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Abstract: Deforestation in peatland areas such as Kalimantan, Indonesia has been going on for
decades. The deforestation has indirectly increased peatlands to become degraded and flammable.
The Synthetic Aperture Radar (SAR) interferometry approach for identification of degraded
peatlands can be performed using ALOS-2 PALSAR-2 data by converting land deformation data
generated from SAR interferometry analysis into water table (WT) depth data using Wosten models.
Peatlands with WT depth conditions of more than 40 cm are classified as degraded peatlands which
are flammable. By using fire data from previous studies, this research confirms that identification
of degraded peatlands using SAR interferometry approach by ALOS-2 PALSAR-2 is more reliable
with high precision related to forest fires, with a precision level of 88% compared to 5% precision
level using the WT depth monitoring system that has been installed in Central Kalimantan. The
highest wavelength of ALOS-2 PALSAR-2 (L-Band) data can resolve the limitation due to temporal
and volumetric decorrelation, compared to C-Band and X-Band satellite data. The combination
methods of SAR interferometry approach and the real-time WT depth monitoring system to identify
degraded peatlands can be more efficient, faster, and accurate. The advantage of this research result
shows that SAR interferometry analysis can reach blank spot areas that are not covered by the
observation station of WT depth monitoring system. It also gives a benefit as a guide to select precise
locations of observation stations related to degraded peatland and forest fire.
Keywords: SAR interferometry; ALOS-2 PALSAR-2; degraded peatland area; forest fire

1. Introduction
Approximately 12 percent or around 14.9 million hectares of Indonesia's landmass are peatland
areas, most of which are in Sumatra, about 7.1 million hectares, Kalimantan 6.5 million hectares and
others in Papua region [1]. Peatland ecosystem areas are vulnerable due to anthropogenic activities
such as drainage, conversion for agriculture, burning, and extraction for fuel and agriculture [2]. For
the last two decades, human activities have rapidly increased and caused persistent environmental
change [3,4]. The activities of drainage and forest clearing threaten peatland stability and make them
susceptible to fire [4]. People also cleared peatland areas with the most extensive cleared peatlands
found in Riau (≈450,000 ha), Central Kalimantan (≈400,000 ha), and South Sumatra (≈320,000 ha) [5].
Geosciences 2019, 9, 484; doi:10.3390/geosciences9110484

