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Abstract Land subsidence in Semarang is a severe haz-

ard threatening people and urban infrastructure. The evo-

lution of land subsidence has been monitored between

1996 and 2000 with few leveling stations. Hence, maps

show an overall distribution of land subsidence, but are

inaccurate in detail. Stable points network (SPN) technique

has been applied to improve land-subsidence mapping.

SPN measures ground motion using Synthetic Aperture

Radar satellite images. For the SPN processing, 35 radar

satellite images acquired between 2002 and 2006 have

been selected. Derived land-subsidence rates vary from

fractions of 1 mm/year to values of 10 cm/year and even

beyond. Classification and visualization of the ground

motion data illustrate the boundary between mainly stable

ground in the south of Semarang and increasingly land-

subsidence-affected land toward the coast. Final result is a

map featuring the land subsidence with much higher

accuracy as had been possible before. This article presents

a brief description of the land subsidence in Semarang and

introduces briefly the concept of SPN technique. Results of

SPN-based ground motion detection in Semarang are pre-

sented and discussed from a user’s point of view.
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Introduction

Indonesia is permanently exposed to almost all kinds of

natural hazards; earthquakes, landslides, volcanic erup-

tions, and flooding pose considerable threats to its popu-

lation. Given this situation, the German Federal Institute

of Geosciences and Natural Resources (BGR) and the

Indonesian Geological Agency cooperate on mitigating

geo-risks and reconstructing areas damaged by natural

disasters. The project ‘‘Good Local Governance-Mitigation

of Georisks’’ aims at improving urban and rural develop-

ment by supporting the recognition of geo-risks in spatial

planning. The BGR supports the local government’s ser-

vices in assessing and evaluating their geological hazards.

One of the technical components of this project is remote

sensing in Semarang (Central Java), focusing on capacity

building, updating topographic information with high-res-

olution satellite imagery, mapping shoreline changes, and

monitoring land subsidence using stable points network

(SPN) technique.

SPN belongs to the most advanced techniques in satel-

lite remote sensing developed and implemented to detect

and monitor vertical motion of the land surface over time

with millimetric accuracy; these techniques are known

collectively as Persistent Scatterer InSAR (PSI) methods.

SPN identifies backscattering objects at the ground surface

that persistently reflect radar radiation emitted by the

Synthetic Aperture Radar (SAR) antenna of the satellite.
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The technique is sensitive to displacement rates as low as a

few millimeters per year. Due to the requirement of stable

or persistent scatterers, SPN works preferably in urban

environments such as Semarang.

Land subsidence is a hazard that can severely threaten

people and urban infrastructure. Land subsidence can result

from collapsing underground mines and dissolution cavi-

ties, active tectonics, and compaction of subsurface mate-

rial. Land subsidence in Semarang is supposed to be caused

by compaction in marine and alluvial sediments containing

clay. Compaction is a natural process but can also be

caused by uncontrolled usage and over-exploitation of

ground water, especially in Semarang. This over-exploita-

tion of ground water is leading to a rapid decline of water

levels, drying out clay layers that finally results in land

subsidence of 15 cm/year and above. Land subsidence in

Semarang has been leading to severe and costly damages to

urban infrastructure such as buildings, roads, and railway

tracks. As a consequence, flooding hits the city frequently

and is increasingly severely affecting the living conditions

especially of the poorer urban population. If land subsi-

dence continues at these annual rates, wide areas of the city

of Semarang will be flooded, leading to severe human and

economic losses.

For some years in the recent past (1996–2000), the

development of land subsidence has been monitored by

ground leveling at 38 benchmark stations (Marfai and King

2007a, 2008a). According to the Geological Agency in

Bandung, Indonesia, only 29 benchmark stations could be

used to compile a land-subsidence map for Semarang

(Tobing et al. 2001). This map shows the general distri-

bution of land subsidence in Semarang between 1996 and

2000 but is neither very precise nor updated. Hence, this

map was of limited use for town and country planning

purposes. The continuation and extension of leveling by

increasing the number of observation points had not been

done so far since leveling is expensive and difficult to

execute in extremely crowded areas as is the case for mega-

cities in Southeast Asia such as Semarang. Therefore, the

land-subsidence monitoring by leveling was discontinued

after 2000. In addition, some of the survey points used for

the leveling were damaged or covered by land fills, so that

repeated use of these points is partly impossible. However,

fast access to updated and improved information on degree

and distribution of land subsidence is required to support

and improve hazard assessment and disaster mitigation.

