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ABSTRACT. The peat hydrological unit of the Air Sugihan River – Air Saleh River, South Sumatra, Indonesia, experienced 
extreme fires during the 2015 El Niño event. Restoration of 2.0 Mha degraded peatlands has been conducted since 2016. This 
study aims to analyze spatiotemporal variations of soil moisture content and groundwater level in this site from 2015 to 2018. 
The soil moisture was estimated using a multiple regression analysis method based on the Sentinel-1A and the European 
Center for Medium-Range Weather Forecast dataset. The groundwater level model was calculated by using linear regression 
between the estimated soil moisture and water level observed from field measurements. A minimum moisture content of 
~0.78 m3m-3 and a minimum groundwater depth of ~0.50 m below the peat surface were estimated to cause smoldering 
combustion. A sharp decline in the water table depth (around 1.53 m) led to a decrease in moisture content in October 2015. 
This month, peat fires severely burned both cultivation and protected areas having dense drainage canals and near rivers. 
Although there was an increasing trend in the groundwater level and moisture content in 2016, between 2017 to 2018 the 
water table declined to a depth of ~0.7 m with a corresponding moisture content of ~0.25 m3m-3. Such decline may have led 
to a few peat fires which occurred in the dry season of both 2017 and 2018. We recommended that law enforcement efforts 
should be conducted to raise the mean annual water table to shallower depths than 0.40 m
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INTRODUCTION

 Peatlands, a habitat for many local unique and protected 
species, play an essential role in ecosystem services, including 
carbon balance, hydrological cycle regulation, flood control, and 
water quality protection (Evers et al. 2017; Page et al. 2009; Wösten 
et al. 2006). Indonesia is home to the largest tropical peatlands 
(approximately 22.5 Mha) globally (A. Hooijer et al. 2010), with a 
thickness of up to about 12 meters and 42% of the area is covered 
by a peat thickness of 2 meters (A Hooijer et al. 2006). These areas 
act as a significant carbon sink, storing 77% of total peat and 
carbon deposits (Aljosja Hooijer et al. 2006). 
 Peatland fires are closely related to the hydrological regime as 
well as other factors such as human activities and the local climate. 
Human activity is a factor related to land use without paying 
attention to environmental sustainability, including logging, 
canal construction, and plantation development (Miettinen et 
al. 2013; Page et al. 2009). In addition, the main climatic factor of 

the peatland fires is the amount of rainfall (Leng et al. 2019). The 
extreme climate due to the 2015 El Niño burnt about 850,000 ha of 
peatland in Sumatra and Kalimantan (Giesen and Sari 2018). Thus, 
a hydrological issue is an important key to restore the degraded 
peatland. Soil moisture and water level are important hydrological 
parameters to characterize peat fires caused by climate extremes.
 Peatlands in Indonesia are usually located in remote and 
inaccessible areas with large spatial coverage. Field measurement 
has a limitation in spatial coverage to map peatland. Therefore, 
remote sensing has become a useful complementary method for 
monitoring and mapping the dynamics of peatland hydrology. A 
remote sensing technique was applied to estimate subsidence 
and map vegetation degradation in the study area using the 
Sentinel-1 dataset (Khakim et al. 2020). 
 The behavior of the radar backscattering signals as a function 
of soil moisture has been analyzed based on empirical or physical 
models (Baghdadi et al. 2016; Dabrowska-Zielinska et al. 2018; 
Dubois et al. 1995; Oh et al. 1992). The soil moisture estimation 
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relying on the co-polarized channels is more robust to the 
presence of vegetation than relying on both the cross and the 
co-polarized channels (Dubois et al. 1995). When the vegetation 
is sparse, the radar scattering is dominated by interactions with 
the underlying surface (Dubois et al. 1995). Several studies utilized 
the radar backscattering from Sentinel-1 to estimate soil moisture 
with reasonable accuracy, such as over wetlands using regression 
models (Dabrowska-Zielinska et al. 2016; Gangat et al. 2020) and a 
water cloud model (Dabrowska-Zielinska et al. 2018). Meanwhile, a 
low correlation between water levels and radar backscattering was 
investigated (Asmuß et al. 2019). Other studies on the estimation 
of water levels were performed by using the coherence data 
(Chen et al. 2020; Kim et al. 2017). However, the interferometric 
coherence was mainly dependent on the temporal baseline and 
landcover types for Sentinel-1. The coherence is commonly low 
for wetlands; thus, it is more difficult to map water levels with 
reasonably spatial distribution.
 This study aims to analyze spatiotemporal variations of 
(1) soil moisture content and (2) groundwater level at the peat 
hydrological unit of the Air Sugihan River – Air Saleh River, namely 
the Kesatuan Hidrologi Gambut Sugihan Saleh (KHGSS), South 
Sumatra, Indonesia, using a multiple regression analysis (MRA) 
method based on Sentinel-1 and ECMWF datasets. Moreover, this 
study aims to provide a better understanding of the variation of 
these two hydrological parameters during the 2015 El Niño event 
and three years after, during which rewetting measures were in 
place.

