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This study characterizes the amplitude changes associated with the 4 December 2021 eruption of Mount Semeru
and maps the resulting deposits using Sentinel-1 SAR backscatter and PlanetScope optical imagery. Results
show that lahar deposits caused surface smoothening which reduced SAR backscatter, whereas pyroclastic
density currents (PDCs) increased backscatter due to higher moisture content. We have also shown the potential
of differential polarimetric responses between surface cover types to identify areas of channel widening and

vegetation destruction, providing a rapid means of identifying impacted areas in the context of volcanic crisis
management. The supervised classification of SAR and high-resolution optical images enabled the production
of an accurate geomorphological map able to separate different pyroclastic flow and lahar flow deposits both
sedimentologically and spatially. Classified channelized lahar deposits were also used to quantify channel
widening associated with the eruption, which significantly impacted the Supiturang Village.

1. Introduction

Mount Semeru is one of the world’s most prolific producers of
lahars, generating more than 5 large scale lahars (> 5,000,000 m?)
since 1884, with small to medium lahars (< 0.1 million m?) occurring
weekly during the rainy season (Solikhin et al. 2012). Lahars are
mixtures of water and pyroclastic material originating on steep volcanic
slope (Waitt, 2013) and can be produced during (primary) or after
an eruption (secondary) following strong precipitation (e.g., Mount
Pinatubo, Philippines, 1991; Mount Semeru, Indonesia, 2021), through
crater lake eruptions (e.g., Ruapehu, New Zealand, 2007), or by inter-
action of snow and ice with volcanic hot material (e.g., Nevado del
Ruiz, Colombia, 1985) (Schilling, 2014). Lahars at Mount Semeru are
predominantly classified as hyperconcentrated flows (water-dominated
and turbulent mixtures), driven by the continuous supply of remobi-
lizable volcanic material stored on steep unvegetated upper slopes,
combined with periods of heavy rainfall (Dumaisnil et al., 2010; Procter
et al., 2021). These flows are particularly destructive due to over-
banking and avulsion processes, as channels located southeast of the
edifice are wide with little incision, causing rapid stream infilling and
bank inundation, placing human installations and agricultural fields at
considerable risk (Thouret et al., 2007) (Fig. 1). Over 10,000 lahar-
related casualties have been reported in the twentieth century (Thouret

* Corresponding author.
E-mail address: s.mcgowan@massey.ac.nz (S. McGowan).