www.mdpi.com/journal/geosciences

Geosciences 2019, 9, 484

2 of 15

Massive and extremely intensive deforestation in Kalimantan reached its highest peak in the
1980s and 1990s and has been occurring until present day [1]. The development of oil palm
plantations has been the leading cause of the clearing of peat forests in Kalimantan, and besides that,
there was also the development of one million hectares of agricultural land on peatland in 1996–1998,
followed by the construction of 4000 km canals for drying and irrigation in Central Kalimantan [2].
Drainage causes an irreversible process of drying, oxidation, and collapse that increase peatland
proneness to fire [3]. The onset of mega rice project (converting one million hectares of peatland into
rice fields) in 1996 in central Kalimantan further caused degradation of peat widespread to other
places. Because drainage and irrigation were constructed in this area and its surroundings, the
deforestation expanded massively.
The multi-temporal Landsat images acquired between 1991 to 2000 showed a 3.2% reduction of
forest per year, and between 1997 to 2000, logging increased approximately 6.7% [4]. When El Nino
occurred in 1997, the forest fire in this area caused a huge amount of smoke covering 15 million km2
of Southeast Asia for several weeks. Most of the peatlands in central Kalimantan are generally
ombrogenous with dome-shaped landforms with high water table at the center of the dome. The
drainage of peatland makes the water flow from the vault to the canal, as a result of the dry bog that
occurs in the dry season.
Nowadays it is widely accepted that the water table (WT) (in the many papers called
groundwater table, water table depth, etc.) is a crucial parameter for the study of peatland health.
The declining of WT depth will drive many negative processes of peat, for example, carbon
decomposition, the vulnerability toward fire, increase of methane (CH4) production, etc. [5–8]. In
principle, decreasing WT depth contributes to greenhouse gas emissions. Hence, WT is the critical
parameter to determine whether the peatland is degraded or not.
Many approaches can be used to identify degraded peatlands; one of them is the use of
biogeochemical as an indicator [9]. Parameters such as C, N, ash content, age of carbon radio, bulk
density can be used to determine whether peatland is degraded or not, although not all can be used
quantitatively. In addition, using remote sensing techniques namely Light Detection and Ranging
(LIDAR), combined with other remote sensing optical systems such as Compact Airborne
Spectrographic Imager (CASI), and aerial image datasets have many advantages over traditional
ground surveys to identify and map degraded peatlands [10]. Water table depth and soil moisture
are also important parameters that were explored by using remote sensing sensor, especially
microwave remote sensing [11,12].
Microwave remote sensing Synthetic Aperture Radar (SAR) has been widely utilized to carry
out subsidence mapping on peatlands by using SAR interferometry (InSAR) approach [13–16].
Subsidence information on bogs is essential because it is related to several things, such as water table
depth conditions and carbon emissions [17]. The subsidence that occurs in peatlands is equal to the
water table depth multiplied by 0.04, where subsidence is in cm/year, and the water table depth is in
cm [18]. Forest fires in peatland is one of the main problems in Indonesia. Forest fires usually occur
in the peatland areas when water table depth is more than 40 cm [19]. Regulations in Indonesia also
mention that peatland areas that have water table depth greater than 40 cm are classified as degraded
areas [20,21]. This condition will trigger peat fires because fire spreads quickly in dry peat soil
[18,19,22–24].
This research implements the SAR interferometry approach using ALOS-2 PALSAR-2 data to
identify degraded peatlands areas related to forest fire, and at the same time compares with the realtime WT depth monitoring system. Real-time WT depth monitoring system was developed by the
Agency for The Assessment and Application of Technology (BPPT) in collaboration with Peatland
Restoration Agency (BRG) Indonesia, namely SIPALAGA. This system can measure water table
depth, soil moisture, and rainfall. The system sends data to the read down station for every hour
nonstop. In this research, we quantify level of precision between degraded peatlands that were
calculated using SAR Interferometry and WT depth monitoring system, associated with the
occurrence of forest fires in peatlands.
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This research is a novel approach to identify degraded peatlands by using SAR Interferometry
ALOS-2 PALSAR-2 and measurement of non-stop WT depth data in the field. It contributes to the
utilization of synthetic aperture radar data for mapping degraded peatland areas to prevent forest
fires and furthermore peatlands management.
2. Materials and Methods
2.1. Materials
A pair of ALOS-2 data in Single Look Complex (SLC) format, acquired on 25 February 2016 and
28 February 2018 obtained from JAXA (Japan Aerospace Exploration Agency), Japan, were used in
this research. Details specifications of the data are shown in Table 1.
Table 1. Specifications of the data.
No
1
2
3
4
5
6
7
8
9

Item
Type of Sensor
Data Format
Frequency
Wavelength
Polarization
Acquisition Date
Acquisition Mode
Acquisition Heading
Incident Angle

Specifications
ALOS-2 PALSAR 2
SLC
L-Band
0.24 meter
Dual Polarimetry HH and VV
25 February 2016 and 2 February 2018
Ascending
−126.2211
36.295 degree

Data from 13 stations of real-time WT depth monitoring system, namely SIPALAGA provided
by Peatland Restoration Agency (BRG) and the Agency for The Assessment and Application of
Technology (BPPT) Indonesia were used. These stations are located in the Pulang Pisau and Kapuas
Regency area, in South Kalimantan. The sensor was able to send data on the water table, soil moisture,
and rainfall every hour for 24 h non-stop. The picture of real-time WT depth station in the field is
shown in Figure 1.
The forest fire data as a result of previous research [25] and forest fire data of 2015 from the
Indonesian Center for Agricultural Land Resources (BBSDLP), Ministry of Agriculture is used for
validation and comparison.

