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Abstract 
 

The availability of damage assessment maps and ground displacement information is 

essential in the Philippines, which experiences various types of climate-induced and 

naturally-driven geohazards. The emergence of freely accessible space-borne 

synthetic aperture radar (SAR) data has led to interferometric SAR (InSAR) 

applications in the Philippines. However, most InSAR studies only focused on ground 

displacement detection, monitoring, and modeling and not on damages resulting from 

geohazards. This work used pre- and co-eruption Sentinel-1 interferometric pair 

datasets and the SeNtinel-1 Application Platform tool to create a pixel-based damage 

proxy map (DPM) for the 2020 Taal Volcano eruption in the Philippines, employing a 

coherence difference analysis. The pre-eruption coherence difference data stack mean 

and standard deviation were exploited to achieve a coherence difference threshold that 

reasonably created the DPM that delineated damaged areas, which included buildings 

and roads. The DPM was qualitatively evaluated through comparison with the field 

investigation and reports obtained from the Philippine Institute of Volcanology and 

Seismology (PHIVOLCS) and showed significant agreement with 89% overall 

accuracy. The decomposition of the line-of-sight displacement field map revealed the 

dynamic geological activities due to the phreatomagmatic eruption. The vertical 

displacements from InSAR and in-situ measurements obtained from field inspection 

and PHIVOLCS reports showed excellent agreement with root-mean-squared less than 

2 cm and coefficient of determination (R2) close to unity. Overall, the application of 

InSAR to Sentinel-1 SAR images successfully mapped damaged areas and estimated 

ground displacements associated with the Taal Volcano phreatomagmatic eruption on 

January 12, 2020.  
 

Keywords: coherence difference analysis, ground displacement, InSAR, Sentinel-1,  

   Taal Volcano eruption  

 

 



R. A. Ramirez & R. E. E. Abdullah / Mindanao Journal of Science and Technology Vol. 20 (2) (2022) 115-141 

116 

 

1. Introduction 

 

On January 12, 2020, a phreatomagmatic eruption occurred from the primary 

crater of the active Taal Volcano in Batangas City, Philippines. Before the 

eruption, the Philippine Institute of Volcanology and Seismology 

(PHIVOLCS) had issued Alert Level 1 on the volcano due to anomalous 

volcanic activities (PHIVOLCS, 2019). In November 2019, PHIVOLCS 

recorded 57 volcanic earthquakes, which resulted in an escalated danger 

warning from Alert Level 2 to 4. In February 2020, the danger warning was 

downgraded to Alert Level 2 after observing a consistent decrease in volcanic 

activities.  

 

Monitoring active volcanoes and seismic-prone areas and forecasting any 

untoward event, resulting from volcanic eruptions and earthquakes, are critical 

in the Philippines. Several field instruments and ground-based geodetic and 

geophysical techniques for studying these areas have been used extensively 

(Lowry et al., 2001; Bartel et al., 2003; Fikos et al., 2012; Galgana et al., 

2014; Kumagai et al., 2014; Zlotnicki et al., 2017). However, these methods 

include point-specific measurements and only have limited area coverage. In 

the last three decades, the interferometric synthetic aperture radar (InSAR) 

technique has been profitably employed to detect ground surface 

displacements due to natural geological hazards and identify hazard-induced 

disasters in urban and natural environments (Bürgmann et al., 2000; 

Massonnet and Sigmundsson, 2000; Zebker et al., 2000; Fernández et al., 

2002; Wauthier et al., 2009; Baker and Amelung, 2012). InSAR has emerged 

as a viable remote sensing technique for emergency response, disaster 

monitoring and crisis management in spatiotemporal dimensions. InSAR has 

been enormously applied for quantifying earthquake-induced surface 

displacements (Moro et al., 2017; Chen et al., 2019; Li et al., 2020; Liu et al., 

2021) and volcanic eruption-induced ground deformations (Kubanek et al., 

2015; Jung et al., 2016; Nobile et al., 2017; Doke et al., 2018). Additionally, 

InSAR has been effectively utilized for volcano observations and monitoring 

(Ebmeier et al., 2018; Wang et al., 2018; Garthwaite et al., 2019; Hamling, 

2021; Di Traglia et al., 2021). Most of these InSAR studies only focused on 

ground surface deformation detection and quantification, monitoring and 

modeling and not on associated damages (i.e., mapping damaged buildings, 

houses and road pavements) resulting from the eruptive activities of 

volcanoes. Prasetyo et al. (2021) showed that eruption and evacuation 

characteristics are two essential factors concerning how people respond to a 

volcano eruption; however, asset damage had the highest effect on response 
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action, at least during the 2020 Taal Volcano eruption. Hence, a cost-efficient 

and quick mapping method of asset damage, overcoming the danger posed by 

the volcanic activities (i.e., before, during, and after the eruption), is 

imperative in emergency response coordination.  