MATERIALS AND METHODS

Study area

 The peat hydrological unit of the Air Sugihan River – Air Saleh 
River (KHGSS) is one of the tropical peatlands in South Sumatra, 
Indonesia (Fig. 1). This area is located between Air Sugihan 
River in the East and Air Saleh River in the West. This site area 
experienced severe fires, large subsidence, and high vegetation 
degradation from the 2015 El Niño phenomenon  (Khakim et al. 
2020).
 For restoring the degraded peatland due to the 2015 
peatland fires, the National Peatland Restoration Agency 
(BRG) was established by Presidential Decree in January 2016 
(President of Republic of Indonesia 2016a). The decree mandated 
BRG to coordinate and facilitate the restoration of 2.0 Mha of the 
degraded peatland in 5 years (2016–2021). The restoration was 
applied in this study area through three approaches (3R), i.e., 
Rewetting, Revegetation, and Revitalization of livelihoods in the 
peatland restoration efforts (Giesen and Sari 2018). 
 A main purpose of rewetting is to restore hydrological 
properties of drained peatlands. In the study area rewetting has 
been conducted by blocking canals to raise groundwater levels. 
Besides preventing peat soil oxidation and reducing carbon 
emission, the rewetting has been also intended to minimize 
further subsidence and to prevent peat fire. 
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Fig. 1. (a) Location of the study area with (b) peat ecosystem functions (Peat Restoration Agency 2017) and (c) 
topography of the study area downloaded from http://tides.big.go.id/DEMNAS/
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 In addition, revegetation, which is the second 
approach of the restoration, has been intended to restore 
degraded peat swamp vegetation cover and improve peat 
forest habitat quality (Dohong 2019). The revegetation in 
the study area was conducted by replanting indigenous 
local tree species such as Jelutung (Dyera lowii Hook.F), 
Meranti Bunga (Shorea leprosula Miq), Meranti Batu (Shorea 
platycarpa Heim), Tanaman Sagu (Metroxylon rumphii), and 
Gelam (Melaleuca spp) (Sodikin et al. 2017). These local trees 
have been combined with pineapple in an Agroforestry 
pattern.
 The revitalization of local livelihoods, which is the 
third approach, provides livelihood alternatives for local 
communities. Therefore, it can create various livelihood 
alternatives for increasing their income and welfare. 
Moreover, the local people can be involved in operating 
and maintaining canal blocking built in their respective 
sites (Dohong 2019). The fishery canal was made to provide 
their additional economic benefit. This fishery aims to 
cultivate species of local fish. 

Data

 Sentinel-1A GRD data. The European Space Agency’s 
(ESA) Sentinel-1 constellation provides continuous 
global all-weather, day-and-night radar imaging with 
a C-band Synthetic Aperture Radar (SAR) instrument 
operating at a center frequency of 5.405 GHz in support 
of Global Monitoring for Environment and Security (GMES) 
applications (Attema et al. 2008). The Sentinel-1 satellite 
constellations have a revisit time of six days for the SAR 
data acquisition (Filipponi 2019). This study utilized Level 
1 Interferometric Wide Swath (IW) multi-looked Ground 
Range Detected (GRD) products in high resolution of 
20 x 22 m and a pixel spacing of 10 x 10 m (Hornácek 
et al. 2012).  These GRD images are multi-looked with 
the number of looks of 5 and 1 in range and azimuth, 
respectively.  To cover an area of interest from 2015 to 2018, 
we selected four datasets with different paths and frames 
that were downloaded from Alaska Satellite Facility (ASF), 
as presented in Table 1. 