Figure 1. Real-time WT depth monitoring station in Jabiren, Pulang Pisau Regency, Central
Kalimantan, Indonesia (Source: Twitter of BRG Indonesia).
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2.2. Methods
The research method started from the SAR interferometry analysis and then continued with the
implementation of the Wosten model [18] to obtain the WT depth distribution map. Based on the WT
depth condition, depths of more than 40 cm are classified as degraded peatland areas, based on
scientific reports [18–24] and Indonesian regulations [20,21]. Subsequently, a degraded/undegraded
peatland map is created based on InSAR and WT depth monitoring system. These results were then
compared using previous peatland fire data with overlay techniques.
Regarding SAR interferometry analysis as shown in Figure 2, the first step was to input SLC
using a pair of ALOS-2 PALSAR-2 data, Central Kalimantan, which were recorded on 25 February
2016 and 28 February 2018. The next step was to select the HH polarization data and orbit set. Thus,
co-registration, the alignments of SAR images from two antennas, is an essential step for the accurate
determination of phase difference and for noise reduction [26]. In this step, we selected fine coregistration for subpixel accuracy, including searching for subpixel tie points, fitting transformation
equations, and resampling the slave image. Thus, amplitude stability index was computed by using
Equation 1 [27].
𝑫𝑨 = 𝟏

𝝈𝑨
𝒎𝑨

(1)

where 𝜎 is the standard deviation and 𝑚 is mean value of the amplitude.
Then, the complex coherence or the normalized complex correlation was estimated using
Equation 2 [28].
𝚼𝒊,𝒌 =

𝑬 [𝑰𝒎𝒈𝒊 𝑰𝒎𝒈∗𝒌 ]
𝑬(𝑰𝒎𝒈𝒊 𝑰𝒎𝒈∗𝒊 )(𝑰𝒎𝒈𝒊 𝑰𝒎𝒈∗𝒌 )

(2)

where 𝐼𝑚𝑔 and 𝐼𝑚𝑔 are the complex pixel values of two SAR images and the angular brackets
denote ensemble averaging. High coherence indicates the high precision of the phase.
The comprehensive flowchart of this research is described in Figure 2 below.

Figure 2. Flowchart of research
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Acquisition geometry for interferogram generation shows in Figure 3 [29] where S is the satellite
at position i and k. O is the reference point and P is the target under examination. P is located at
distance Δx w.r.t O and at height Δh. The master of slant range is indicated as r.

Figure 3. Acquisition geometry for interferogram generation.

The relative of interferometric was thus calculated using Equation (3)
𝛥ø

= ø (𝑃) − ø (𝑂) =

4𝜋
[𝑅 (𝑃) − 𝑅 (𝑂)]
𝜆

(3)

Based on Equation 3, therefore, the relative interferometric phase can be expressed as in
Equation 4:
(4)
Δø = 𝛥ø
+ 𝛥ø
Since |OP|n is the projection of OP onto the direction normal of r, then it further decomposed to
slant range (
) and height component (
), thus the relative interferometric phase is total of flat
terrain added with topographic (height) phase, where these terms were expressed in Equation (5).
𝛥ø

=

4𝜋 𝐵𝑛 𝛥𝑟
𝑎𝑛𝑑 𝛥ø
𝜆 𝑅 tan 𝜃

=

4𝜋 𝐵𝑛 𝛥ℎ
𝜆 𝑅 sin 𝜃

(5)

The next step is called interferogram flattening. The flat terrain phase term was removed because
there was no useful information due to availability of orbital data to simulate it. Then, the ambiguity
height Δha, the height that generated a phase rotation was equal to 2𝜋, was calculated using Equation
(6):
𝛥ℎ =

𝜆𝑅 𝑠𝑖𝑛 𝜃
2𝐵

(6)

The ambiguity height occurred because all analysis processes were calculated based on
trigonometric functions and complex numbers. Integration of all fringes in the flattened
interferogram would lead to the estimation of topography.
The next step was to generate the differential interferometry phase based on the equation to
remove flat terrain and the topographic phase, and can be expressed as in Equation (7):
(7)
𝛥ø
= 𝛥ø − 𝛥ø
− 𝛥ø
This technique is called differential SAR interferometry (DInSAR). It is a powerful tool for
detecting surface changes. [29]
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After this, Goldstein filtering 5 × 5 was employed, then phase ambiguities were solved by using
unwrapping. The operation of integration of phase fringes is called phase unwrapping as shown in
Equation (8) [30].
(8)
Δø (𝑠, 𝑙) = ø (𝑠, 𝑙) 2𝑛𝜋
WT depth based on simulation was then calculated based on Wosten model [31]. The area with
WT depth more than −40 (subsidence 1.6 cm/year) is classified as degraded peatland area following
the equation below:
(9)
𝑆 = 0.04 𝑥 𝑊𝑇 𝐷𝑒𝑝𝑡ℎ
where S is annual rates subsidence (cm/year) and WT depth is water table depth (cm) of the tropical
peatland area.
2.3. Location
The research location is in peatland areas on the southern part of Palangkaraya City, in Pulang
Pisau and Kapuas Regency, Central Kalimantan, Indonesia (Figure 4).