 

Despite the successful applications of InSAR in other regions concerning 

volcanism, the Philippines is behind in utilizing archived SAR data and open-

source, freely distributed remote sensing tools. Morales Rivera et al. (2015) 

used SAR data acquired by the Advanced Land Observing Satellite-1 (ALOS-

1) ascending orbit from the Japanese Aerospace Exploration Agency to 

monitor and model the volcanic unrest of four active volcanoes (i.e., Bulusan, 

Kanlaon, Mayon and Taal) in the Philippines from 2007-2011. Mabaquiao 

(2021) processed a pair of SAR data acquired by the descending Sentinel-1A 

satellite to quantify the ground surface deformation of Metro Manila before 

and after the eruption of Taal Volcano in January 2020. On the one hand, Bato 

et al. (2021) explored SAR data stacks acquired by ascending and descending 

ALOS-PALSAR 2 and Sentinel-1A/B satellite missions to quantify and model 

the pre-, co- and post-eruptive state of the 2020 Taal Volcano eruption. 

However, these previous studies on volcanism-induced ground surface 

deformation investigations primarily used the interferometric phase setting 

aside the InSAR coherence commonly used to assess the quality of the InSAR-

derived displacement measurements. Coherence indicates the consistency in 

data between two coregistered SAR images. Therefore, the coherence 

difference between two interferometric pairs can isolate surface changes 

related to disastrous events. However, the complex InSAR processing 

involved has restricted research efforts in the Philippines to apply the 

coherence difference analysis between pre- and post-event SAR image pairs 

even though the country frequently experiences other climate-induced and 

naturally-driven geohazards such as landslides and earthquakes (Ramirez, 

2021; Abcede et al., 2022; Tiongson and Ramirez, 2022). The unprecedented 

availability of free Sentinel-1 SAR images provided through the Copernicus 

Programme of the joint initiative of the European Space Agency (ESA) and 

European Commission (EC); thus, motivated this study to apply 

interferometric phase and coherence difference analyses to investigate the 

spatial distribution of damages incurred after the Taal Volcano eruption on 

January 12, 2020. 

 

In this present work, SAR datasets acquired by the ascending and descending 

Sentinel-1 satellites were processed using the SeNtinel-1 Application Platform 

(SNAP) tool to obtain a co-eruption damage proxy map (DPM) in Taal 
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Volcano island and its adjoining towns. This work utilized the interferometric 

pair coherence before and after the eruption and estimated the horizontal and 

vertical directional components of ground surface displacements after 

unwrapping the differential interferograms. Specifically, the pre-eruption 

coherence difference data stack mean and standard deviation were exploited 

to achieve a coherence difference threshold to improve the DPM creation. The 

DPM and InSAR vertical displacements were compared with the ground truth 

acquired from field inspections and reports from PHIVOLCS. 

 

 

 

2. Methodology 

 

2.1 Description of Study Area 

 

Taal Volcano, designated as Decade Volcanoes, is the Philippines’ second 

most active volcano, located in the province of Batangas (14° 0’ 36” N, 129° 

59’ 51” E) (Figure 1). It is a large caldera formed from prehistoric eruptions 

between 140,000 and 5,380 BP (Before Present) (Delos Reyes et al., 2018). 

In records, 33 eruptions, excluding the most recent one, had been reported on 

Volcano Island, located in Taal Lake. On January 12, 2020, Taal Volcano 

erupted from its primary crater. CALABARZON Region (i.e., Cavite, Laguna, 

Batangas, Rizal, and Quezon), the National Capital Region (i.e., Metro 

Manila), and some parts of Region III and Ilocos Region were cloaked with 

volcanic ash deposits. The imminent danger related to the volcanic unrest 

before the eruption resulted in class and work suspensions and flight 

cancellations in the Taal area. The following day, January 13, 2020, a lava 

fountain occurred after the volcano emitted a weak Strombolian eruption. 

PHIVOLCS registered roughly 2,500 seismic activities of the volcanic-

tectonic type in the Taal area. Figures 1b to 1e display the documented ground 

fissures in the adjoining towns of the Taal Volcano island, which are 

encompassed in the 15-km radius danger zone. 

 

On January 15, 2020, the water in the central crater and the Pansipit River 

drained. The water loss in the Pansipit River was associated with the upward 

movement of the magma that caused widespread ground fissures in the 

surrounding towns. On January 26, 2020, PHIVOLCS lowered the danger 

warning from Alert Level 4 to 3 due to decreasing volcanic activity in Taal. 

Small volcanic earthquakes with magnitudes 1.5 to 2.2 were recorded from 

January 27-28, 2020 with no perceived event. 
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Figure 1.  

 

 

 

 

 

2.2 Sentinel-1 SAR Datasets 

 

Sentinel-1 satellites supplied the Single-Look-Complex (SLC) SAR products 

used in this study. Sentinel-1 is loaded with a C-band radar sensor with a 5.6 

cm wavelength. The collected SAR datasets were acquired in the 

Interferometric Wide (IW) swath mode having co-vertical (VV) polarization. 

Sentinel-1 is a near-polar orbit twin satellite constellation. Thus, Sentinel-1 

traverses over the same region of interest from north to south (descending 

track) and south to north (ascending track).  Each satellite (Sentinel-1A and 

Sentinel-1B) has a 12-day revisit period and an effective six-day revisit period 

together. The data have been freely provided since 2016. ESA and EC jointly 

operate the Sentinel-1 missions under Copernicus Programme. The Terrain 

Observation by Progressive Scans SAR (TOPSAR) technology is the primary 

acquisition mode of Sentinel-1 missions. TOPSAR supplies a SAR image with 

250 x 200 km area coverage. SAR products comprise three swaths (IW1-IW3) 

consisting of a series of bursts. The 20 x 5 m spatial resolution (azimuth x 

range directions) allows for more precise monitoring of the target area. 

