to the descending-
track datum, establishing a common InSAR datum shared by both tracks.
Following the procedure described in Sec. 2.3, we estimate a relative datum
offset of ˆ∆dascLoS = 1.2 mm/yr for the ascending track. During the iterations,
the number of RUMs with negative transversal velocities decreases until con-
vergence is reached (see animation in Sup. figures/rum_bias_animation_sup1.gif).
Subsequently, the strapdown decomposition yields a first relative velocity
map of Jakarta, see Fig. 4. The map shows vertical velocities in color, and
directional horizontal velocities with vectors. Only vectors with magnitudes
greater than 2σ are plotted, ensuring a confidence level of at least 95% that
they represent genuine signals rather than noise. Subsidence bowls are clearly
visible.

We connect this intermediary velocity map to the Sunda plate-fixed frame,
as discussed in Sec. 2.4. This connection is applied in the vertical dimension
only, see Eq. (3), using the vertical velocity of the CJKT GNSS station an-
tenna over the InSAR observation period. CJKT shows a vertical velocity
of −4.6 ± 0.2 mm/yr for 2014–2022, providing an independent estimate of
∆ddI→S = 0.2 ± 0.2 mm/yr, see Eq. (2). We adopt this value as the da-
tum connection vector between the descending InSAR datum and the Sunda
plate-fixed frame.

3.1. Application of the datum offset
Applying the CORS-based datum offset, see Eq. (3), of 0.2±0.2 mm/yr to the
vertical velocities of all RUMs produces the Sunda plate-fixed velocity map
shown in Fig. 5. Horizontal velocities along the rims of the major subsidence
bowls (outlined and numbered in turquoise in Fig. 5) exceed 10 mm/yr, in-
cluding distinct north components. The estimation of north motion is partic-
ularly significant, as conventional East–Up decompositions typically neglect
this component (Harintaka et al., 2024). These centimeter-level horizontal
velocities indicate substantial lateral ground movement, with direct implica-
tions for the stability of buildings, utilities, and buried infrastructure.
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Figure 4: Relative 3D InSAR velocity map of the Jakarta metropolitan area over the
Sentinel-1 observation period (2014–2025). Vertical velocities are shown in color, and di-
rectional horizontal velocities are shown as vectors, with associated 2σ confidence ellipses.
Vectors are only depicted if their magnitude exceeds 2σ. Subsidence bowls are clearly
visible. The map remains relative, since the unknown motion of the descending InSAR
datum is not yet corrected; i.e., all velocities are still in the local InSAR datum.
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Figure 5: 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 horizontal velocities are shown as vectors with 2σ
confidence ellipses; only vectors exceeding 2σ are displayed. Six subsidence bowls (I–VI)
are outlined in turquoise. Horizontal velocities near the bowl rims reach up to 10 mm/yr,
including distinct north components. Central Jakarta shows little subsidence. The map
closely matches Fig. 4, with only minor differences in the vertical dimension, indicating
an overall mean subsidence rate exceeding −1.1 mm/yr across the Jakarta region.
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4. Discussion

4.1. Geodetic discussion
Even millimeter-scale misalignments between InSAR LoS datasets from dif-
ferent tracks can propagate through the strapdown decomposition and dis-
tort the estimated velocity components. A sensitivity analysis for Jakarta,
see App. A, shows that neglected inter-track datum offsets in the strap-
down method may produce biases in both the magnitude and direction (sign
flip) 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 compared to transversal velocities. To minimize these biases
from the earliest stage of the decomposition, we firstly align the tracks us-
ing the InSAR LoS data themselves rather than GNSS, as the dense and
redundant InSAR sampling enables a more internally consistent track align-
ment. Relying on GNSS point measurements for this initial alignment would
require the assumption that the CJKT GNSS-derived LoS velocity is rep-
resentative of the spatially averaged InSAR motion in its vicinity—an as-
sumption that is not guaranteed in the absence of in situ geometric ties
between the GNSS and InSAR datasets. Applying this assumption at the
pre-decomposition stage could introduce millimeter-scale inter-track datum
misalignments, which would propagate through the strapdown method and
have far larger impacts on the resulting 3D velocity estimates. We there-
fore rely on this assumption only later for the final connection to the Sunda
plate-fixed frame.

The success of the strapdown decomposition in Jakarta relies on the
way in which deformation is distributed within the subsidence bowl regions.
These regions show smooth changes in velocity along the iso-deformation
lines and strong radial gradients. These features create a continuous and
well-defined approximate orientation of the local TLN coordinate system,
enabling the full reconstruction of the 3D displacement velocity field.

By aligning the strapdown-derived 3D velocity field in Fig. 4 to the Sunda
plate-fixed frame using the GNSS dataset, we obtain the 3D velocity map
shown in Fig. 5. While the difference between the results before and after the
datum connection is small (0.2± 0.2 mm/yr) in the current case study, this
cannot be considered a given for other situations. Particularly in complex
and dynamic settings, finding an area with known subsidence rates is not
always possible, and at the very least, may be subject to discussion.
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4.2. 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. 5 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. 1. 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 1: Summary of mean and maximum vertical and transversal 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 directional horizontal veloci-
ties up to 16.9 mm/yr that may pose risks to utility infrastructure. Bowl I,
near Soekarno–Hatta International Airport, also exhibits severe vertical sub-
sidence (maximum −55.9 mm/yr; cumulative −59 cm). The remaining four
bowls show substantial but less extreme deformation. In addition to these
localized zones of extreme sinking, the entire metropolitan area experiences
a slow, regional subsidence, with a mean vertical velocity of −11.2 mm/yr
across the Jakarta region.