No. Date (yyyy/mm/dd) Path/Frame Polarization

1 2015/01/04 98/1171 VV

2 2015/02/21 98/1171 VV

3 2015/03/17 98/1171 VV

4 2015/04/10 98/1171 VV

5 2015/05/17 120/604; 120/598 VV+VH

6 2015/07/15 98/1171 VV

7 2015/08/08 98/1171 VV

8 2015/10/19 98/1171 VV

9 2015/11/25 120/604; 120/598 VV+VH

10 2015/12/19 120/604; 120/598 VV+VH

11 2016/01/12 120/604; 120/598 VV+VH

12 2016/02/05 120/604; 120/598 VV+VH

13 2016/03/24 120/604; 120/598 VV+VH

14 2016/04/17 120/604; 120/598 VV+VH

15 2016/05/11 120/604; 120/598 VV+VH

16 2016/07/22 120/604; 120/598 VV+VH

17 2016/08/15 120/604; 120/598 VV+VH

18 2016/10/02 120/604; 120/598 VV+VH

19 2016/11/19 120/604; 120/598 VV+VH

20 2016/12/13 120/604; 120/598 VV+VH

21 2017/02/22 98/1170 VV+VH

22 2017/03/06 98/1170 VV+VH

23 2017/03/18 98/1170 VV+VH

24 2017/04/23 98/1170 VV+VH

25 2017/05/29 98/1170 VV+VH

Table 1. The IW GRDH Sentinel-1A images used in this study
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 ECMWF dataset. ERA-Interim is a global atmospheric 
reanalysis product from the European Centre for Medium-
Range Weather Forecasts (ECMWF) that has been available 
since 1 January 1979 (Dee et al. 2011). This study utilized the 
ERA interim-daily datasets of soil moisture level-1 (0 – 7 cm), 
total precipitation, soil temperature level-1 (0 – 7 cm), and 
surface roughness in a NetCDF format downloaded from 
the ECMWF Data Server. We used these data with a spatial 
resolution of 0.125 x 0.125 degrees. 
 SESAME’s field data. SEnsory data transmission Service 
Assisted by Midori Engineering (SESAME), a real-time 
telemetry technology that records precipitation, air 
temperature, and groundwater level every 10 minutes, 
was installed in this area to monitor the effectiveness of 
rewetting activities (Republic of Indonesia 2018). Two 
stations were installed in this area, namely St. NBL2 and St. 
BS2. A moisture sensor was installed at a depth of 10 cm 
from the peat surface. While a waterproof, immersion-type 
sensor for water level (WL) measurement was placed in 
a plastic pipe installed vertically from the peat surface to 
the depth of the mineral soil (Republic of Indonesia 2018; 
Sulaiman et al. 2017). 
 Fire hotspot data. This study used the NASA Near 
Real-Time VNP14IMGTDL_NRT VIIRS 375 m Active Fire 
Detections in the shapefile format from January 2015 to 
December 2018 downloaded from the NASA earth data 
website https://earthdata.nasa.gov/earth-observation-
data/near-real-time/firms/. The hotspot data from the 
VIIRS product has a higher resolution (375 m with nominal 
temporal resolutions every 12 h) than MODIS data (1 km) 
so it provides a more reliable estimate of fire perimeters. 
With this data, the spatiotemporal distribution of burnt 
areas can be identified. The VIIRS 375 m data are comprised 

of five distinct single-gain channels extending from the 
visible to thermal infrared spectral region. The fire detection 
algorithms were based on the differential radiometric 
response of high-temperature targets imaged in those two 
spectral regions (Schroeder et al. 2014). This study used the 
fires with nominal and high confidence levels.