https://doi.org/10.1016/j.jag.2026.105162

et al., 2007). The surrounding ring plain is home to more than one
million people, with major cities including Malang (600,000 people,
35 km west) and Lumajang (85,000 people, 33 km east). Agriculture,
plantations and forestry production are the main economic activities
in the surrounding ring plain, favoured by nutrient-rich volcanic soils
that support high agricultural production (Rozaki et al., 2022; Shoji
and Takahashi, 2002). Mount Semeru’s continuous sediment supply
also provides valuable construction material through sand and stone
mining in the channels (Irawan et al., 2024; Rozaki et al., 2022).
Despite mitigation constructions (e.g., dams and dikes) and hazard
mapping (e.g., Volcanological Survey of Indonesia 1986 and 1992;
Siswowidjoyo et al., 1997; Thouret et al., 2007; Irawan et al., 2024),
neighbouring communities remain highly exposed to PDCs and lahars
due to continuous volcanic activity and high population density in
disaster-prone areas (Wahyuningtyas et al., 2021). Among the most
exposed communities is Supiturang Village, located along the upper
Besuk Kobokan channel (Fig. 1a). The village lies on the southeastern
flank of Mount Semeru, directly downstream of the main eruptive vent
and within the main lahar and PDC pathway. At the time of writing of
this article, Mount Semeru produced a large eruption on 19 November
2025, generating a series of PDCs travelling up to 13 km SE, leading
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to the evacuation of about 1116 people (Global Volcanism Program,
2025). Mount Semeru thus exemplifies the complex balance between
socio-economic activities while being significantly exposed to the im-
pacts of hazardous volcanic phenomena. Given these risks, effective
hazard management during volcanic crises is essential to rapidly detect
impacted areas and support decision-making during an event. Remote
sensing has become a central tool for mapping and monitoring lahar
deposits and associated geomorphic change, particularly in regions
where access during or after an eruption is limited. Optical imagery,
such as Landsat, Sentinel-2, ASTER, SPOT, UAVs and PlanetScope (Roy
et al., 2021; Macorps et al., 2023), has been widely used to delineate
lahar footprints, channel avulsion and overbank deposition based on
spectral contrasts and textural information (Joyce et al., 2009; Solikhin
et al.,, 2015b; Andrade et al., 2022). However, optical remote sensing
is hampered by cloud cover, ash/steam plumes and vegetation cover
which are common in tropical volcanic environments. Radar remote
sensing, and in particular Synthetic Aperture Radar (SAR), overcomes
these limitations by acquiring large-scale data at day or night in-
dependently of cloud cover, making it particularly advantageous for
monitoring tropical volcanic regions such as Indonesia (Pallister et al.,
2013; Pepe and Calo, 2017). SAR images contain an information of
phase and amplitude of the backscatter signal. On one hand, Interfer-
ometry Synthetic Aperture Radar (InSAR) uses combination of phase
difference calculated between two epochs for deriving time series of
surface displacements maps, which supports the monitoring of volcanic
unrest (Ezquerro et al., 2023; Bemelmans et al., 2023; Wang et al.,
2024; Wei et al., 2024; Orynbaikyzy et al., 2025; Popescu et al., 2025).
On the other hand, time series of SAR amplitude images provide rele-
vant information on surfaces changes. Such changes could be due to the
evolution of the surface itself (new deposits, appearance/destruction of
forest/buildings) or the changes in the surface’s properties (roughness
or moisture content). For this reason, changes in backscatter amplitude
has been extensively used on active volcanoes to map lava flow, pyro-
clastic density currents (PDCs), lahars and debris avalanches (Wadge
et al., 2011; Solikhin et al., 2015a; Albino et al., 2020; Dualeh et al.,
2021; Poland, 2022; Ezquerro et al., 2023; Ferrentino et al., 2023; Lee
et al., 2023; Orynbaikyzy et al., 2023). Despite the recognized potential
of satellite remote sensing for lahar hazard management, its opera-
tional use remains limited by constraints in sensor availability, revisit
times, and delays in image acquisition and dissemination (Kerle and
Oppenheimer, 2002). While SAR sensors can overcome cloud-related
limitations, their effective use during volcanic crisis requires careful
data processing and interpretation guided by knowledge of surface
scattering mechanisms and land cover conditions. In contrast, cloud-
free high-resolution optical imagery provides direct visual evidence of
surface changes, but is constrained by weather conditions, vegetation
cover or ash clouds. Therefore, combining both approaches leverages
the all-weather capability of SAR and the direct interpretability of
optical data, enabling accurate surface mapping. In this context, this
study presents an integrated SAR-optical workflow to map surface
changes and volcanic deposits associated with the 4 December 2021
eruption at Mount Semeru along the Besuk Kobokan channel. By com-
bining Sentinel-1 SAR backscatter images and polarimetric response
analysis with high resolution PlanetScope optical imager (Fig. 1c),
we demonstrate how impacted areas and geomorphic change can be
rapidly identified and classified. This approach provides a practical
process chain for emergency response and hazard monitoring, without
relying on complete ground-based observations, and is transferrable to
other data-limited, rapidly evolving tropical volcanic environments.

2. Case study: 4 december 2021 eruption and lahar at Mount
Semeru

Eruptions at Mount Semeru have been ongoing since 2014, but
between March and December 2021, activity increased notably, with

International Journal of Applied Earth Observation and Geoinformation 146 (2026) 105162