This situation gave rise to test if and to what extent SPN

technique could be used to support land-subsidence mon-

itoring in Semarang. The objective of this article is to

demonstrate the benefits of advanced satellite-based earth

observation techniques for areas like the city of Semarang

that are severely affected by hazardous situations, but do

not have access to updated and detailed traditional ground

movement data. It could not be objective of this article to

technically validate SPN since leveling was discontinued

after 2000 and the decision on this SPN investigation was

made in 2006. However, cross-checking with leveling data

collected between 1996 and 2000 could be done. Further-

more, validation projects including SPN have already been

carried out with respect to high quality and concurrent

ground truth data (http://earth.esa.int/psic4/ and Crosetto

et al. 2008).

Location and geological settings

Semarang is the capital of Central Java located 6�580S and

110�250E on the northern coast of Java (Fig. 1, map inlet).

It has about 1.5 to 2 million inhabitants and is the fifth

largest city of Indonesia. Altogether, Semarang covers an

area of about 375 km2.

The metropolitan area of Semarang is underlain by three

lithological units: volcanic rocks of the Damar formation in

the South–West, marine sediments in the North, and allu-

vial deposits, also in the North (Fig. 1, simplified section).

The volcanic rocks are composed of volcanic breccias, lava

flow material, tuff, sandstone, and clay stone. The marine

sediments mainly consist of clay stone intercalated by

sandstone layers, and the alluvial deposits consist of clay

and sand with a thickness of 80 m and more. Land subsi-

dence is occurring in areas of marine and alluvial sedi-

ments (Marfai and King 2007a). More detailed vertical

section cannot be presented due to the lack of sufficient

data from boreholes and drilled ground water wells.

Due to its lowland character, flooding occurs seasonally

in the city of Semarang. As a consequence of the land

subsidence, several parts of Semarang are at or below sea

level, resulting in an additional vulnerability to tidal

inundations and large-scale losses of land. Especially in the

north, large areas of Semarang have been abandoned

(Fig. 3a, d). In fact, flooding has become a common and

frequent hazardous event in Semarang (Marfai 2003;

Marfai and King 2007b, 2008a, b; Marfai et al. 2008). It

was observed that the intensity of flooding increased

around 1993/1994 during a phase of intensive development

of the city (Sutanta 2002).

Land subsidence can be caused in various ways. Prok-

opovich (1979) distinguishes two kinds of land subsidence:

natural and man-induced subsidence. Natural subsidence

relates to processes originated in the Earth such as tectonic

processes and volcanism. Man-made subsidence is caused

by human activities such as fluid extraction and mining

(Dolan and Grant Goodell 1986). Natural subsidence rates

rarely exceed 1 cm/year, whereas man-induced subsidence

can reach 50 cm/year and even more (Dolan and Grant

Goodell 1986). Land-subsidence rates recorded in
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Semarang are up to 17 cm/year (Murdohardono and

Tobing 2001; Abidin et al. 2004). A comprehensive expla-

nation of natural and man-made processes that are affecting

the town of Semarang and its environment is given by

Marfai and King (2007a, b, 2008a, b).

The delta region of Semarang consists of unconsolidated

sediments composed of alternating layers of medium-

grained sands with gravel, clayey sands, and other clayey

materials (Schmidt 2002). This sediment structure is pre-

destined for land subsidence when deep aquifers are over-

pumped. Due to the low permeability of the clayey layers,

the aquifers suffer from a lack of regeneration. As a con-

sequence, the aquifer’s water pressure declines leading to

compression within sand layers. A hydraulic gradient is

developed between the aquifer and aquitard, starting a slow

dewatering process of the clayey layers and aquitards. This

process is called consolidation and is known to be irre-

versible. Therefore, land-subsidence processes can only be

stopped but never reversed (Bontenbal 2001).

The ground water abstraction rates for Semarang indi-

cate that an over-pumping of ground water takes place

(Schmidt 2002; Harnandi 2007). The piezometric head

shows declining rates between 13 and 136 cm/year. These

rates are cumulative data from multilayer aquifer moni-

toring conducted between 1995 and 2007.