METHODOLOGY

Backscattering coefficient processing

 The co-polarization (VV) GRD images from Sentinel-1 
were processed into backscatter coefficients, σ0, in decibels. 
This GRD image data processing to obtain the backscatter 
coefficient in each pixel was implemented using the 
Sentinel-1 Toolbox. Workflow for processing Copernicus 
Sentinel-1 GRD products included orbit metadata updates, 
thermal and image border noise removal, radiometric 
calibration, as well as range-Doppler and terrain correction 
(Aukema and Wilson 2019; Filipponi 2019).
 Orbital metadata, generally inaccurate within the SAR 
product, was updated using a precise orbit downloaded 
automatically on Sentinel Application Platform (SNAP) 
software version 7.0 to provide accurate information on 
satellite position and speed. After applying a precise orbit, 
thermal noise was removed to reduce the effect of noise in 
the image between sub-swaths; particularly, normalizing 
the backscatter signal in all Sentinel-1 scenes and reducing 
discontinuity between sub-plots for scenes in multi-swath 
acquisition mode. Radiometric artifacts at the image border 
are produced by azimuth and range compression when 
generating level-1 products. We then converted digital 
pixel values to radiometrically calibrated SAR backscatter. 
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*used for MRA analysis

26 2017/06/22 98/1170 VV+VH

27 2017/07/04* 98/1170 VV+VH

28 2017/08/21* 98/1170 VV+VH

29 2017/09/14* 98/1170 VV+VH

30 2017/10/20* 98/1170 VV+VH

31 2017/11/13* 98/1170 VV+VH

32 2017/12/31* 98/1170 VV+VH

33 2018/01/12* 98/1170 VV+VH

34 2018/02/17* 98/1170 VV+VH

35 2018/03/13* 98/1170 VV+VH

36 2018/04/18* 98/1170 VV+VH

37 2018/05/12* 98/1170 VV+VH

38 2018/06/17* 98/1170 VV+VH

39 2018/07/11* 98/1170 VV+VH

40 2018/08/16* 98/1170 VV+VH

41 2018/09/09* 98/1170 VV+VH

42 2018/10/03* 98/1170 VV+VH

43 2018/11/20* 98/1170 VV+VH

44 2018/12/26* 98/1170 VV+VH
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This calibration also converted image intensity values into 
sigma naught values. The information required to apply 
the calibration equation is included within the Sentinel-1 
GRD product; specifically, a calibration vector included as 
an annotation in the product allows simple conversion of 
image intensity values into sigma naught values.
Interference of waves reflected from many elementary 
scatters resulted in speckles in SAR images. We multilooked 
the images by a factor of 6 in range and azimuth and 
applied multitemporal speckle filtering to reduce speckles. 
Our study required multiple SAR data for temporal analysis. 
Therefore, we stacked these SAR data before applying the 
multitemporal speckle filtering with the type of Lee filter (Lee 
1981). Some distortions related to side-looking geometry 
in the SAR data were compensated for representing the 
image as close as possible to the real world by using range 
doppler terrain correction. This correction used the one 
arcsec NASA’s Shuttle Radar Topography Mission – Digital 
Elevation Model (SRTM – DEM) to derive the precise 
geolocation information and obtain local incidence angles. 
The target coordinate reference system is the UTM zone 
48S. Finally, the backscatter coefficient was converted to 
dB using a logarithmic transformation (Filipponi 2019; 
Xianlong Zhang et al. 2021).

Soil moisture and water level estimation

 To obtain soil moisture (SM), this study applied an 
empirical method by using multiple linear regression analysis 
between backscatter coefficient, σvv, (BS), local incidence 
angle,  θ, (LIA), soil moisture level-1, 0 – 7 cm, (SM), total 
precipitation (TP), soil temperature level-1, 0 – 7 cm, (ST), 
and surface roughness (SR). The backscattering coefficient 
and local incidence angle are variables derived from the 
Sentinel-1 IW level-1 GRD products, while SM, TP, ST, and 
SR are variables obtained from ECMWF with a spatial 
resolution of 0.125 x 0.125 degrees. The ERA interim-daily 
SM (layer 1: 0 – 7 cm), TP, ST, and SR from ECMWF were on 
the same date as those of the BS and LIA from Sentinel-1. 
 The multiple linear regression analysis refers to a 
technique for studying the linear relationship among 
two or more variables. We assumed a linear relationship 
between SM and independent variables (BS, LIA, TP, ST, and 
SR). This analysis estimated weighting factors (a-e) and the 
intercept (f ) from Equation (1). 