Figure 4. Research location in Pulang Pisau and Kapuas Regency, Central Kalimantan, Indonesia.

Pulang Pisau Regency and Kapuas Regency are both located in Central Kalimantan Province,
with locations attached. Pulang Pisau Regency consists of eight sub-districts with a total area of 8997
km2 [32]. This research covered four sub-districts in Pulang Pisau Regency, namely Jabiren Raya subdistrict, Sebangau Kuala District, Kahayan Hilir District, and Maliku District. Kapuas Regency
consists of 17 sub-districts with an area of 14,999 km2, while those included in this research are the
sub-districts of Kapuas Barat, Basarang, and Mantangi, which is the largest sub-district [33]. The
lowest rainfall in the Pulang Pisau regency was 111 mm, and the highest was 360 mm, while the
lowest duration of solar radiation was 297.5% and the highest was 2212.5%. The air temperature at
the research location ranged from 27.2–34.7 °C, while the humidity was between 44%–99%.
Based on the land cover in Figure 5, the most extensive land cover in the research location is the
plantation area, while the paddy fields and agriculture area are insignificant in number. Based on the
quadrant angle, Amuntai 1713 Indonesia geological map, the study area also included the alluvial
plains which are deposits of surrounding rivers. In more detail, this alluvial plain consists of kaolinite
clay, silt with inter-correlation from sand, lignite, peatland, loose pebble and gravel, as deposits from
swamps and rivers.
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Figure 5. Landcover of this research area.

3. Results
3.1. Degraded Peatland Areas Based on Synthetic Aperture Radar (SAR) Interferometry
Based on SAR interferometry analysis, using ALOS-2 PALSAR-2 data acquired in February 2016
and February 2018 as an input, a coherence interferogram map was obtained. The coherence
interferogram map is the result of cross-correlation between two pairs of images. Regarding the
results of the analysis process as shown in Figure 6a, the interferogram could not be generated on the
entire image due to large temporal correlation. Temporal decorrelation is usually caused by the
dynamics of vegetation cover on peatlands.
The image of the interferogram was produced from two synthetic aperture radar images,
especially in the coherence area. With a small normal baseline of −83 and ambiguity of −645, the
expected interfaces produced are accurate. Based on the interferogram image, flattening, dem
removal, and unwrap are done, and the final result is the land deformation map.

(a)

(b)
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(c)
Figure 6. (a) Coherence image; (b) phase interferogram, and (c) land displacement map of this
research area based on Synthetic Aperture Radar (SAR) interferometry processing ALOS-2 PALSAR2 Data.

In Figure 6c it can be seen that, in most of the research areas which constitute peatlands, land
deformation has occurred. This research was conducted in two contiguous district areas, namely
Pulang Pisau Regency and Kapuas Regency, in which peatlands dominated these locations. Map of
degraded and non-degraded peatlands from study sites can be seen in Figure 7. Degraded peatland
maps have been developing on an annual basis, according to the Wosten model which is used as a
basis for calculations based on the results of the land deformation analysis using the SAR
interferometry approach. It can also be seen that peatlands within the scope of this study belong to
degraded areas. There are only small areas near the Sebangau river and some areas to the north,
where the condition of peatlands is not degraded.
3.2. Degraded Peatland Areas Based on Real-Time Water Table Depth Monitoring.
This research also employed data from 13 real-time stations of water table (WT) depth
monitoring system, that were developed by the Indonesian Peatland Restoration Agency (BRG), and
SIPALAGA, including the location of stations, namely Pilang 1, Pilang 2, Jabiren 1, Jabiren 2, Saka
Kajang, Henda 1, Henda 2, Garung, Kalawa, Buntoi, Anjir Kalampan, Sebangau Jaya, Medura
Sebangau.
Only one station is included in the Kapuas Regency area, namely Anjir Kalampan Station, while
12 other stations are included in the Pulang Pisau Regency area. Complete information regarding the
real-time position of the WT depth monitoring system can be seen in Table 2. Degraded peatlands
are characterized by WT depth conditions below 40 cm.
Table 2. Location and coordinate of WT depth real-time monitoring station used in the research.
No
1
2
3
4