According to Schmidt (2002), the volume of ground-

water abstracted increased from 0.5 million m3/year during

the period of 1901–1910 to 53 million m3/year in 2000. A

significant amount of this increase took place in the 1980s

when the abstraction rate nearly doubled from 12.7 to

23.7 million m3/year as well as in the 1990s when the rate

increased to 40.4 million m3/year. In the year 1990, 67 new

ground water wells were drilled in the area under investi-

gation. These wells, mainly placed in the West of Sema-

rang, withdraw up to 2,651 m3 ground water per day. It has

to be mentioned that these data only include officially

registered wells.

Figure 2 clearly shows that the groundwater head

decline due to over-pumping is high in the city of Sema-

rang. In some areas, the hydraulic head declined more than

20 m. This map further reveals that the headwater decline

takes place in areas of alluvial deposits. The area underlain

by the volcanic rocks of the Damar formation is clearly not

affected by this phenomenon. However, the hydraulic head

declines in a dramatic way just northeast of the boundary

between the Damar formation and the alluvial sediments.

Comparing the ground water head decline with the

overall distribution of land-subsidence rates collected by

leveling around the year 2000, it becomes obvious that the

ground water over-pumping is most likely the main reason

for the dramatic development of the land subsidence (see

also Marfai and King 2007a). Other reasons such as

influences of superimposed loads of buildings, effects of

active tectonics, or results of self-weight consolidations

Fig. 1 Landsat 7 image (gap-filled, slc-off, bands 4/red, 5/green,

7/blue) taken on September 17, 2006, showing the area of investigation

(dashed frame) and simplified geological section AB (not to scale)

drafted after Hydrogeological Map of Indonesia, Semarang sheet

(Said and Sukrisno 1988)
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Fig. 2 Map of piezometric head decline of confined aquifer after Harnandi (2007); map grid is UTM, WGS84, 49S

Fig. 3 Field pictures taken in Semarang between May and November

2007 showing a extreme land subsidence in the industrial area near

Semarang harbor, b elevated ground keeping subsidence-affected

terrain dry, c road signs in the Chinese district indicating filled ground

that compensates land subsidence, and d abandoned flooded railway

grounds
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may also contribute to the land subsidence in Semarang but

probably provide a minor contribution to the strong sub-

sidence rates of more than 15 cm/year.

Field pictures taken during 2007 illustrate the evidence

of land subsidence in Semarang (Fig. 3a–d). Unfortunately

there is a lack of data from drilling and other sampling

techniques. Therefore, a detailed model explaining reasons

for land subsidence in Semarang cannot be presented at this

stage of the investigations.

Methods

Space-borne SAR is an active system, which illuminate

Earth’s surface with a series of radar pulses in a side-

looking geometry. As they are active systems they can work

during day and night and are almost weather independent.

While the sensor is moving along its orbital path it transmits

microwave pulses, which interact with elements of Earth’s

surface. Part of this energy is backscattered toward the

satellite and is received through the same antenna. Then, the

received pulses are arranged side-by-side, resulting in a

two-dimensional data matrix forming the SAR data; for this

reason it is called a radar imaging system.

SAR interferometry (InSAR) is one of the main appli-

cations of space-borne SAR as it fully exploits the geo-

metric precision of the SAR systems (in the order of the

sensor wavelength). The SAR images are characterized by

two kinds of information related to the illuminated ground

surface, the amplitude, and the phase. The amplitude is

related with the mean power returned by every radar

ground resolution cell. Meanwhile the phase is directly

related to the travel distance of the emitted pulse from the

sensor to the ground surface. The principles of InSAR can

be explained as a technique for comparing radar images

acquired over the same area at different times and from

slightly different points of views. By means of the analysis

of the evolution of the SAR phase signal among different

acquisitions, information regarding the topographical relief

and the ground deformation can be extracted.

These phase components are superimposed in the

interferometric signal jointly with other undesirable con-

tributions due to the variations in the state of the atmo-

sphere during the image acquisition. It is important to

detect these phase artifacts in order to avoid possible errors

when interpreting the InSAR data. However, this technique

has two main drawbacks:

– The measurements are only relative: the phase informa-

tion of every resolution cell does not only contain

information about the travel distance. The phase infor-

mation is also related to target’s physical properties and

the geometric layout due to the acquisition system. The

isolation of the travel distance information is possible

when differentiating the phases between two passes. This

is efficient only if the target properties did not change and

if the observing conditions are close enough.