daily seismic events interpreted as eruptions (Global Volcanism Pro-
gram, 2022). The 4 December 2021 eruption was triggered by pressure
release following lava dome collapse in the Jonggring-Seloko crater, ex-
acerbated by strong erosion from heavy rainfall in November (555 mm
accumulated) (Cahyadi et al., 2024; Suhadha and Harintaka, 2024).
Lava dome collapses began on 1 December, with the largest event
occurring on 4 December, producing lava flows and PDCs that travelled
up to 16 km towards the southeast, destroying numerous roads and
bridges such as the Gladak Perak bridge (Fig. 1b), located 13 km
from the summit (Global Volcanism Program, 2022; Kristianto et al.,
2023). A significant ash cloud rose to 15 km, causing sudden darkness
and depositing ash across Lumajang and Malang regencies, leading to
roof collapses (Fig. 2e). Ash deposition combined with heavy rainfall
favoured lahar generation, with the total estimated volume of the
December 4 lahar being approximately 6 million m?® (Hendrawan et al.,
2023). According to Indonesia’s regional disaster management agency
report (Badan Penanggulangan Bencana Daerah, 2021), the eruption re-
sulted in 48 fatalities, damage or destruction of 1027 residential houses,
more than 3000 animals killed, and the evacuation of 10,565 people
accommodated across 151 refugee centers. In response, the Indonesian
Government prohibited all human activity within a 1 km radius of the
volcano, extending this restriction to 5 km in the southeastern section.
Consequently, seven disaster-prone villages in the Pronojiwo and Can-
dipuro sub-districts were permanently relocated, with their residents
accommodated in 1951 shelter units (International Federation of Red
Cross and Red Crescent Societies, 2022). Field observations showed
that the PDCs were initially hot but rapidly transitioned into cold and
wet flows due to heavy rainfall (around 15 mm/h), as evidenced by
accretionary lapilli, unsinged trees and wooden and plastic materi-
als (Suhendro et al., 2025). The primary PDC deposit was characterized
by angular to subrounded fragments mainly originating from the col-
lapsed dome (vesicular-black and porphyritic (V-BP), dense-grey and
porphyritic (D-GP), dense-grey and highly porphyritic (D-GhP)), with
some accidental lithics (vesicular-reddish and weakly porphyritic (V-
RwP)) (Suhendro et al., 2025). This deposit was poorly sorted with the
largest blocks reaching 75 cm and the matrix composed of coarse ash
(Fig. 2¢). Gas escaping from the top of the PDC deposits were observed
during field visits on 7 December 2021 (Fig. 2b). The overlying lahar
deposits showed evidence of imbrication of large fragments (maximum
size of 30 cm) and was poorly sorted with subangular to rounded clasts
within a sandy matrix (medium sand) that lacked fines (Fig. 2a). This
deposit exhibited much more heterogeneous fragments compared to
the primary PDC deposit and did not show evidence of gas escapes.
The overbank lahar facies was also poorly sorted but dominated by
medium-fine sand with smaller maximum fragment sizes (< 25 cm) and
significantly greater heterogeneity, including older volcanic products
(Fig. 2f). Secondary lahars incising through the PDC and primary lahar
deposits (Fig. 2c) revealed 4-5 m thick deposition of newly emplaced
material associated with the 4 December 2021 eruption (Perwita et al.,
2023)(Fig. 2d). The secondary cutting lahars carry smaller grain sizes
with a maximum fragment size of 15 cm, and a fine-sand or silt matrix.
Subangular to rounded fragments are typically heterogeneous with a
greater presence of older products.

3. Dataset and methodology
3.1. Synthetic Aperture Radar (SAR)

Interferometry Synthetic Aperture radar (InSAR) is commonly used
to study volcanic deformation (e.g., Albino and Biggs, 2021; Lundgren
et al.,, 2017) and to generate DEMs (Kubanek et al., 2015; McAlpin
and Meyer, 2013) following a volcanic event using the phase compo-
nent of a SAR image. The phase-based deformation techniques are of
limited use in tropical vegetated areas due to loss of coherence due
to temporal and geometrical decorrelation (e.g., atmospheric artefacts,
steep slopes) (Ebmeier et al., 2013). Amplitude (amount of signal
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Fig. 1. PlanetScope images acquired at Mount Semeru (a) pre-eruption (13/10/2021) and (b) post-eruption (13/12/2021) showing the impact of the 04/12/2021
lahar. (c) Daily rainfall data acquired from GSMaP data overlaid by acquisition dates for Sentinel-1 (black dashed lines) and PlanetScope images (blue dashed

lines) used in this study relative to the 4/12/2021 eruption (red line).

backscattered by an object towards the sensor) retrieved from multi-
temporal SAR image analysis are suitable for mapping surface deposits
and landscape evolution, as changes in scatterer distribution and prop-
erties will affect the amount of backscattering (Solikhin et al., 2015a).
Amplitude is often expressed in decibels due to the high dynamic
range of radar backscatter (Dualeh et al., 2021). The factors controlling
radar amplitude backscattering are the specifications of the acquisi-
tion (wavelength, incidence angle, polarization, spatial resolution and
orbit path) and the illuminated surface properties (surface roughness,
dielectric properties, topography, water content) (Ezquerro et al., 2023;
Meyer, 2019). Surfaces facing towards the sensors produce a strong
return signal while slopes facing away produce little return. Smooth
flat surfaces such as water also produce low signal return therefore
appearing darker in the image, while dry or rough surfaces diffuse
the backscattering in multiple directions generating a strong return
appearing bright in the image. In steep environments, shadowing ef-
fects also produce no return signal in slopes facing away from the
sensor. Pixels appear differently according to the polarization of the
acquisition, for example vegetation has a strong depolarization effect
due to volumetric scattering which will appear darker in co-polarized
images and brighter in cross-polarized images (Kellndorfer et al., 2019;
Meyer, 2019; Solikhin et al., 2015a). However, for mapping volcanic
products, there is no general agreement on which polarization is better
suited (Dualeh et al., 2021; Solikhin et al., 2015a). Tracking lahars is
often challenging with SAR backscattering analysis because multiple
flow events of varying magnitude can occur between image acquisi-
tions (Macorps et al., 2023). The distinct imprint of the December
2021 lahar, together with the dense temporal coverage of Sentinel-1,
therefore presents the ideal case study for testing the capability of SAR
to detect and monitor lahar-related surface change.