 For MRA analysis, values of these variables were 
extracted from the images located at the St. NBL2 point of 
the SESAME measurement station. Therefore, the predicted 
SM was validated using the SM measured by the SESAME 
station. Because SESAME data was available at this site 
starting around early 2017, SM from this measurement for 
July 2017 - December 2018 was applied to validate the 
predicted SM. Another SESAME station (namely St.BS2) was 
used to validate the predicted results in another place from 
the derived empirical model. 
The predicted soil moisture derived from the multiple 
linear regression can be written as in Equation (2). 

 The images of BS, LIA, TP, ST, and SR were resampled into 
150 x 150-m pixel sizes to the derived spatial distribution of 
SM maps. Fig. 2a-e shows the correlation between variables 
where the highest coefficient of determination (R2) (0.925) 
is the relationship between SM and TP. The result shows 
that the SM increased with an increase in TP. In contrast, 

SM linearly decreased by increasing the surface roughness 
with a coefficient of determination of 0.739. A normal 
probability plot of sample percentiles versus predicted 
value (Fig. 2f ) showed that the model met the assumption 
of normality.
 The predicted soil moisture was compared with 
the observed soil moisture using the coefficient of 
determination (R2), and unbiased root mean squared error 
(ubRMSE). This ubRMSE was calculated using Equation (3) 
(Li et al. 2018; Xuefei Zhang et al. 2017). The coefficient 
of determination and ubRMSE are 0.83 and 0.148 m3m-3, 
respectively (Fig. 2g).

 As the level of soil moisture values from ECMWF data 
and SESAME measurements are different, the SM obtained 
from Equation (2) was adjusted by using the linear 
equation relationship between the ECMWF’s SM and the 
SESAME’s SM shown in Fig. 3a resulting in an adjusted SM 
as expressed in Equation (4). 

 Furthermore, the linear relationship between SM and 
WL from SESAME measurements in the KHGSS, as shown in 
Fig. 3b was applied to estimate WL relative to the ground 
surface using Equation (5) from the adjusted SM.

RESULTS AND INTERPRETATION

Groundwater level validation

 For validation, the estimation results for groundwater 
level are compared to in-situ SESAME’s measurement 
at BL2, and the level profiles are shown in Fig. 4a. The 
coefficient of determination and unbiased root mean 
squared error for the predicted water levels are 0.6119 and 
0.1551 m, respectively (Fig. 4b). Based on the coefficient 
and error calculation, the soil moisture and groundwater 
level could be predicted for this study.

Relationship between fire hotspots and volumetric 
moisture contents 

 Fig. 5 shows spatial and temporal variations in soil moisture 
contents estimated by using Sentinel-1 and ECMWF data. These 
maps are overlaid with drainage networks that were created 
by the Indonesian Peat Restoration Agency (Peat Restoration 
Agency 2017). The networks were made using Lidar-derived 
DEM and aerial photographs with a density of 4 points/m2 and 
accuracy of less than 10 cm. In addition, Indonesian Center for 
Agricultural Land Resources Research and Development has 
created a peat thickness map with 4 classes, i.e., very thin (< 50 
cm), thin (50 – 100 cm), medium (100 – 200 cm), and thick (200 
– 300 cm) (BBSDLP 2019). Distributions of fire hotspots were 
correlated with soil moisture contents. The highest moisture 
was detected over the site area in May 2015. The soil moisture 
sharply dropped up to 0.02 m3m-3 starting from July to October 
2015. Fire hotspots were generally associated with areas of low 
moisture. The lower the soil moisture, the higher the vulnerability 
of peatlands to fires. In 2015, the lowest moisture content of 
soil occurred in October. Therefore, the highest number of fire 
hotspots were observed this month. It indicates that the El Niño 
caused dry spells which in turn led to a lack of soil moisture and 
that in turn increased the number of fire hotspots. 
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Fig. 3.  Linear regression (a) between SESAME’s and ECMWF soil moisture; (b) between SESAME’s soil moisture and 
water level measurements
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Fig. 2. (a-e) Linear regression fit plot among soil moisture and several variables used to derive a soil moisture equation; 
(f) Normal probability plot; (g) Correlation between predicted and observed soil moisture
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Fig. 4.  Comparison between observed and predicted water levels at NBL2

