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Abstract

Extensive land subsidence in and around Metro Manila, largely from overuse of groundwater, is orders of magnitude more rapid than sea-level rise from global warming. It 
enhances the exposure of its residents to worsening floods and tidal incursions, and greatly exacerbates the storm-surge threat. Additionally, differential movements at pre-existing 
faults causes considerable damage to overlying properties. The subsidence has been recognized and quantified since the 1990s from the rates at which wells apparently rise as the 
ground around them sinks, the frequency with which roads have had to be raised, and social surveys of historical flooding and tide heights. To assess the impact of the subsidence and 
devise appropriate countermeasures requires that the subsiding areas be delineated and their subsidence rates be measured more precisely. Toward those ends, 2003-2010 Envisat 
and 2007-2011 ALOS PALSAR-1 imagery were processed using the PSInSAR method. During these periods, Manila, CAMANAVA, Rosario, San Pedro, Las Piñas and Dasmariñas 
subsided by at least 2-4.2 cm/yr, due mainly to over-extraction of groundwater. InSAR data also reveal subsidence in highly urbanized areas that also rely heavily on groundwater 
along southern segments of the West Marikina Valley Fault, but none on the northern segment. Land subsidence along the coast.

INTRODUCTION
Widespread land subsidence has been a persistent problem 

for many years in coastal Metro Manila and the adjacent coastal 
areas of Bulacan and Pampanga. This phenomenon has been 
recognized and quantified since 1997 from the rates at which 
wells apparently rise as the land surrounding them sinks, 
the frequency with which roads needed to be raised to avoid 
renewed inundation, social surveys of local communities, 
and emergence of ground fissures [1-4]. From 1991 to 2003 
numerous areas around northern Manila Bay subsided at rates of 
1.7-8.3 cm/yr [5]. More recently, Raucoules [6], used differential 
interferometric synthetic aperture radar (DInSAR), to measure 
subsidence rates of as much as 15 cm/yr from 1993-2010. 

Areas away from the coast also suffer from land subsidence. 
Numerous ground fissures have emerged since the early 90s in 
Muntinlupa and San Pedro. Southern left-stepping en echelon 
segments of the West Marikina Valley Fault (WMVF), system 
are dominated by vertical movements; however, slip rates of 
about 2-20 cm/yr between 1996-1999 are higher than those 

that normally occur worldwide, suggesting that groundwater 
extraction is the major contributing factor [4,7]. Buildings atop 
these fissures have been extensively damaged and structurally 
compromised.

Anthropogenic land subsidence is also a concern in many 
other cities worldwide. In Shanghai, the added weight of new 
buildings has contributed 30 to 40 percent of more than a meter 
of subsidence from 2000 to 2010 [8]. Six major cities in Indonesia 
are subsiding at maximal rates of 22 cm/yr, mainly due to the 
extraction of groundwater and gas [9]. Bangkok, Thailand, which 
sank by as much as 12 cm/yr from 1978 to 1981, began to 
control usage by increasing the price of groundwater and piping 
in surface water. The city now subsides only up to 3 cm/yr, but 
flooding continues to worsen nonetheless [10,11]. In the Las 
Vegas Valley, combined InSAR, GPS analyses, and conventional 
leveling surveys have documented extensive land subsidence 
rates of at least 5-6 cm/yr since 1963. These rates have since 
declined from 2.5 cm/yr since 1991 to only a few millimeters 
per year by the 2000s [12,13]. Much of the deformation there 
is controlled by faulting [14]. Flooding from Hurricane Katrina 
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was exacerbated when levees in New Orleans were overtopped 
because they had subsided too low to prevent floodwaters from 
rushing inland [15]. 

Worsening floods and tidal incursions in coastal Metro Manila 
and adjacent Bulacan are usually blamed on upland deforestation, 
urbanization, channel encroachment by informal settlers and 
fishponds, and garbage dumping in estuaries. Although not widely 
recognized, anthropogenic land subsidence from excessive 
groundwater extraction for coastal aquaculture and mining are 
significant contributors [5,9,16]. Around northern Manila Bay, 
for example, excessive groundwater extraction from deltaic 
muds and intercalated sand and gravel has caused subsidence of 
centimeters to more than a decimeter per year [1,2].