– The phase measurement is ambiguous: the difference of

distances measured by the interferometric signal is only

the remainder of this double difference modulus the

signal wavelength. Hence, phase unwrapping tech-

niques must be applied in order to remove this

ambiguity and to obtain absolute phase measurements.

In order to overcome these limitations during the late

1990s, the Persistent Scatterers Interferometry (PSI) tech-

niques appeared (Ferretti et al. 2001). They are advanced

InSAR processing techniques based on the multi-date SAR

images comparison over stable or coherent scatterers,

called Persistent Scatterers.

The PSI technique applied to obtain more recent and

reliable data about subsidence in Semarang is the SPN

technique (Arnaud et al. 2003). SPN belongs to the Per-

sistent Scatterer InSAR (PSI) family of software. The SPN

technique and PSI software in general have the advantage

of both covering large areas and providing high precision

ground motion data for a large number of backscattering

objects distributed over the entire area of observation.

Subsidence measurement points are those stable points,

which are persistently reflecting the radar radiation during

each period of interest. Therefore, measurement points are

called ‘‘Stable Points,’’ and the measurement point tech-

nique ‘‘Stable Point Network.’’

A core component of the SPN technique is the iterative

estimation of phase differences for all measurement points

over the complete set of the SAR data using a linear model.

Phase differences are highly sensitive to slight motions of

the ground, atmospheric disturbance, and topographic

error. Due to the usage of a linear model for the processing,

disturbing effects of the atmosphere are eliminated and

precise DEM correction parameters are obtained. This is an

essential advantage over the technique of differential

interferometric SAR where atmospheric irregularities may

affect the results to large extends. Especially for the

meteorological conditions in tropical regions, SPN offers

new chances for interferometric monitoring of ground

motion (cf. Kuehn et al. 2004). Due to the requirement that

all measurement points must be ‘‘Stable Points,’’ standard

SPN technique is very applicable to urban areas but can

also deliver useful data in semi-urban or rural areas when

some vegetation-free areas or man-made structures exist.

More details on the PSI, respectively, SPN technique can

be found in the studies by Ferretti et al. (2001), Arnaud

et al. (2003), Duro et al. (2005), and Kampes (2006).

The SPN processing for Semarang was conducted by

Altamira Information, Spain. The SPN technique is a
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processing chain able to detect and measure displacement

rates with high accuracy (up to 1 mm) and to provide

precise horizontal location for all measurements points

(2–5 m). SPN uses a temporal unwrapping of the differ-

ential phase for each measurement point in order to derive

the annual displacement rates.

Temporal phase unwrapping is required to calculate the

unambiguous phase from the measured phase, which refers

to a 360�, respectively, 2P cycle only. This procedure has

limits in its capability to resolve high displacement rates.

This limitation is because the phase is wrapped with each

fringe representing 2.8 cm of motion for C-band data of

ERS 1/2 and ENVISAT ASAR. However, above 1.4 cm

motion the phase is ambiguous: e.g., ?1.6 cm uplift is

represented by the same measured phase as -1.2 cm sub-

sidence. Therefore, for a single interferogram, a maximum

of 1.4 cm motion on a point can be extracted. The mini-

mum temporal separation displacement interferogram

using ERS and ENVISAT ASAR data is 35 days (repeat

cycle). Hence, a maximum rate of ±1.4 cm per 35 days

could be extracted. This translates to a highest detectable

annual ground motion of up to ±14 cm with ten ERS or

ENVISAT ASAR images per year.

In Semarang, motion rates up to 10 cm/year were

extracted with the standard SPN processing using data

which had an average temporal resolution of seven scenes

per year. The data cover the observation period of 2002 to

2006 analyzed with 35 images. Since subsidence rates of

more than 10 cm/year were expected, a more sophisticated

SPN technique was developed and tested to provide rates

beyond the limit of 10 cm/year. The methodology used

consisted of deriving from the initial high-resolution SPN

results, a low-resolution model in order to detect iteratively

higher displacement in addition to initial measurements.

The iterative processing method was implemented by using

the previous processing results that revealed a range of

motion between -10 and 10 cm/year as a base. Then, the

initial results of high-resolution SPN processing were

interpolated to produce a low-resolution motion surface.