Location
Pilang 1,
Jabiren Raya
Pilang 2,
Jabiren Raya
Jabiren 1,
Jabiren Raya
Jabiren 2,
Jabiren Raya

Latitude
−2.379

Longitude
114.059

−2.486

114.195

−2,508

114.169

−2.544

114.169
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5
6
7
8
9
10
11
12
13

Saka Kajang,
Jabiren Raya
Henda 1,
Jabiren Raya
Henda 2,
Jabiren Raya
Garung,
Jabiren Raya
Kalawa,
Kahayan Hilir
Buntoi,
Kahayan Hilir
Anjir Kalampan,
Kapuas Barat
Sebangau Jaya,
Sebangau Kuala
Medura Sebangau,
Sebangau Kuala

−2.552

114.181

−2.612

114.244

−2.599

114.192

−2.65

114.22

−2.707

114.22

−2.831

114.175

−2.812

114.313

−2.879

113.838

−2.895

113.764

The station's real-time WT depth monitoring system sends data to the read-down station once
every hour for 24 hours. The data used in this study are the results of measurements from January to
July 2019.
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Figure 7. Graph of real-time water table depth of 13 stations in the research area.

As shown in Figure 7, from Pilang Station 1, it is found that the water table condition was less
than 40 cm, starting in June, as well as data from Pilang 2 station. Based on data from Jabiren 1 station,
the WT depth condition was also very dynamic and declined in July. At Jabiren 2 station, the WT
depth decrease to below 40 cm occurred in early February and continued to deteriorate until July. At
Saka Kajang Station, the decrease of WT depth to below 40 cm began in April, although the dynamics
were quite high, and the fall was approaching in July.
At Henda 1 station, even the condition of the WT depth had been deficient starting in January
of minus 1.7 m and continued below 40 cm until July. At Henda Station 2, the decrease below 40 cm
were also detected in the beginning of January, although not as significant as at Henda Station 1, but
the terms also continued to decline until July. At Garung station, the decline of WT depth started in
July. At Kalawa Station, the WT depth decrease began from January and slightly increased until
April, but then continued to decline until July. A similar pattern also occurred in Buntoi station.
Anjir Kalampan Station is the only station within the Kapuas Regency area in this research,
where the WT depth condition was less than 1 m starting in January and continuing to decline to 1.6
m in July. At Sebangau Jaya Station, the WT depth dropped below 1 m starting from January and the
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condition continued to deteriorate until July at 2.5 m below ground level. Similarly, at the Medura
station, the WT depth decrease from 70 cm occurred in January and fluctuations worsened until July,
at 90 cm below the surface of the peatlands.
Based on WT depth data in various stations, it can be assumed that overall peatlands in this
research area are degraded.
4. Discussion
This research has used ALOS-2 PALSAR-2 data with L-Band waves, which is the longest wave
currently for satellite-based radar sensors, which is very beneficial related to the issue of coherence,
because the L-Band sensor is usually better than C-Band, and X-Band [34]. However, based on the
SAR interferometry analysis, as explained earlier in Section 3.1, it appears that not all areas in this
research are experiencing land deformation because of the decorrelation phenomenon. Decorrelation
can be divided into four components: Geometric, volumetric, temporal, and thermal decorrelation
[35]. Respectively geometric and volumetric decorrelation are also called spatial decorrelation, and
also known as baseline decorrelation [36–38]. Geometric decorrelation occurs when sensor positions
are different during acquisitions. Volumetric decorrelation occurs because of volume scattering, an
example in the forest area. Temporal decorrelation occurred because of variation of dielectric and
structural properties of the scattered [36], and thermal decorrelation is determined by the thermal
noise of the interferometric instrument [36,37].
Based on Figures 6 and 8, land cover and land use of the areas dominated by vegetation, which
is a very dense forest in the western area, and many plantation locations are in the eastern area.
Therefore, volumetric decorrelation leads to the incoherent condition in many areas. In addition, the
difference in data acquisition time for two years from February 2016 to 2018, is the cause of the
temporal decorrelation.
Despite the limitations due to decorrelation, SAR interferometry is able to identify land
deformation conditions in peatlands very well. Then, by using the Wosten model [18] and the
assumption that WT depth over 40 cm is categorized as a degraded peatland area [19], an overlay
between the degraded peatland data and the forest fire data from BBSDLP and previous research [25]
was done as shown in Figure 8. From this analysis it can be seen that the precision level of
identification of degraded peatland areas with SAR interferometry when assessed with forest fire
data is 88% as shown in Table 3, which means it is very precise.
Table 3. Precisian level of degraded peatland identification based on SAR interferometry and water
table depth monitoring system.