In this study, we use interferometric synthetic aperture 
radar (InSAR) time-series spanning 2003-2011 period to identify 
and characterize the magnitude, spatial extent, and temporal 
evolution of land subsidence in Metro Manila and surrounding 
regions. This highlights the advantages of using satellite-based 
remote sensing in detecting and monitoring land subsidence, 
especially in urban areas.

METHODS
We used 35 Envisat ASAR scenes acquired from 2003 to 2010 

and 19 ALOS PALSAR-1 scenes acquired from 2007 to 2011, 
respectively of descending and ascending tracks (Figure 1). The 
images were first focused to generate single-look complex images 
using ROI_PAC [17]. Pairs were then selected based on minimum 
perpendicular baselines relative to “master” images: 25 August 
2004 for Envisat, and 28 August 2009 for ALOS PALSAR-1 
(Figure 2). Using Doris software [18], the master images were 
then paired with the rest of images to generate interferograms. 

The interferograms were unwrapped using a statistical-cost 
approach with SNAPHU [19,20]. 

The displacement time-series and velocities were produced 
using the Stanford Method for Persistent Scatterers (StaMPS), 
which isolates places with radar-bright features such as 
houses and buildings to record slow-moving displacements 
[21]. This method minimizes temporal decorrelation and 
phase contributions caused by atmospheric variations, which 
are particularly problematic in tropical environments. Linear 
tropospheric correction was applied based on the phase and 
topographic data [22].

The PSInSAR processing derives displacements along 
line-of-sight (LOS), towards the satellite. In areas with both 
ascending and descending data, the LOS displacement to its 
vector components can be decomposed. However, the near-polar 
track of the Envisat and ALOS orbits render the displacement 
observations insensitive to north-south movements [23]. 
Inasmuch as the main objective of this study is to identify and 
evaluate subsiding areas, we disregard this vector component. 
We assume that subsidence occurs at a constant rate during the 
study period and compute the subsidence rate (vertical velocity 
component vv) as [24]
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where vA and vD are the LOS velocities from the ascending and 
descending data, respectively, and θA and θD are incidence angles. 
In our case, the average θ values are 20.1º and 39.2º for Envisat 
and ALOS-1, respectively. Mentions of displacements in this 
report will be in terms of LOS unless otherwise specified.

Figure 1 Metro Manila is located in southwestern Luzon Island (inset). The boxes are the satellite footprints, bordered green for Envisat ASAR and 
blue for ALOS PALSAR-1. The dotted box is the subset area from the Envisat data. Red lines are traces of the West and East Marikina Valley Faults 
(WMVF and EMVF) adapted from PHIVOLCS (2015). Gray lines are provincial boundaries adapted from the Philippine Statistics Authority.
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Figure 2 Perpendicular baseline network used in the PSInSAR processing with respect to the master image (red circle).

RESULTS
The maps in Figure 3 show the spatio-temporal deformation 

patterns yielded by the descending Envisat (2003-2010), and 
ascending ALOS PALSAR-1 (2007-2011), data. Positive LOS 
velocities (blue color) depict movement towards the satellite, 
such as uplift, whereas negative values (red color) represent 

movement away from the satellite such as subsidence. We obtain 
good coherence across most of the study area owing to the 
widespread and contiguous distribution of built-up areas in and 
around Metro Manila, especially in the north. To the south, urban 
centers clusters within a large agricultural and vegetated region 
with little coherence. 
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Figure 3 InSAR time-series maps showing mean LOS velocity in cm/yr derived from (A) descending Envisat and (B) ascending ALOS PALSAR-1 
imagery, acquired in 2003-2010 and 2007-2011, respectively. Negative values (red) represent LOS increase (e.g. subsidence) whereas positive 
values (blue) represent LOS decrease (e.g. uplift). Triangle denotes the reference point used for the velocities.

Table 1: Subsidence rates (in LOS and vertical displacement rates) in key areas in and around Metro Manila.