Sentinel-1 Precise Orbit Ephemerides (POE) update the satellite position and 

velocity information in the metadata of procured SAR products. 

 

Inset in (a) locates the region of interest in the Philippines. The footprints of 

Sentinel-1A/B images used in this study are marked with the red square 

(descending track) and blue square (ascending track). The background is a 
Google Earth satellite image (Google, n.d.). Photos (b-e) show multiple and 

large ground fissures that appeared in different towns of Batangas during the 

2020 Taal Volcano eruption. 

(b) (c) 

(d) (e) 

(a) 
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Ascending track 
 

Descending track  

Temporal baseline (yyyymmdd)  

Table 1 summarizes the immediate pre- and co-eruption interferometric pairs 

defined from the SAR images captured by the ascending and descending 

Sentinel-1 satellites after the volcano eruption. Figure 2 shows the temporal 

(Btemp) and perpendicular (Bperp) baselines of all datasets used for InSAR 

analysis.  

 

Table 1. Pre-eruption and co-eruption interferometric pairs information for ascending 

and descending data stack 

 

ID 

no. 

Master 

scene 

Slave 

scene 

Btemp 

(days) 

Bperp 

(m) 
Track Event type 

AP 20191230 20200111 12 41 Ascending Pre-eruption 

AC 20200111 20200117 6 -6 Ascending Co-eruption 

DP 20191228 20200109 12 -28 Descending Pre-eruption 

DC 20200109 20200115 6 -68 Descending Co-eruption 

The time format of all acquired SAR images is provided as yyyymmdd. Letters A and D denote ascending and 

descending tracks. Letters P and C denote pre-eruption and co-eruption time windows. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  

 

 

 

This study collected 36 Sentinel-1 SAR data from July 1, 2019 to January 17, 

2020 (18 images each from ascending and descending tracks). The Sentinel-1 

SAR data were processed to generate 34 coherence images (Tables 1, 2 and 

Perpendicular baseline information was presented concerning the first SAR 
acquisition for each track. Solid lines mark 12 days between consecutive SAR 

image acquisitions for pre-eruption interferometric pairs and six days for co-

eruption interferometric pairs for ascending and descending data stack. 
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3). The coherence difference threshold was determined by exploiting pre-

eruption coherence difference data stack mean and standard deviation (i.e., 32 

out of 34 coherence images) to mitigate background effects further. The 

reference pre-eruption images were pairs AP for the ascending data stack and 

DP for the descending data stack. 

 

Table 2. The information on pre-eruption interferometric pairs for the ascending track 

 

ID no. Master scene Slave scene Btemp (days) Bperp (m) 

A-01 20190703 20190715 12 22 

A-02 20190715 20190727 12 -38 

A-03 20190727 20190808 12 -33 

A-04 20190808 20190820 12 32 

A-05 20190820 20190901 12 79 

A-06 20190901 20190913 12 -54 

A-07 20190913 20190925 12 -39 

A-08 20190925 20191007 12 26 

A-09 20191007 20191019 12 -27 

A-10 20191019 20191031 12 132 

A-11 20191031 20191112 12 -59 

A-12 20191112 20191124 12 16 

A-13 20191124 20191206 12 -26 

A-14 20191206 20191218 12 -36 

A-15 20191218 20191230 12 4 

 

 

Table 3. The information on pre-eruption interferometric pairs for the descending track 

 

ID no. Master scene Slave scene Btemp (days) Bperp (m) 

D-01 20190701 20190713 12 -23 

D-02 20190713 20190725 12 -8 

D-03 20190725 20190806 12 9 

D-04 20190806 20190818 12 51 

D-05 20190818 20190830 12 -63 

D-06 20190830 20190911 12 -29 
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Table 3 continued.  

 

D-07 

 

 

20190911 

 

 

20190923 

 

 

12 

 

 

104 

D-08 20190923 20191005 12 -7 

D-09 20191005 20191017 12 -79 

D-10 20191017 20191029 12 19 

D-11 20191029 20191110 12 35 

D-12 20191110 20191122 12 -32 

D-13 20191122 20191204 12 -36 

D-14 20191204 20191216 12 77 

D-15 20191216 20191228 12 26 

 

2.3 InSAR-based Change Detection 

 

SAR instruments work by emitting a pulse and then measuring the intensity 

of the phase and the time of return from the signal after it bounces off the 

surface. The backscattered radar signals are employed to create imagery 

containing amplitude (A) and phase (φ) information. The amplitude is 

expressed in dB, whereas the phase is in terms of radians. The information is 

stored in the metadata of the SAR product as complex numbers. The phasor 

(P) per pixel containing this information is expressed in Equation 1 (Strozzi 

et al., 2002). 

 

 

 

where i is the imaginary unit. Moreover, the amplitude is a measure of the 

backscattered signal strength, and the phase is the fraction of one complete 

sinusoidal signal. The range between the radar sensor and the ground targets 

primarily determines the SAR image’s phase information. 