Fig. 5. Peat thickness (BBSDLP 2019) and drainage networks (Peat Restoration Agency 2017) overlaid on selected maps 
of spatiotemporal soil moisture from January 2015 to October 2018
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 Furthermore, the moisture content during 2016 – 2018 
was generally higher than that in 2015. However, the moisture 
content continuously declined up to ~0.25 m3m-3 during 
the dry season (around from July – October) for three 
consecutive years, 2016 - 2018. The lower soil moisture 
was associated with dense canal networks and around the 
edges of the KHGSS site, where two major rivers exist along 
its boundaries (Fig. 5). In addition, the spatial distribution 
of fire hotspots generally occurred in areas around these 
drainage networks, where most people living near the 
boundaries depend on the peatland for their livelihood 
including rice cultivation and oil palm plantation. Most of 
these areas have peat thickness in a range of 0 – 1 m with 
61% of total hotspots, as shown in Fig. 6a. 
 Fig. 6b shows a relationship between variations of the soil 
moisture and water levels extracted from the point locations 
of the fire hotspots for July, August, and October 2015. Soil 
moisture was closely related to water levels, with a correlation 
of 0.65. Earlier fires, in July 2015, took place at higher moisture 
and shallower depth of groundwater level. Fig. 6b also 
indicates that moisture content of 0.78 m3m-3 (78%) and a 
groundwater level of ~0.50 m below peat surface represent 
the critical threshold for peat fires in the KHGSS.

Spatiotemporal groundwater level related to the critical 
threshold value

 Fig. 7 shows that spatial variations of the groundwater 
levels tend to rise from January to May 2015, and most of 
the KHGSS area was flooding. In contrast, the groundwater 
levels had dropped to ~5.0 m below the peat surface from 
July to October 2015. These levels significantly exceeded 
the critical threshold of 0.4 m below the peat surface 
(President of Republic of Indonesia 2016b; Usup et al. 2004; 
Wösten et al. 2008). 
 Lower levels of groundwater occurred not only in 
the cultivation areas but also in the conservation area. In 
addition, the low amount of precipitation during these 
months was also responsible for large declines in the water 
level and soil moisture content. As a consequence, the 
peat became more susceptible to severe fires during the 

dry season. Moreover, the peat surface elevation may also 
be lowering by several meters during this season (Khakim 
et al. 2020). Therefore, when the rainy season with large 
precipitation events, flooding occurred over this site area. 
 Although flooding of more than 1 m occurred over 
only a small area, 0.46% of this site in January 2016, the 
groundwater levels declined up to less than 0.4 m below 
the peat surface in the rainy season of the year 2017 and 
2018 (Fig. 8). On the other hand, during the dry season 
from June to October, the groundwater levels over 30.5 – 
99.0% of the site area dropped down to ~0.7 m below the 
peat surface. 

Variations of groundwater levels with topographic 
features and drainage networks 