City 2003-2010 (Envisat) 2007-2011 (ALOS-1) Vertical (cm/yr)

Manila -2.1 -2.3 -2.5

CAMANAVA -3.5 -4.0 -4.2

Las Piñas -1.7 -1.8 -1.9

Rosario -1 -0.9 -1.3

Dasmariñas -2 -3.7 -2.9

San Pedro-Biñan -2.5 -2.8 -3.0

Our results show clear deformation (Figure 4). Most 
significant are LOS range increases in Caloocan, Malabon, 
Navotas, Valenzuela-collectively referred to as “CAMANAVA”- 
as well as Manila, Las Piñas, Rosario, San Pedro, Biñan, and 
Dasmariñas cities. All these locations are highly urbanized and 
densely populated. The mean velocities and the associated 
standard deviations at the reference point provides an estimate 
of the background noise: -0.008 ±0.01 cm/yr and -0.01 ± 0.005 
cm/yr from the ascending and descending data, respectively. 
Equation 1 yields the vertical rates from the  combined ascending 
and descending data, dominated by subsidence signals from the 
six areas (Table 1). Observations in these areas are summarized 
in the subsections below. 

Manila and CAMANAVA

The subsiding area in Manila and CAMANAVA is contiguous 
and round-shaped that overlaps the administrative boundaries of 
the said cities. Both Envisat and ALOS 1 datasets showed a linear 
temporal evolution of the subsidence; maximum subsidence 

rates computed for Manila and CAMANAVA were 2.5 and 4.2 cm/
yr, respectively. The total affected area was about 67 km2.

Las Piñas

The deformation zone in Las Piñas was irregularly shaped 
and affected about 21 km2 of the city. Subsidence rates from 2003 
to 2011 were about 2 cm/yr; rates were highest from 2003 to 
2006 then slightly decreased from 2007 to 2011, as reflected in 
both Envisat and ALOS 1 time-series graphs.

San Pedro and Biñan

The southern segment of the West Marikina Valley Fault 
constrained most of the northern and western extent of 
subsidence in San Pedro and Biñan. The southern extent exhibited 
a linear, NE-SW trending deformation pattern; however, there is 
no known fault that constrains that section of the deformation 
area. The area subsided about 3 cm/yr during the study period 
and affected about 27 km2 of the region. Here, the Envisat and 
ALOS PALSAR-1 showed slightly different trends. Envisat data 
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Figure 4 Subsidence rates from 2003-2011 computed from the combined ascending and descending InSAR data, together with the 2004 water table 
elevations (white lines), in meters above sea level (Piquero 2005). Color scale adjusted to highlight subsidence. Red circles are cones of depression 
from excessive groundwater extraction. Solid black lines mark the boundaries between geologic units: Guadalupe Formation (GF), Taal Tuff (TT), 
and Recent fluvial and alluvial deposits (R). Small squares mark the locations where the time-series plots in Figure 5 were extracted.

Figure 5 Time-series plots from selected points within the study area. Locations are indicated in Figure 4.
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Figure 6 (a) Vertical velocity rates of Figure 4 with the trace of the WMVF from PHIVOLCS (2015). (b) Southern segment of the WMVF where the 
deformation is constrained by the WMVF. (a) Vertical velocity rates of Figure 4 with the trace of the WMVF from PHIVOLCS (2015). (b) Southern 
segment of the WMVF where the deformation is constrained by the WMVF.

documented a steady increase in LOS range until around 2007, 
whereby subsidence slowed drastically. Such slowing down was 
not detected in the ALOS PALSAR-1 time-series.

Dasmariñas

Subsidence in Dasmariñas was mainly concentrated in the 
urban center of the city, extending to about 40 km2 in a bowl-
shaped pattern. Both the Envisat and ALOS PALSAR-1 data 
documented a steady increase in LOS range during the entire 
observation period. Combined ascending and descending data 
yielded cumulative subsidence rates of 3 cm/yr.

Rosario

In Rosario, both the Envisat and ALOS PALSAR-1 time-series 
show that LOS range increased rapidly until around 2006, then 
began to decrease. The maximum cumulative subsidence rate 
was 1.1 cm/yr affecting about 13 km2. Similar to Dasmariñas, 
the deformation pattern was bowl-shaped. By the later part 
of the time-series, it appears that subsidence may have been 
significantly reduced or even stopped altogether.

DISCUSSION
Groundwater extraction and land subsidence

During deposition, fluvial sediments undergo natural 
“autocompaction”, compressed because the weight of each 
successive sediment deposit squeezes water out of the layers 
beneath them [2]. This natural process causes the surface to 
subside no more than a few millimeters per year, such as in 
the Pampanga River Delta northwest of Manila, where natural 

autocompaction rates are about 2.5-5 mm/yr, roughly the same 
magnitude as global sea-level rise [25]. Without human impact, 
the surface is built back up again by the accumulation of new 
river deposits, similarly a few millimeters thick.