To estimate these subsidence rates in the Sunda plate-fixed frame, we rely
on the GNSS time series of CJKT, the only CORS station in Jakarta that
spans the period 2014–2022. This dataset results from the direct processing
of raw RINEX data (Susilo et al., 2023) and provides a precise and highly re-
dundant vertical velocity estimate, making it preferable over other campaign-
style GNSS datasets (Abidin et al., 2008) that are temporally sparse4 and

4surveys conducted roughly every 2 years and 10 months (Abidin et al., 2008)
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lack detailed documentation of processing methods, which prevents rigor-
ous scrutiny. However, using a single GNSS site for the connection to the
Sunda plate-fixed frame introduces limitations. As CJKT is installed on a
tall building, likely supported by a deep-pile foundation, its motion may not
fully represent the average ground movement of the surrounding RUM, as it
misses potential compactions of shallower layers. This limitation is related to
the assumption made in the first stage of our discussion, that InSAR vertical
velocities averaged over 450×450 m RUM patches are physically comparable
to co-located GNSS velocities. In heterogeneous urban environments, this
assumption may not always hold, and applying it at the final connection
stage could result in underestimation of vertical velocities and cumulative
displacements. For example, Sidiq et al. (2025) report maximum rates up
to −100 mm/yr, roughly 28% higher than the more conservative maximum
vertical velocity in Tab. 1.

Given these constraints, the geophysical assessment of Jakarta’s subsi-
dence hinges on the presented single CORS-based datum connection. To
improve future monitoring and enable rigorous alignment between InSAR
and GNSS observations, new monitoring infrastructure is urgently needed
in Jakarta. Establishing multiple Integrated Geodetic Reference Stations
(IGRS) (Hanssen, 2017), which combine GNSS and corner reflectors and are
visible in multiple InSAR viewing geometries, would facilitate precise geo-
metric ties between InSAR and GNSS and ensure a rigorous alignment of the
InSAR datum to the Sunda plate-fixed frame.

5. Conclusion

Three-dimensional displacement velocities are estimated for Jakarta for
a grid of 450 × 450 m resolution cells, covering the time period 2014–2025,
and referenced to the Sunda plate-fixed frame. All estimates are accom-
panied by a full variance–covariance matrix, enabling the detailed analysis
of the significance and importance of the displacements, e.g., for city plan-
ning and asset management purposes. This 3D velocity field reveals that
Jakarta’s land motion is dominated by a superposition of six distinct sub-
sidence bowls reflecting extreme localized deformation (maximum vertical
velocity −77.4 mm/yr), superimposed on a slow, regional subsidence with
an average vertical velocity of −11.2 mm/yr across the metropolitan area.
Localized directional horizontal displacements of up to 17 mm/yr are ob-
served and are statistically significant.
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Currently, the connection of the InSAR velocity field to the Sunda plate-
fixed frame hinges on a single long-term CORS GNSS station in Jakarta,
and on the assumption that its velocity is representative of the surround-
ing region of uniform motion. While this enables a first-order plate-fixed
alignment, it may underestimate the magnitude of vertical velocities and
cumulative displacements. Addressing this limitation will require establish-
ing additional monitoring infrastructure that facilitates direct InSAR–GNSS
geometric ties, ensuring rigorous datum alignment and accurate assessment
of the land subsidence threatening Jakarta’s long-term coastal and urban
resilience.

The findings result from a novel procedure, combining the strapdown
decomposition on ascending and descending InSAR displacement velocity
estimates, a data-based internal datum connection based on magnitude and
directional constraints, and a global datum connection to a terrestrial refer-
ence frame using the GNSS–InSAR alignment.

This procedure can be considered as a generic and transferable framework
for estimating 3D land motion in other rapidly sinking megacities, demon-
strating that careful InSAR datum alignment is as critical as the subsidence
measurements themselves.

Supplementary material

Supplementary material is available for this article. The following appendices
provide additional detail supporting the main text, including supplementary
conceptual illustrations and extended results presented as figures. A sup-
plementary animation is also included, showing the iterative procedure for
estimating the inter-track datum offset, ˆ∆dascLoS, described in Sec. 2.3. All
supplementary materials should be treated as supporting information to the
main article.
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A. 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

)
.

(A.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

∣∣. (A.2)

Directional (sign flip) bias is measured as the percentage of RUMs exhibiting
a polarity flip:

∆θT =
100

n

n∑
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1

(
d̂Ti

(
dascLoSi

, ddscLoSi

)
· d̂Ti

(
dascLoSi

+∆dascLoSi
, ddscLoSi

)
< 0

)
,

∆θN =
100

n

n∑
i=1

1

(
d̂Ni

(
dascLoSi

, ddscLoSi

)
· d̂Ni

(
dascLoSi

+∆dascLoSi
, ddscLoSi

)
< 0

)
,

(A.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. A.6 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%.
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Figure A.6: 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. A.7 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 A.7: 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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