This motion field was then removed from the initial phases

and a second SPN analysis was conducted using these

compensated interferograms as input. The final step of

processing consisted of adding the results of the second

iteration to the initial interpolated motion field to obtain the

total displacement rate for each measurement point yield-

ing hot spots of subsidence of up to 14 cm/year.

Results

Results of the modified SPN processing method described

above are a set of 46,912 measurement points with

coherence values C0.45. The coherence values together

with deviation rates are quality indicators for each mea-

surement point. These indicators vary depending on the

quality of the backscattered SAR signals. The coherence

indicates the level of fitting in a linear displacement rate

model, whereas the standard deviation of each measure-

ment point’s time series indicates the level of noise and/or

non-linear behavior with respect to the linear model.

To get a detailed ground motion analysis at selected

sites and to produce the final land-subsidence map, mea-

surement points with lower statistical dispersion have been

selected, i.e., coherence values C0.6. This reduced and

improved the data set to 24,727 measurement points. The

geo-reference accuracy of the data set is of ±4 m (E, N)

relating to QuickBird multispectral imagery (within

Google Earth); the projection system used is UTM (Zone

49S), WGS84; the reference point location is at

7.0222289�S, 110.42136�E, and the total area of SPN

results is 357 km2.

SPN-derived rates of annual ground motion were

imported into ArcView and divided into a number of dif-

ferent classes. Landsat 7 and IKONOS images were used

for general assessment and detailed analysis, respectively.

Figure 4 shows the set of 24,727 measurement points on

the Landsat 7 image taken on 17 September 2006 (SLC-off,

gap-filled). This image illustrates the general situation in

the greater Semarang area. It further demonstrates specifics

of the SPN technique that identifies measurements points in

the built-up regions only. Vegetation-covered ground and

areas that were subject to changes of surface geometry

within the period of observation do not yield persistent

scatters. A prominent feature in the full data set is the

boundary between the generally stable ground with the

volcanic Damar formation in the south (green) and the

transition to increasingly subsidence-affected alluvial sed-

iments toward the north (yellow).

This overall view shows that land subsidence is most

severe in northern parts of the town, which coincides with

the official land-subsidence map derived from leveling data

(Tobing et al. 2001, map not shown in this article). Due to

the substantially larger number of measurement points,

SPN analysis presents zones of land subsidence with more

detail and with higher exactitude. Areas of severe land

subsidence can be identified with much better accuracy

than possible before. Hence, industrial plants that sub-

stantially contribute to the over-pumping of ground water

can be identified more reliably, as the land subsidence is

considered to be direct consequence of the over-pumping.

Thus, the new SPN-based ground motion data contribute to

making the processes of urban planning and mitigating

risks more effective.

SPN results further reveal that land subsidence affects

wider parts of Semarang than originally shown in the

official map. This is particularly true for the southeastern
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districts of the city and most of the urban areas situated

north of the boundary, between volcanic rocks and alluvial

sediments. In the southern portion of the investigated area,

single points characterized by rapid subsidence are proba-

bly connected to landslides but have still to be checked in

the field. The area of slight subsidence at the northeastern

flank of the Ungaran volcano will be discussed later.

Regarding the city of Semarang, SPN results reveal that

extreme land subsidence can be found among the Old

Dutch Quarter, the historic Tawang railway station, and the

harbor area (Fig. 5). This is between the leveling points P8

and P18. The land subsidence further follows the exten-

sions of built-up areas toward the southeast and the east.

Direct comparison with piezometric head decline data from

Fig. 2 overlain in Fig. 5 implies an interrelation between

ground water abstraction and the land subsidence.

Thanks to high geo-reference accuracy, zooming into

larger scales allows more detailed assessment of ground

motion also for individual blocks of buildings and sites

of specific industrial use (Fig. 5). For example in the

Semarang sub-district Tengah (Kembangsari area), which

belongs to the southern area of moderate land subsidence

(characterized by -2 to -3 cm/year), an isolated group of

nine measurement points shows higher motion rates

between -5.37 and -9.47 cm/year (blue circle in Fig. 5).

High reliability of measurements can be assumed, since

these high displacement rates are measured on a group of

points; however, further in situ testing is recommended.

Similar motion spots are sparsely distributed over the

complete measurement area and should be subject to

further investigation.