 

The main principle of any InSAR technique is through interference between 

two constructed SAR scenes captured at distant times over the same region 

creating a so-called interferogram. The interferogram is created by cross 

multiplying the slave image (e.g., post-eruption image) complex conjugate to 

the master image (e.g., pre-eruption image). Specifically, the amplitude of two 

SAR images is multiplied, whereas the phase difference (∆φ) expresses the 

interferometric phase value between the two images as described in Equation 

2. 

 

(1) P = Ae
iφ
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where P1 and P2 represent the master and slave scenes and * indicates complex 

conjugation. The interferometric phase can have phase error contributions 

from five different sources as described in Equation 3. 

 

 

 

 

where ∆φflat is the phase error due to the curvature of the earth, ∆φtopo is the 

topographic error (i.e., digital elevation model [DEM] error), ∆φdisp is the 

surface deformation error, ∆φatm is the atmospheric error and ∆φnoise is the 

phase noise introduced due to temporal change of ground targets, distinct side-

looking angle and volume scattering. Through interferometry, other phase 

errors are eliminated and only focus on the phase contributor of interest, which 

in this study was the surface deformation. 

 

2.4 Damage Proxy Map Creation using Coherence Difference Analysis 

 

Not every pixel in a space-borne SAR image for damage assessment and 

ground displacement estimation provides practical phase information. The 

successful employment of SAR images in any earth observation purpose 

processed with any InSAR technique relies on coherence (γ). When ground 

targets move between two successive acquired SAR data, the backscattered 

signals vary causing coherence degradation due to temporal decorrelations. 

This study estimated the coherence for all interferometric pairs to assess the 

temporal decorrelation effect and is expressed in Equation 4 (Ishitsuka et al., 

2012). 

 

 

 

 
 

where N is the coherence window size. The similarity of pixels in a SAR 

product between master (pre-eruption image) and slave (post-eruption image) 

scenes is assessed using coherence. It ranges from zero (entirely dissimilar) to 

one (completely identical). When a natural hazard triggers a disaster, the paths 

of radar signals vary between two acquisition times over the same scatterer. 

Therefore, backscattered signals from vertically extending structures (e.g., 

buildings, houses, monuments, posts, etc.) and horizontally exposed linear 

systems (e.g., road networks) impaired after calamity results in coherence 
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degradation. Theoretically, the co-eruption event pair coherence (γco) would 

be lower than the pre-eruption event pair coherence (γpre). The difference (γdiff) 

between the two coherence values is an asset to tracing affected regions due 

to the eruption on Taal Volcano island on January 12, 2020. The coherence 

difference was computed using Equation 5 (Ishitsuka et al., 2012).  

 

 

 

All Sentinel-1 datasets before and after the eruptive activity acquired from 

both tracks were processed satisfying the presented equation above. Statistical 

manipulations to define a coherence difference threshold to trace modified 

surfaces due to the volcano eruption were applied to mitigate the background 

effects further (i.e., atmospheric effect and ordinal surface changes) (Ishitsuka 

et al., 2012; Lu et al., 2018). The details of interferometric pairs are 

summarized in Tables 2 and 3. In this study, the temporal and perpendicular 

baselines were controlled under 12 days and 150 m, respectively; thanks to the 

improved sampling frequency and orbital tube of the Sentinel-1 mission. The 

pre-eruption coherence difference data stack mean and standard deviation 

were exploited to achieve a coherence difference threshold for selecting pixels 

for creating DPM as defined in Equation 6. 

 

 

 

 

where γ
diff
mean and γ

diff
stddev are the pre-eruption coherence difference data stack 

mean and standard deviation. The coefficient 𝛼 puts a weighting factor for 

standard deviation. This study adopted a threshold specifying α = 3 (3-sigma), 

speculating a coherence difference normal distribution, which characterizes a 

remarkable surface change due to the eruption. 

 

2.5 Ground Deformation Estimation using Differential InSAR (DInSAR) 

 

InSAR analysis allows the estimation of ground deformations. This study used 

the co-eruption dataset from both tracks in this analysis from the phase 

difference information derived using two SAR images (i.e., one image before 

and after the eruption). First, coregistration of two SAR images was 

implemented after accurately updating the orbit data. Flat-earth and 

topographic phase errors were removed employing the POE data and Shuttle 

Radar Topography Mission (SRTM) DEM 1 arcsec data. Figure 3 displays the 

resulting differential interferograms for ascending and descending co-eruption 

interferometric pairs (see Table 1). The statistical-cost network-flow phase-

(5) γ
diff

 = γ
pre

 – γ
co

 

(6) γ
diff
thre < γ

diff
mean – αγ

diff
stddev and γ

diff
thre > γ

diff
mean + αγ

diff
stddev 
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unwrapping algorithm (SNAPHU) program was used to unwrap the 

differential interferograms to retrieve the absolute interferometric phase 

values. The unwrapped interferograms were then converted to surface 

displacement measurements. A pixel with negligible surface displacement 

was selected as a stable reference area. This reference pixel has a coherence 

value close to 1. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. Co-eruption differential interferograms over Taal area were obtained from 

the ascending (a) and descending (b) interferometric pairs 

 

It was noted that relative surface displacements were measured along the radar 

line-of-sight (LOS). Therefore, this study quantitatively decomposed the 

directional surface displacement involving the radar properties (look angle 

direction and incidence angle). East-west and vertical directional surface 

displacements decomposition were performed following the method of Fialko 

et al. (2001) as defined in Equations 7 and 8. 