Pumping water out of the ground faster than it is replenished 
lowers the water table of an unconfined aquifer, and lowers the 
piezometric surface around the well in a confined aquifer, creating 
a radial-shaped cone of depression; the larger the extraction, the 
larger the cone [26,27]. The causal relationship between land 
subsidence and over-extraction of groundwater has long been 
recognized [28-30], and clearly described by Galloway [31]. 

The National Water Resources Board (NWRB), identified 
several cones of depression in and around Metro Manila [32]. 
Five of these are within our study area: one each in CAMANAVA, 
Las Piñas, and Imus, and two in central Metro Manila (Figure 4). 
Among these areas, only central Metro Manila did not subside.

Figure 4 shows the areal extent of subsiding areas with the 
NWRB groundwater surface map and cones of depression. In 
CAMANAVA, the subsiding areas do not exactly coincide with the 
center of the cone of depression but are nevertheless still within 
its overall extent. The Las Piñas cone of depression coincides with 
the location of land subsidence. In Imus, the cone of depression 
is displaced a few kilometers away from the subsiding area in 
Dasmariñas. Additionally, concentric piezometric contour lines 
starting from -20 m above sea level inland going down to -100 
masl surrounding Rosario has not been considered as a cone of 
depression, but do document land subsidence. 
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Surface geology and land subsidence

Three geological units have been mapped within the study 
area: Guadalupe Formation, Taal Tuff, and recent alluvial and 
fluvial deposits (Figure 4). The Guadalupe Formation underlies 
most of inland Metro Manila. It has two members: Diliman Tuff 
and Alat Conglomerate. The presence of Stegodon fossils and 
other vertebrate remains indicate a Pliestocene age for this 
formation [33]. 

Diliman Tuff is of uncertain origin, and although some 
workers have attributed this unit to eruptions from the Laguna de 
Bay Caldera [34], the upper sections of this deposit is chemically 
distinct from other known deposits from Laguna de Bay [35]. This 
geologic unit is thin-to medium-bedded with regularly stratified 
layers that are almost flat-lying, although in some parts they 
gently dip to the west. It is composed mainly of fine-grained vitric 
tuffs and welded volcanic breccias with subordinate amount of 
tuffaceous fine- to medium-grained sandstones [36,37]. 

Alat Conglomerate is massive, poorly-sorted with well-
rounded pebbles and small boulders cemented by coarse-
grained, calcareous and sandy matrix. There are also interbedded 
sandstones that are loosely cemented and friable, and consists of 
tuffaceous, fine- to medium-grain sized particles. Also present in 
this unit are mudstones that are medium- to thin-bedded, soft, 
sticky, silty, and tuffaceous [33].

Taal Tuff is composed of fine- to medium-grained basaltic 
tuffs and minor flows, including volcanic breccias; as the name 
implies, these deposits are ascribed to calderagenic eruptions 
from the Taal Caldera. Recent alluvial and fluvial deposits along 
the western and eastern coastlines are mainly unconsolidated 
deposits of silt, sand, and gravel along valleys and coastal plains 
[33]. 

InSAR data show that land subsidence occurred regardless of 
the surface geology. Subsidence in CAMANAVA occurred mostly 
where there are recent alluvial and fluvial deposits, although 
parts in the northeast that are subsiding extend towards those 
underlain by the Diliman Tuff. Rosario, San Pedro and Biñan 
are also underlain by alluvial and fluvial deposits; Las Piñas is 
underlain by the Diliman Tuff, Dasmariñas by the Taal Tuff. 
Furthermore, the proximities of cones of depression and 
deformation patterns clearly indicate that the subsidence is 
anthropogenic, caused by groundwater extraction.