 Fig. 9 shows the profiles illustrating trends of estimated 
water levels varying with topographic elevations along 
transects 1 and 2 in 2015. The water levels were above the 
surface along transects 1 and 2 in the wet season (May and 
November), except in a peat dome area at the distance 
of ~18 km in transect 1. In contrast, they were below the 
surface in the dry season (July, August, and October). 
 Besides the seasons, topographic profiles influenced 
spatial variations of water level trends. The trends of the 
water level between these seasons were in opposite slope 
gradients. During the dry season, the groundwater trends 
varied relatively following the topographic profiles for 
lines 1 and 2. As the topography along line 2 has relatively 
flatter features and a narrower dome than that along line 
1, the profiles of the water levels are relatively lower slope 
gradient along line 2 in May. Otherwise, slight downslope 
trends from the left to the right side of the profiles in 
November. 
 Furthermore, local trends of the fluctuations of the 
groundwater levels depended on the drainage systems, 
such as rivers and anthropogenic canals. The depth water 
table drawdown proximal to drainage and sensitive to 
local topography was performed in the study as presented 
in other areas of the shallow degraded peatland in the 
southwest of England (Luscombe et al. 2016) and of a fen 
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Fig. 6. Percentages of the number of hotspots associated with certain peat thickness; (b) relation between soil moisture 
and water levels at fire hotspot locations over the KHGSS site for July, August, and October 2015
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Fig. 7.  Spatiotemporal variation of groundwater levels related to the critical threshold values for the year 2015–2016

Fig. 8. Spatiotemporal variation of groundwater levels related to the critical threshold values for the year 2017–2018
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Fig. 9.  Profiles of water level variations with topographic features along lines 1 (A-B) and 2 (C-D)

peatland near Quebec City (Whittington and Price 2006). 
The steepest gradient of the trends occurred on both sides 
of profile 1 and the right side of profile 2 due to the main 
rivers, i.e., Air Sugihan river and Air Saleh river. Therefore, 
higher variability of the groundwater levels between two 
seasons occurred in areas close to the main rivers. The 
trends due to drainage systems led to much amount 
of water discharged fast from a peatland in dry season 
(Khakim et al. 2020). Small fluctuations of the profiles may 
be associated with the anthropogenic canals. 

Cause and effect relationship on groundwater level 
variations 

 Fig. 10 presents an interrelationship on several variables, 
including monthly precipitation, groundwater level, soil 
moisture, hotspots at nine points over the site area, and 
percentages of the areal extent of groundwater depths 
from 2015 to 2018. The predicted groundwater levels and 
moisture contents are commonly correlated to those from 
SESAME measurements.
 The variations among the three first variables at all points 
during this period are highly correlated. The groundwater 
level and soil moisture also varied with monthly precipitation 
for seven selected locations from January 2015 to December 
2018. Dramatical declines in monthly precipitations led to 
sharp decreases in groundwater levels from July to October 
2015. Areal extent associated with the groundwater level less 
than the critical threshold of 0.4 m reached a maximum this 
month during the study period. This led to the much lower 
moisture content of the peat. Therefore, severe fires indicated 
by the number of hotspots occurred in October 2015. 
 In contrast, monthly precipitation increased after 
October 2015 and reached a peak in January 2016. Therefore, 
the groundwater levels, as well as the soil moisture content, 
increased. However, after this month, the groundwater level 
and soil moisture content gradually decreased and reached 
a minimum value in September 2017 and August 2018. The 
peat fires mostly occurred in cultivation and agriculture areas 
in October 2018. The number of hotspots in these months 
was much less than those in October 2015. This indicates 
that the fire hotspots did not occur when the groundwater 
levels were shallower than the threshold of 0.4 m. The fires 
occurred when the groundwater levels were deeper than 
the threshold.