Direct comparison of SPN measurement results with

previous in situ leveling-derived land-subsidence rates for

validation purposes does not make much sense since both

surveys have been conducted during different times. The

survey campaigns at benchmark stations were conducted

during the years 1996–1997, and partially in 1999 and

2000, whereas SPN-derived displacement rates refer to

SAR data recorded from 2002 to 2006. However, checking

against older leveling data may give ancillary hints about

land-subsidence evolution for specific spots as for example

shown in Fig. 5. For example, the leveling-based motion

rate at benchmark station P8 (110.447�E, 6.958�S) situated

close to the north-eastern industrial area, amounts to

-2.38 cm/year (1997–2000); the SPN-based rates derived

from 71 nearest measurement points are higher and vary

Fig. 4 Classified ground

motion data for the set of 24,727

measurement points

(coherence C 0.6) on Landsat 7

image taken on 17 September

2006 (SLC-off, gap-filled):

(green ?: 0 cm/a, i.e., generally

stable; red ?: land

subsidence B -8 cm/year,

observation period 27

November 2002 to 23 August

2006)
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between -4.56 and -6.32 cm/year. The same trend could

be observed for the benchmark station P9, situated

approximately 0.85 km southwest of P8, with -2.57 cm

annual ground motion recorded through leveling (1997–

2000), and -5.15 to -7.06 cm annual motion provided by

SPN for the 40 surrounding measurement points. Results of

recently conducted field visits verified the occurrence of

extreme land subsidence in the surroundings of benchmark

points P8 and P9 (see Fig. 3b, d) and corroborate the SPN-

based finding that land-subsidence rates must have

increased considerably in the period after the 1997–2000

leveling campaign.

A different trend could be observed for the benchmark

station P18 (110.399�E, 6.956�S) in the Northwest of

Semarang. There, the leveling-based annual motion rate is

-12.80 cm (1997–2000), whereas SPN rates vary between

-5.48 and -9.00 cm/year for the ten nearest measurement

points. The most severe leveling-based land-subsidence

rate was recorded at the nearby benchmark station P17

located approximately 1.3 km east of P18 with -17.10 cm/

year (1997–2000). A direct comparison with SPN data is

not possible, since now this area is covered by a large land

fill (NW–SE-oriented white patch in the upper center of

IKONOS image in Fig. 5).

Considering the fact that previously only data from few

ground-based leveling points could be used for land-sub-

sidence mapping in Semarang, such a detailed dataset as

provided by the SPN technique offers new chances of

characterizing moving ground. However, SPN results show

some gaps of measurement point density, especially for

vegetated areas and areas located in the northern districts

close to the shoreline. The only way to guarantee mea-

surement points in vegetated areas is to install artificial

corner reflectors. These can be installed on the ground and

have to be oriented toward the satellite in order to deliver

future measurement results.

The low measurement density in the north can be

explained by examination of the amplitude deviation image

(Fig. 6). This image measures the variation in the bright-

ness of the SAR reflectance measured by the satellite for

each image. Low values (black) indicate that the reflec-

tance has undergone little variation in brightness through

the dataset of images, whereas high values (white) indicate

points whose reflectance has varied a great deal from one

image to another. In order to include a point in the SPN

processing the point must be a reliable measurement point,

which means that it must be present and reflect consistently

over the analysis period. Buildings which are demolished

or constructed within the time interval covered by the SAR

acquisitions show a very high amplitude deviation and will

not be identified as reliable points. In addition, temporarily

flooded objects undergo a degree of amplitude variations

similar to the sea and are not identified as reliable points.

Especially in the northeast portion of Fig. 6, blocks of very

high amplitude variation are clearly visible (arrow). These

correspond to major building changes due to construction,

destruction, and land reclamation, and represent areas

where no SPN results are obtained. It is also known that

large parts of the land close to the sea are subject to fre-

quent flooding possibly causing the data gaps in the harbor

Fig. 5 Classified ground

motion data for the set of 24,727

measurement points

(coherence C 0.6) over

IKONOS satellite image taken

on 2 May 2005 (green ?: 0

cm/year, i.e., generally stable;

red ?: land subsidence B -8

cm/year, observation period 27

November 2002 to 23 August

2006); blue dashed lines: 10, 15,

20 m piezometric head decline

recorded in 2000 after Fig. 2

(Includes material �2002,

Space Imaging LLC. All rights

reserved)
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area. This interpretation seems to be plausible but needs

further clarifications in order to be confirmed.