Fault-constrained subsidence

The West Marikina Valley Fault (WMVF), is the only officially 
recognized fault cutting through Metro Manila (Figure 6A). It is 
an oblique dextral fault trending almost N-S along the eastern 
edge of the metropolis [38]. The combined ascending and 
descending data show subsidence in the San Pedro and Biñan 
areas adjacent to the southern section of the WMVF (Figure 6B). 
The said fault constrains the areal extent of the deformation; the 
western portion of the deformation pattern trends N-S along the 
fault. Additionally, the south is bounded by a linear deformation 
pattern, which trends NE-SW and continues down to the coast 
of Laguna de Bay. A splay of the fault bounds this deformation, 
although at only a small section. The rest is not bounded by any 
known trace of the WMVF (Figure 6B). 

The northeast portion of Figure 6A displays a fault splay 
that trends southwestward from the East Marikina Valley 
Fault (EMVF), to the WMVF. If extended, that trend coincides 
nicely with the sharply-defined southern edge of the CAMANAVA 
subsidence zone.  The hypothesis that differential motion along 
that edge is also localized at a preexisting fault is worthy of future 
geophysical testing.

Ground fissures have emerged in parts of Muntinlupa, San 
Pedro, and Biñan where the southern segment of the WMVF is 
[4]. PHIVOLCS reported vertical slip rates of about 2-20 cm/
yr between 1996-1999, and concluded from the locations, 
extents, and geometries of the fissures that they are tectonically 
controlled, and are likely associated with the WMVF. Their slip 
rates are higher than known fault-related slip rates worldwide 
(e.g. Archaya 1980; Thatcher 1990; Rigenbach 1993), however, 
and deep wells in the area are drying up, suggesting that the 
exceptionally high differential movements are due predominantly 
to massive extraction of groundwater from industrial and 
domestic use [7]. 

We plot the vertical displacement map computed from the 
Envisat and ALOS 1 data with the trace of the WMVF mapped by 
PHIVOLCS [39] (Figure 6B). It appears that segments adjacent 
to San Pedro and Biñan still experienced differential movement 
during the observation period, while those in Muntinlupa did not. 
This may indicate either a temporary quiescence or possibly the 
depletion of groundwater supply. We note that the spatial extent 
of deformation during this time period suggests that the NE-SW 
creeping segments may be more extensive than what had been 
mapped by PHIVOLCS [7], and Rimando [4].

Land subsidence and implications to hazards

In 2011, Typhoon Nesat raised water levels up to about 
1.28m above mean sea level along the coast of Metro Manila, with 
a peak storm surge of 0.78m [40]. Its nearest point to Manila was 
about 200 km north; by that time, it had already weakened to a 
Category 2 typhoon (Saffir-Simpson scale). Despite these, it still 
caused considerable damages because much of coastal Manila 
is low-lying. Should a Haiyan-strength tropical cyclone traverse 
Manila Bay, it could generate storm surges 2-4 meters high, which 
would cause much more damage to coastal communities [41]. 

Based on historical records, at least two tsunami events have 
affected Manila: 9 November 1828 and 3 June 1863 [42]. Water 
heights were estimated to have reached 1-2 m. Considering the 
water levels from Typhoon Nesat, tsunami waves this high could 
cause significant damage, notwithstanding other earthquake-
related effects such as liquefaction.

Land subsidence increases exposure to storm surges, 
tsunami, and flooding, tidal incursion, and potential decline in 
groundwater quality and availability in coastal communities. 
In areas with faults, ground fissures that emerged from fault 
reactivation threaten the structural integrity of buildings and 
structures built on top of them. Infrastructure projects intended 
to protect residents from these hazards will be useless without 
detailed knowledge of where and how fast the land subsides. 
Climate change is expected to increase the frequency of stronger 
typhoons [43], enhancing the impacts of floods and storm surges 
on coastal communities. 
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CONCLUSIONS
The combined ascending and descending InSAR data have 

established the rates and extents of land subsidence affecting 
Metro Manila and surrounding areas during 2003-2011. Large 
areas have subsided at rates of about 2-4.2 cm/yr, most notably 
the coastal cities of Manila and CAMANAVA. While the InSAR 
time-series data showed continued subsidence in most areas, 
subsidence rates in Rosario appears to have slowed down.

In general, subsidence is mostly linear, although in some 
areas the rates decreased towards the end of the study period; 
however, critical areas such as those in coastal Manila Bay, fault-
traversed San Pedro and Biñan, and the rapidly urbanizing Las 
Piñas and Dasmariñas continued to subside. We attribute the 
land subsidence to over-extraction of groundwater extraction in 
these areas.
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