 

 

 

 

 

where dLOSA
 and dLOSD

 are the LOS ascending and descending surface 

displacements, respectively. dH and 𝑑𝑉 provide the horizontal and vertical 

displacement components, respectively. θA and θD represent the incidence 

angles of the ascending and descending tracks, respectively. The resulting 

horizontal displacement component is comprised of two factors that are 

described in Equation 9. 

 

(7) dLOSA
= dHsinθA + dVsinθD 

(8) dLOSD
= – dHsinθD + dVsinθA 

(9) dH = dNSsinδ – dEWsinδ 

(a) (b) 

Phase (rad) 
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where dNS and dEW are the N-S and E-W directional displacements, 

respectively and δ is the heading angle of both tracks. The heading angle of 

both tracks ranges from 0 to 180° concerning the vertical axis. Thus, the 

representation of the E-W component to horizontal displacement is more 

influential than that of the N-S component. In this study, it was assumed that 

the N-S component of the horizontal displacement was negligible since the 

heading angles of both tracks were less than 10°. 

 

2.6 InSAR Results Validation and Assessment 

 

On January 18, 2020, the PHIVOLCS Quick Response Team released a report 

presenting the documented fissures in different areas around Taal Volcano 

resulting from the recent eruption (PHIVOLCS, 2020). The report not only 

described the locations of the ground fissures but also detailed the vertical 

displacements. The geographical coordinates of the reported ground fissures 

were extracted from the report. Likewise, the research team conducted a field 

inspection on January 30, 2020 and documented other damages associated 

with the eruption besides ground fissures (i.e., cracks of buildings and houses). 

During the field inspection, vertical displacements were also measured using 

a tape measure (Figure 1e). The generated DPM and the estimated vertical 

displacements from InSAR were compared with documented damages and in-

situ vertical measurements obtained from field inspection and PHIVOLCS 

reports. Cohen’s kappa (k) statistic evaluated the validity of the DPM through 

interrater agreement using a confusion matrix. The minimum (MinDiff), 

maximum (MaxDiff) and mean (MeanDiff) of difference were all computed 

together with the root-mean-squared (RMS) and coefficient of determination 

(R2) to check the authenticity of InSAR-derived ground deformations. 

 

 

 

3. Results and Discussion 

 

3.1 Spatial Distribution of Coherence Difference 
 

Figures 4a to 4c display the pre-eruption coherence, co-eruption coherence 

and coherence difference maps produced after processing the interferometric 

pairs defined from the SAR images acquired by the ascending Sentinel-1 

satellite. On the one hand, Figures 5a to 5c show the pre-eruption coherence, 

co-eruption coherence and coherence difference maps produced for the 

interferometric pairs derived after processing SAR images from the 

descending Sentinel-1 satellite.  
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Figure 4. 

 

 

Pre-eruption coherence (a), co-eruption coherence (b) and coherence 

difference (c) maps for the ascending Sentinel-1 dataset. The enlarged portion 

of the regions (d-f) in (c). 

(a) (b) 

(c) (d) 

(e) (f) 

Coherence 

Coherence difference 
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(e) (f) 

Coherence 

Coherence difference 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.  

 

 

Pre-eruption coherence (a), co-eruption coherence (b) and coherence 
difference (c) maps for the descending Sentinel-1 dataset. The enlarged 

portion of the regions (d-f) in (c). 

(a) (b) 

(c) (d) 
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The blue and red variant tones represented regions with relatively high and 

low coherence, respectively. The co-eruption coherence of the regions 

emphasized by the hollow dashed black polygons from the ascending (Figure 

4b) and descending (Figure 5b) tracks decreased appreciably relative to the 

pre-eruption coherence (Figures 4a and 5a) in most rural areas of Agoncillo, 

Lemery, San Nicolas, Taal and Talisay in Batangas. On one hand, the pre- and 

co-eruption coherence of interferometric pairs from the dataset acquired by 

the ascending and descending Sentinel-1 constellations for the other regions 

showed insignificant or no change. The coherence difference scale employing 

the concept in Equation 5 was between ±1. The coherence difference on the 

negative scale classified modified regions before the eruption but was 

unmodified during the eruption period. Likewise, the coherence difference on 

the positive scale classified modified regions during the eruption period but 

had marginal modifications before the eruption. The surface changes (i.e., 

damaged areas) in rural areas of the Batangas region emerged on the 

coherence difference maps from the two dataset sources were strongly positive 

(i.e., marked with hollow dashed black polygons in Figures 4c and 5c and the 

enlarged regions displayed in Figures 4d to 4f and Figures 5d to 5f) indicating 

the significant surface changes associated with the volcanic eruption. These 

surface changes were associated with large ground motions and volcanic ash 

deposits resulting in appreciable ground surface displacement and structural 

damage. Areas with the coherence difference near zero (i.e., green pixels) 

indicated regions with exact coherence across pre- and co-eruption 

interferometric pairs. 