For a detailed assessment of ground motion histories at

individual sites, clusters of measurement points have been

analyzed regrouping them by their statistical indicators.

Figure 7 demonstrates how measurement points may

appear at buildings and other surface objects. Clusters

have been formed for groups of measurement points as

they appear, for example, at the eastern cladding con-

struction of a mosque or on the roof–terrace of the

Ciputra Hotel both located in the Semarang Pekunden

district. Figure 8 presents examples of further detailed

assessment of ground motion histories based on the

analysis of individual Stable Point clusters. The diagram

with time series shows that the motion means of clusters

1 and 15 are well fitted to straight regression lines, sug-

gesting linear deformation for the time of observation.

Cluster 1 was formed from nine measurement points

identified on a building in the Pekunden district. Its

annual motion mean of -0.58 cm indicates moderate land

subsidence and shows that all parts of Semarang situated

north of the boundary between the volcanic rocks and the

marine sediments appear to be consistently affected by

land subsidence. A comparison of the mean subsidence

rates of clusters 1 and 15 shows a significant increase in

the land subsidence toward northern direction. The

motion mean of cluster 15 (five points, in Blusuk area

approx. 200 m north of P9) with -7.80 cm/year repre-

sents a dramatic impact on urban environment, which can

be seen when visiting the area. Daily tidal inundations hit

this area almost every afternoon. Severe flooding occurs

frequently at high tides and in rainy seasons. The ground

floors of buildings and the street levels must be raised to

keep buildings dry inside but severely affects the living

conditions of the population (cf. Fig. 3).

Fig. 6 Normalized amplitude deviation image of North Semarang.

High amplitude deviation (areas having undergone large surface

changes) shown in white (arrow)

Fig. 7 Distribution of

measurement points in the

Semarang Pekunden district

over IKONOS Pan Image taken

on 2 May 2005; persistently

backscattering objects can be

found preferably at the cladding

of buildings, for example, at a

mosque (left photo inlet and

arrow) and at the Ciputra Hotel

(right photo inlet and arrow),

(Includes material �2002,

Space Imaging LLC. All rights

reserved)
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Finally, after cross-checking with ground truth data from

the 1996 to 2000 leveling campaign and field visits in May

and November 2007, an updated land-subsidence map for

Semarang was derived and disseminated to local stake-

holders and experts who are involved in disaster mitigation

and regional planning (Fig. 9). Due to the high density of

measurement points provided by SPN, this map presents a

more reliable representation of the land-subsidence distri-

bution in Semarang than achievable before. It further

reveals that all zones of land subsidence classified from

slight to severe have a larger distribution than shown in the

map derived from leveling data only (Tobing et al. 2001).

With regards to accuracy, it is important to consider that

the SPN-derived map is highly generalized for areas having

little or no point coverage. This is chiefly true for farmland,

wetlands, forests, and waste land.

Although this study was focused on land subsidence in

Semarang city, other zones outside of the initial area of

interest were analyzed. For example, small motion spots on

hill slopes south of Semarang. Those spot-like motion

features are very likely indications of landslides. Results of

first checks in the field corroborate this theory.

Another example is the large subsidence area at the

northeastern flank of the inactive Ungaran volcano, south

of Semarang (cf. Fig. 4), represented by backscattering

objects in the town of Ungaran. It reveals that parts of

Ungaran town are subject to ongoing displacement with

rates of up to -1 cm/year. Since information from level-

ing, geophysics, and drilling is not available, verification

with ground truth data was not possible. However, factors

driving this displacement become clearer when SPN results

are overlain on a shaded relief map (derived from 90 m

SRTM DEM) (Fig. 10). Through illumination of the DEM

from the north, a circular depression crossing the urban part

of Ungaran town is visible. This depression is obviously

the surface expression of a collapse ring fault mentioned

by the Indonesian Directorate of Volcanology and Geo-

logical Hazard Mitigation (www.vsi.esdm.go.id/pbumi/

java/ungarantxt.html). The existence of a ring fault at the

foothill of the Ungaran volcano is also shown in the

Geological and Hydrogelogical maps (Thanden et al. 1996;