DISCUSSION

 The degraded peatland of KHGSS in South Sumatra is 
a restoration target area in Indonesia.  Extensive drainage 
networks of the peatland area increased their vulnerability 
to fire, which was further enhanced by prolonged drought 
periods induced by the 2015 El Niño event. The amount 
of rainfall and the speed of water runoff influence the 
peatland catchment hydrology. Under natural conditions, 
the water table is close to or above the surface (Page et 
al. 2009). However, activities of illegal logging and land 
clearing for cultivation significantly impair the peatland 
holding water capacity in the site area. This condition led to 
dramatically decline in the water levels from July to October 
2015. As a consequence, the peat was decomposed, 
and the groundwater level and moisture content were 
reduced. Furthermore, the moisture reduction had initiated 
subsurface fire to the self-heating and spontaneous 
combustion of dry peat. Therefore, a large number of 
hotspots were observed in 2015. 
 A minimum moisture content of the peat surface in 
the study area was predicted as much as ~0.78 m3m-3 to 
preserve peat smoldering and it was corresponding to 
the groundwater depth of ~0.5 m. It means 0.1 m deeper 
than the threshold that the Indonesia Government applies 
through Regulation No 57 of 2016 Concerning Amendment 
to Government Regulation No 71 of 2014 Concerning 
Peatland Ecosystem Protection and Management (President 
of Republic of Indonesia 2014, 2016b). This critical moisture 
content for peat smoldering varies according to peat types, 
such as 57-102% moisture for the National Park Service’s 
Whiskeytown National Recreation Area, California, USA 
(Garlough and Keyes 2011). Peat with a bulk density of 150 
kg m-3 could self-sustain smoldering propagation up to a 
critical moisture content of 115% (Prat-Guitart et al. 2016).
 Rewetting is a hydrological restoration approach to 
maintain the groundwater level close to the peat surface. 
Groundwater is important in preserving the peat from 
carbon mineralization, peat degradation, and dehydration. 
The BRG has implemented restoration by blocking canals 
to rewet peatland over the study area in order to restore 
the pre-existing hydrological regime. Monitoring both the 
soil moisture and groundwater levels is the most important 
role in assessing the restoration efforts of the hydrological 
functions developed by the BRG based on rewetting 
activities. 
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 As rainfall was high in early 2016, the groundwater level 
and soil moisture content increased over the study area. 
However, combustion can create sub-surface hollows at 
several places within the peatlands (Roy et al. 2014). Thus, 
volume reduction associated with peat fires and water 
table depletion led to peatland subsidence (Khakim et 
al. 2020). The subsidence, in turn, induced flooding in the 
site area in January 2016. Nevertheless, the groundwater 
levels significantly dropped more than the critical threshold 
during the dry season (June–October) of the years 2017 
and 2018. Thus, a few fires still occurred at the edge of the 
southern study area especially in October 2017 and 2018. 
Human activity is indicated as a main factor of these fires. 
Land use without regard to environmental sustainability, 
including illegal logging, canal construction, and plantation 
and agricultural development are activities that are still 
frequently carried out by people living near peatlands. 
Therefore, the restoration efforts became ineffectively in 
preventing the peat fires.  
 Furthermore, although the hydrological restoration 
by blocking canals has an advantage, which remains 
waterways passable for small boats for transportation of local 
communities, the canal blocking requires lots of large timber, 
easily damaged by persons wanting to re-open waterways, 
and not leading to full rewetting because of the spillways. 
For restoration to be more effective, comprehensive efforts 
need to be made to create other types of peatland rewetting 
and consistent law enforcement.

CONCLUSIONS 

 Soil moisture and water level dynamics in the KHGSS 
site have been successfully characterized using MRA 
analysis based on Sentinel-1 and ECMWF datasets. The 
estimated moisture contents and water levels agreed 
well with SESAME measurements. A minimum moisture 
content of peat smoldering combustion for this site can 
be indicated as much as ~0.78 m3m-3 (78%), corresponding 
with a minimum water level of ~0.50 m below peat. 
The 2015 extreme drought and human activities such 
as illegal logging, land clearing, and canal construction 
impaired the water capacity of the peatland. Thus, the 
peatland ineffectively maintained the groundwater levels 
shallower than the threshold value (i.e., 0.4 m deep from 
the peat surface) in the dry season. The peat fires severely 
burned both cultivation and protected areas having dense 
catastrophic canals and closing to rivers. Furthermore, 
trends in groundwater levels and moisture contents 
increased in 2016. However, they gradually declined to 
reach ~0.70 m and ~0.25 m3m-3, respectively, during the 
period of 2017 – 2018. Consequently, a few fires occurred 
during the dry season these years. We suggest that this 
area needs efforts to restore groundwater levels shallower 
than the threshold of 0.40 m along with law enforcement.

Fig. 10. Profiles of temporal variations of predicted and measured: (a) water levels with monthly precipitation and 
(b) soil moisture with a number of hotspots for 7 selected locations and 2 SESAME stations from January 2015 to 

December 2018
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