 

3.2 Validation of the Damage Proxy Map 

 

In this study, the pre-eruption interferometric pair data stacks defined for the 

ascending and descending Sentinel-1 satellites were processed to mitigate the 

background effects. Coherence difference was calculated taking AP and DP 

(see Table 1) as reference pre-eruption interferometric pairs for the datasets 

acquired from the ascending and descending Sentinel-1 satellites, 

respectively. The mean and the standard deviation of the coherence difference 

of pre-eruption interferometric pairs stack were computed and exploited to 

achieve a coherence difference threshold according to Equation 6. The upper 

and lower bounds of the coherence difference threshold, calculated from the 

data stack of pre-eruption interferometric pairs from the two data sources, 

were identical. Note that the mean and standard deviation of pre-eruption 

coherence difference between the two data stacks were consistent. Pixels that 

satisfied the condition after applying the coherence difference threshold were 



R. A. Ramirez & R. E. E. Abdullah / Mindanao Journal of Science and Technology Vol. 20 (2) (2022) 115-141 

130 

 

treated to have been significantly modified due to January 12, 2020, eruption 

on the Taal Volcano island. 

 

Binary values (i.e., 0 and 1) were designated to each pixel over the study area 

after the thresholding. Green pixels had a value of 0 to represent areas that 

were not modified (or were removed after the thresholding) and blue pixels 

had a value of 1 to represent severely modified areas (or were selected after 

the thresholding). Figure 6 shows the DPM that integrated the two coherence 

difference maps from the two Sentinel-1 SAR data sources. 

 

 

 

 

 

  

 

 

 

 

 

 

 
The blue area in the inset represents the integrated coherence difference maps from the two Sentinel-1 SAR 

data sources. 
 

Figure 6. The damage proxy map (DPM) with the documented damaged areas from 

the PHIVOLCS report and the researchers’ field survey 
 

PHIVOLCS conducted field surveys to identify damaged areas in the 15-km 

danger zone after the eruption accompanied by volcanic earthquakes and 

released a report presenting the documented fissures and vertical 

displacement. The geographical coordinates of the documented damaged 

areas from the PHIVOLCS’s report and the researchers’ field survey, 

conducted on January 30, 2020, were collocated on Google Earth and overlaid 

with the produced DPM. The validity of the DPM was assessed using k. Table 

4 lists the interrater (i.e., producer and user) reliability or interobserver 

agreement. Both observers rated four out of 18 surveyed sites as ‘undetected’ 

areas from the InSAR results. These four sites were in areas cloaked with trees; 

hence, they were masked using the coherence difference threshold (i.e., 

atmospheric and ordinal surface changes were believed to have affected these 

areas). 

 

Not damaged 

Damaged (DPM) 
 

Damaged (Field survey) 
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Table 4. Accuracy assessment using Cohen’s kappa statistics and confusion matrix 

 

Class 
Undetected 

areas 

Detected 

areas 
Sum Producer’s accuracy 

Undetected areas 4 2 6 0.67 

Detected areas 0 12 12 1.00 

Sum 4 14 Overall accuracy is 89% 

User’s accuracy 1.00 0.86 Cohen’s kappa k is 0.73 

 

Moreover, both observers rated 12 out of 18 surveyed as ‘detected’ areas from 

the InSAR results. These 12 sites were found to be houses and roads that were 

damaged due to the eruption. The calculated k value was 0.73 indicating a 

robust interrater agreement. The accuracy was 89% after comparing the DPM 

with the documented ground fissures using the confusion matrix (see Table 

4). This accuracy suggested that the created DPM traced the documented 

fissures reported by the group and PHIVOLCS, especially in rural areas near 

the Pansipit River. 

 

Besides the recent Taal Volcano eruption, the Philippines also experienced 

earthquakes of varying magnitudes in the last decade damaging buildings, 

houses and roads and leading to the loss of human lives. In these past events, 

InSAR was not commonly utilized to investigate the resulting ground motions 

and their associated damages to assets. The only earthquake-related InSAR 

applications were found for the 2019 Mindanao earthquake sequence (Li et 

al., 2020), the 2019 Zambales earthquake (Abcede et al., 2022) and the 2020 

Masbate earthquake (Tiongson and Ramirez, 2022). Of these three previous 

studies, Tiongson and Ramirez (2022) and Abcede et al. (2022) employed the 

coherence difference analysis to map damaged structural and non-structural 

assets incurred after the earthquake events aside from quantifying the ground 

surface displacements. These two previous studies adapted the two-step 

coherence threshold workflow by Lu et al. (2018) to refine the coherence 

difference by utilizing a stack of coherence data from pre-event images. The 

coherence difference from these studies was calculated similarly by 

subtracting the co-event coherence from the pre-event coherence. This study 

only adapted the single-step coherence thresholding by Ishitsuka et al. (2012). 

It is worth noting that Ishitsuka et al. (2012) and Lu et al. (2018) shared the 

exact utilization of the mean and standard deviation of coherence data from 

the pre-event image stack. However, Lu et al. (2018) integrated the use of 

temporal or natural coherence decay to refine further the mitigation of 

background noise and ordinal surface changes. Ishitsuka et al. (2012) obtained 
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85 and 61% detection accuracy in areas affected by liquefaction in Tokyo Bay 

and Tone River in Japan, respectively. Tiongson and Ramirez (2022) and 

Abcede et al. (2022) showed promising results despite some documented asset 

damages not successfully mapped by the final coherence difference map. This 

mismatch might be attributed to the inability of the analysis method to identify 

small damaged assets relative to the spatial resolution of the processed 

Sentinel-1 SAR images. 