Said and Sukrisno 1988). Figure 10 implies that the edifice

of the Ungaran volcano or at least parts of the volcano is

subject to ongoing vertical displacement associated with

Fig. 8 Comparison of ground

motion histories for cluster 1

with -0.58 cm/year and cluster

15 with -7.80 cm/year; the

selected clusters are shown in

red on subsets of IKONOS Pan

image taken on 2 May 2005

(Includes material �2002,

Space Imaging LLC. All rights

reserved)
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this fault. SPN reveals ground motion only for those urban

parts of volcano’s environment where SPN measurement

points are present. This additional analysis is a by-product

of the SPN study and demonstrates the great potential of

SPN that should continuously be developed for dealing

with issues related to ground displacement caused by a

wide variety of geological reasons.

Discussion and conclusions

The intention of this article is to demonstrate how SPN

technique could be used to improve knowledge about an

area strongly affected by land subsidence. Unlike con-

ventional ground-based monitoring methods, SPN benefits

from the ability of satellite remote sensing techniques of

covering large areas. This advantage becomes evident

when comparing the large number of measurement points

provided by SPN for Semarang with data from only few

survey points used for leveling. At present, no other earth

observation technique is able to provide large coverage

ground motion data as can be done by SPN. In the case of

this Semarang ground motion study, previously recorded

ground motion rates at 29 benchmark stations (1996/1997–

2000) could be complemented by 46,911 SPN-derived

motion rates (2002–2006). This results in significant

reduction of the degree of generalization in existing land-

subsidence maps and allows assessing ground motion for

much more individual sites.

Fig. 9 New land-subsidence map, derived from SPN data in official project layout; land-subsidence rates are shown in centimeter per year (for

enlarged map key see inlet)

Fig. 10 Land-subsidence feature detected for persistent scatterers in

Ungaran town overlaid on SRTM DEM shaded relief map (illumi-

nation from north); yellow arrows point at indications of collapse ring

faults mentioned in www.vsi.esdm.go.id/pbumi/java/ungarantxt.html
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However, due to the ‘‘statistical’’ character of PSI-based

ground motion data, PSI cannot replace leveling. Areas

covered by vegetation or by bare soil do not provide per-

sistently backscattering objects and cannot be investigated

using PSI. A PSI ‘Product Validation Workgroup’ formed

in the framework of the European Space Agency’s GMES

initiative ‘‘Terrafirma’’ is currently validating the relevance

of the output from PSI processing as a geological and

engineering product (in this article one of the PSI pro-

cessing chains with the name Stable Points Network is

used, referred to as SPN). The objective of this validation is

to determine accuracy, precision, and reliability of the PSI-

derived ground motion data in order to define the condi-

tions for using PSI as a qualified surveying technique (see

www.terrafirma.eu.com).

In this Semarang study, direct comparison of leveling-

derived land-subsidence rates with SPN-based data for

validation purposes could not be done since both surveys

have been conducted at different times. Ground-based

leveling was discontinued in 2000; the SPN survey was

conducted with SAR data recorded from 2002 to 2006.

Hence, validation of the SPN-derived motion rates with

reference to leveling or GPS data is not possible at this

stage of the investigations. However, consequences of land

subsidence, such as sinking and damaged buildings, floo-

ded, and filled ground could be found at all places where

SPN data indicated ground displacement. Ground verifi-

cation of SPN-based land-subsidence rates was of partic-

ular importance for parts of Semarang that are shown as

stable or less subsidence-affected in the previous leveling-

based map. This is true for southeast Semarang for example

where the leveling-based map shows largely distributed

stable ground.

Further, larger measurement density gaps have been

identified in the most severely land-subsidence-affected

northern parts of Semarang. Dealing with extremes of land

subsidence of rates of 10 cm/year and more requires

modified approaches. In such cases, SAR data of longer

wavelength, e.g., ALOS L-band data, or of more frequent

revisit times, e.g., Terrasar-X or Radarsat-2 should allow

improved solutions. However, these options apply for

observations starting from present to future.

Despite some still existing limitations, the SPN tech-

nique is able to contribute to improving detection of ground

motion significantly. Combining precise ground-based

observation with leveling or GPS at few discrete points

with the large coverage performance of SPN, data gaps

between individual benchmark stations can be reduced and

distribution of motion rates can be derived much more

reliably.
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