No

Forest Fire
Area

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

F-1
F-2
F-3
F-4
F-5
F-6
F-7
F-8
F-9
F-10
F-11
F-12
F-13
F-14
F-15

Degraded Peatland Area
Based on SAR
Based on WT Depth
Interferometry
Monitoring System

N/A

N/A

N/A

N/A

N/A



N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A
N/A
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16
F-16
17
F-17
18
F-18
Precisian Level:

12 of 15

N/A


88%

N/A
N/A
N/A
5%

: Detected N/A: Not Available.

Figure 8. Degraded peatland areas based on SAR interferometry, water table (WT) depth monitoring
system, and peat fire of research area based on Indonesian Center for Agricultural Land Resources
(BBSDLP) and previous research study [25].

Based on all graph series that are shown in Figure 7, almost all observation points of the water
table depth in the dry season show the condition of the water table depth of more than 40 cm. This
means that the peatlands have been degraded and become high risk because of the potential to burn.
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From the simulation results, the water table depth at Jabiren 1 and 2 stations is 56.25 cm so that it is
classified into a degraded peat zone, while from the results of water table depth measurements, this
condition began from July 2019. Under these conditions, it can be understood if in September 2019,
at the time of this writing, peatland fires also occurred in the district area of Pulang Pisau [39],
especially in the Jabiren area [40]. However, the overlapping map between WT depth stations site
and the location of the forest fire, show that only at two stations (Jabiren 1 and 2) forest fires were
detected. Therefore, the precision level of degraded peatland identification related to forest fire by
using WT depth monitoring system installed in Central Kalimantan is 5%.
Based on the discussion above, identification of degraded peatland areas related to forest fire
using the SAR interferometry approach is a more precise compared to the WT depth monitoring
system, which is 88% compared to 5%, respectively. This is likely due to the tendency that forest fires
on peatlands usually occur in open areas [31] that are easily detected using the SAR interferometry
approach [35] and probably installed WT depth stations mostly located in the vegetation area.
Although SAR interferometry using ALOS-2 PALSAR-2 can map degraded peatlands efficiently
and accurately, the weakness of this approach is the detailed time unit because it was developed on
the basis of an annual unit analysis. Therefore, this method still requires in situ field measurement.
Consequently, in order to obtain comprehensive and complementary results in monitoring degraded
peatland areas, a combination of the two approaches of SAR interferometry and the installation of a
real-time WT depth monitoring system is recommended.
5. Conclusions
Application of SAR interferometry using ALOS-2 PALSAR-2 data to identify degraded
peatlands give 88% precision level when associated with forest fire. This result is more accurate
compared to 5% precision level using the WT depth monitoring system installed in Central
Kalimantan due to spatial lacking. However, the use of the SAR interferometry approach has
limitations related to the volumetric and temporal decorrelation problem and time detail. Therefore,
combining SAR interferometry using ALOS-2 PALSAR-2 data and real-time WT depth monitoring
system is the best way to identify degraded peatlands in Indonesia related to forest fire. We give a
recommendation that determining the points of the WT depth monitoring system station should
consider the results of SAR interferometry, because it can be maximized on peatlands monitoring
that are degraded and susceptible to burn. This research also can be used as a reference for the
government of the Republic of Indonesia to pay attention to these degraded areas, in order to prevent
forest fires.
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