 

3.3 Spatial Distribution of Ground Surface Displacement 

 

Figure 3 displays the two co-eruption differential interferograms generated for 

the processed SAR images acquired by the ascending and descending 

Sentinel-1 satellites (see Table 1). Interferometric fringes reflected the ground 

surface displacements in the satellite radar LOS. One interferometric fringe 

cycle in the case of Sentinel-1 was equal to 2.8 cm. The interferograms 

revealed noticeable co-eruption surface displacement along the satellite LOS. 

Tight interferometric fringes over the Batangas region corresponded to strong 

ground motion associated with the volcanic eruption. Different ground motion 

patterns (i.e., fringes) were notable from the two differential interferograms in 

ascending and descending modes. These different fringe patterns meant that 

an appreciable horizontal motion component (i.e., in the east-west direction) 

was contained in the LOS displacement field. In the case of pure vertical 

ground surface displacement (i.e., up-down movement), the differential 

interferograms generated for the two data sources would show similar 

interferometric fringes. The LOS displacement field map presented in Figure 

7 supports this observation. Note that positive displacement (cold color) 

indicated movement towards the sensor, while negative displacement (warm 

color) represented a movement away from the sensor. The southwest portion 

of the examined area moved closer to the ascending sensor and away from the 

descending sensor. Moreover, the southeast region of Taal moved away from 

the ascending radar and closer to the descending radar. 

 

The horizontal (east-west) and vertical (up-down) motions were quantified 

around the active volcano after employing Equations 7 and 8. The 

distributions of east-west and vertical surface displacements are presented in 

Figure 8. The color scale bar for the east-west directional component was -1 

m to 1 m, whereas, for the vertical component, the color scale bar was from -

0.6 m to 0.6 m. The directional components of the displacement revealed that 

the horizontal motion was more significant than the vertical motion. The east-

west component showed that the southwest portion of Taal moved away from 
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the eastern side indicating land extension. This event could explain the 

appearance of fissures or cracks in the proximity of the Pansipit River, which 

serves as a drainage outlet of Taal lake, causing damage to buildings and road 

pavements. This extension was accompanied by vertical displacement (uplift) 

due to the upward movement of the magma towards the main crater. It is 

unclear, however, for the authors if volcanic earthquakes are the main actors 

for fissures or surface crack formations, although they may very well be in 

some instances. The ground deformation patterns during volcanic unrest and 

the accompanying earthquakes certainly played a role in generating surface 

cracks. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The LOS displacement map in the Taal area: results of (a) ascending image 

and (b) descending image pairs 

 

As mentioned previously, Morales Rivera et al. (2015) processed nearly 20 

ALOS-1 SAR images acquired during 2007-2011 to monitor four active 

volcanoes in the Philippines, including the Taal Volcano, and model their 

deformation characteristics related to changes in pressurization of the system. 

Morales Rivera et al. (2015) found that the LOS velocity increased positively 

(i.e., uplift and westing) between February 2010 and January 2011 at a 

maximum displacement rate of 14.1 cm/yr. This increase extended to the 

western shore of Taal Lake and was consistent with the movements observed 

in this study after processing SAR images acquired by the ascending and 

descending Sentinel-1 satellites. Likewise, almost the same deformation 

patterns (i.e., horizontal east-west and vertical up-down movements) were 

reported by Bato et al. (2021), except in a few areas in the immediate adjoining 

west region of the Pansipit River Valley after processing Sentinel-1 SAR 

(a) (b) 

LOS displacement (cm) 
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images. It is worth noting that Bato et al. (2021) also employed a pixel offset 

(PO) analysis besides InSAR to detect the large deformation within the Taal 

Volcano and the Pansipit River Valley associated with the recent volcano 

eruption. The large deformations in these areas resulted in significant 

coherence loss; thus, non-inclusion of incoherent pixels for ground surface 

deformation estimation. However, displacement estimates from PO analysis 

have lower accuracy than InSAR measurements. 

 

Nevertheless, the observed positive increase in the displacement rate on the 

southwest region of Taal Volcano island is likely attributed to the inflation 

caused by the pressurization of the volcanic system (Morales Rivera et al., 

2015). On the other hand, deflation was observed in the northeast region of 

Taal Volcano island, which is consistent with previous studies. Moreover, 

Mabaquiao (2021) processed two Sentinel-1 SAR images and reported ground 

surface deformation in Metro Manila between -4.7 cm (i.e., subsidence) and 

+9.6 cm (i.e., uplift) after the 2020 Taal Volcano eruption. 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 
 

 

Figure 8.  

 

 

 

3.4 Comparison with Field Survey Reports 

 

The research group and PHIVOLCS independently measured and recorded the 

vertical displacement of surveyed sites after the January 12, 2020 eruption. 

The vertical displacements were measured between January 18, 2020 and 

January 30, 2020. Seven out of 18 surveyed sites showed minimum and 

maximum vertical displacements of 5 and 60 cm, respectively. Measurement 

Decomposed LOS surface displacements; the spatial distribution of 

horizontal (i.e., east-west) (a) and vertical (i.e., up-down) directional (b) 

surface displacements 

(a) (b) 

Displacement (cm) 
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points used for comparison were marked with numbers 1 through 7 in Figure 

6. The comparison of vertical displacements derived from the field and 

DInSAR data, as shown in Table 5, revealed that the absolute error or 

difference was less than 2 cm. The 2-cm discrepancy can be attributed to the 

phase errors (i.e., atmospheric and DEM errors) that were not totally mitigated 

from the InSAR products as the current processing tool does not incorporate 

atmospheric phase screen (APS) estimation and removal. Moreover, the 

results showed that the RMS and R2 were 1.65 cm and 0.99, respectively, 

confirming the DInSAR-derived vertical displacement results (Figure 9). 

 

Table 5. Comparison of vertical displacement from in-situ and DInSAR data 

 

Site 
no. 

DInSAR 
measured 

(cm) 

In-situ 
measured 

(cm) 

Difference 
(cm) 

MinDiff 
(cm) 

MaxDiff 
(cm) 

MeanDiff 
(cm) 

RMS 
(cm) 

R2 

1 36.24 35 1.24 

-1.80 1.84 1.64 1.65 0.99 

2 25.86 24 1.86 

3 38.20 40 -1.80 

4 30.45 29 1.45 

5 9.35 7.5 1.85 

6 33.40 35 -1.60 

7 48.35 50 -1.65 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9. Comparison of vertical displacement from 

in-situ and DInSAR data 
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4. Conclusion and Recommendation 

 

In this study, the applied InSAR technique delineated the changes in the 

surfaces of ground targets due to the Taal Volcano eruption in the Philippines 

on January 12, 2020 using the coherence difference analysis between pre-

eruption and co-eruption interferometric pairs of SAR images acquired by the 

ascending and descending Sentinel-1 mission. The InSAR results presented 

the successful utilization of the pre-eruption coherence difference data stack 

mean and the standard deviation in defining a coherence difference threshold 

to arrest the strong temporally decorrelated radar signal related to the 

phreatomagmatic eruption and volcanic earthquakes. The applied technique 

also decomposed horizontal (i.e., east-west) and vertical (i.e., up-down) 

directional components of ground surface displacements using InSAR 

analysis by unwrapping the co-eruption differential interferograms. The 

InSAR-derived vertical displacements associated with the 2020 Taal Volcano 

eruption were between 9 to 50 cm. The InSAR-based outcomes were 

consistent with in-situ surveys and displacement measurements with an 

overall accuracy of 89% for damaged area mapping using DPM and RMS < 2 

cm and R2 of 0.99 for the ground displacement estimation. Therefore, these 

surface changes traced through the InSAR phase and coherence change 

detection methods were linked to Taal volcano’s recent phreatomagmatic 

eruption accompanied by volcanic earthquakes. This study presented that 

Sentinel-1 SAR data with medium spatial resolution acquired with a shorter 

revisit period over the same region was efficient for mapping damaged areas 

and estimating ground surface displacements. 

 

This study presented the usefulness of using medium-resolution C-band 

Sentinel-1 SAR images for mapping damaged areas and estimating ground 

surface deformations due to the 2020 Taal Volcano phreatomagmatic eruption 

accompanied by volcanic earthquakes. The InSAR change detection methods 

adequately produced reasonable DPM and ground surface displacement 

estimates compared with ground truth acquired from field surveys and 

PHIVOLCS reports but still face some limitations. The number of Sentinel-1 

SAR images acquired before the volcano eruption, covering approximately six 

months, may not be sufficient to define the optimal coherence difference 

threshold calculated using the mean and standard deviation of pre-eruption 

coherence data. Note that for each Sentinel-1 orbit, only 16 SAR images were 

collected for this study and each image acquisition was 12-days apart. 

However, as Sentinel-1 provides images acquired every six days in other 

regions and recently in the Philippines, the increased archived database can 



R. A. Ramirez & R. E. E. Abdullah / Mindanao Journal of Science and Technology Vol. 20 (2) (2022) 115-141 

137 

 

provide better pre-event natural coherence variability, specifically in densely 

vegetated and rural areas. In addition, Sentinel-1 provides medium-resolution 

SAR images, specifically with a nominal spatial resolution of 5 x 20 m (range 

x azimuth). This spatial resolution limits the capability of the coherence 

difference analysis method to identify small damaged structural and non-

structural assets assuming that the asset only belongs to one pixel. It is worth 

noting that in exchange for better coherence and reduced speckle noise, 

multilooking was performed, which degraded the original spatial resolution of 

the Sentinel-1 SAR datasets. Using higher resolutions SAR images acquired 

by TerraSAR-X (i.e., 2 x 3.3 m, range x azimuth) and COSMO-SkyMed (i.e., 

2.21 x 1.63 m, range x azimuth) can improve the detection of small damaged 

assets; however, there is a cost associated. 

 

Moreover, the ineffective removal of other phase components, specifically the 

atmospheric phase contribution, introduces significant errors when using 

conventional InSAR methods, which are in the order of a centimeter. In this 

case, advanced InSAR time series techniques can be employed such as the 

Persistent Scatterer InSAR (PS-InSAR) and the Small Baseline Subset 

(SBAS). These advanced InSAR time series techniques can mitigate the 

shortcomings of the conventional InSAR. 
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