3.2. Sentinel-1 IW SLC dataset and processing steps

This study investigates Sentinel-1 (C-band, A = 5.6 cm) Interfero-
metric Wide (IW) Single Look Complex (SLC) images from both the as-
cending and descending orbit to generate backscatter images. Sentinel-
1 has a revisit cycle of 6 days and acquires data in single (HH, VV) or

dual polarization (HH+HV, VV+VH) with an incidence angle ranging
between 29.1° and 173.46°. De Zan and Monti Guarnieri (2006). A single
IW swath covers a width of 250 km with a 5 x 20 m spatial resolution,
sub-divided into three sub-swaths and individual bursts were used. We
used the Sentinel Application Platform (SNAP) to process our SAR data
and QGIS for visualization and interpretation of results. To be able to
compare amplitude images from different sensors, modes, or orbits,
SAR images need to be calibrated (Freeman, 1992). There are three
common calibration methods, defined as Beta (), Sigma (¢°), and
Gamma (y°). Radar backscatter (§) describes the ratio between the
scattered power p, and incident power p; (W m~2) (Small, 2011). For a
pixel area A, the radar brightness (%) is defined by:

p=L )
p

This normalization does not require knowledge of the local incidence
angle. The proportion of backscattering corrected for the incidence an-
gle (6;) and the distance between the target and the sensor is described
as the Radar Cross Section (RCS, o). For a pixel surface area A, this is
expressed as:

e =p0- % = f%sing,

c

@

Where ¢° is the normalized RCS for a single pixel (Small, 2011).
To combine and compare images acquired from both Sentinel-1 or-
bits, which have different incidence angles, we use the Gamma (y)
backscattering coefficient (Small, 2011). This method also considers
local topography by using a DEM to remove radiometric variations
induced by slopes facing towards or away from the sensor, while
preserving radiometric variability associated with different land cov-
ers (Meyer et al., 2015). We use the 30m resolution Copernicus DEM
to perform this radiometric correction, defined as:

P

e =K, =
A, (r.a)

3
Where r and a are the range and azimuth image coordinates, K, is a
scalar calibration constant, and Ay(r, a) represents the simulated local
illuminated area in the radar geometry (Small, 2011). The Copernicus
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Fig. 2. Field photographs showing (a) overlying lahar deposit, (b) evidence of gas escape process in PDC deposits, (c) outcrop showing the relationship between
the dome collapse PDC deposits with lahars deposits, (d) side view of the outcrop showing destruction of vegetation on channel banks (humans for scale dressed in
orange), (e) house damaged by the PDCs and (f) lahar overbank deposits. Blue arrows indicate the downstream direction of the channel. Location of photographs

seen in Fig. 6a. Photographs acquired on 07/12/2021 by Suhendro.l.

DEM is also used to remove the geometrical distortions induced by local
topography such as layover and foreshortening present in SAR images.
Shadow areas, where the slope angle is higher than the incidence
angle, cannot be retrieved. The complete SNAP processing workflow
is highlighted in Fig. 3a. All products are subset to focus on Mount
Semeru and the upper section of the Besuk Kobokan river located SE of
the crater, and coregistered using the earliest acquisition as a reference
(01/11/2021) to obtain sub-pixel alignment accuracy between each
image.

3.3. Surface mapping

3.3.1. SAR backscattering analysis

SAR amplitude analysis was used previously for volcanic applica-
tions such as lava mapping (Arnold et al., 2019; Ezquerro et al., 2023;
Lee et al., 2023), dome evolution (Grémion et al., 2023; Kubanek et al.,
2015; Pallister et al., 2013; Wang et al., 2015), PDCs and lahars (Dualeh
et al., 2021; Kurnianto et al., 2024; Solikhin et al., 2015a; Wadge et al.,
2011). There are various methods in which to quantify and visualize
changes in amplitude such as computing the ratio or difference between
successive dates (Arnold et al., 2018; Goitom et al., 2015; Wadge et al.,
2002), and by composite RGB representations (Dualeh et al., 2021;
Ezquerro et al., 2023; Wadge et al., 2011). We assign the first amplitude
image to the red channel, the second amplitude image to the green
channel and the difference between the second image and the first in
the blue channel (Fig. 3b).

This visualization method displays unchanged areas in yellow, areas
which have increased in amplitude in the second image appear blue and
areas which have decreased in amplitude in the second image appear
red. This variation in amplitude reflects changes in surface roughness
and/or moisture content: smoother or wetter surfaces tend to decrease
backscatter, whereas rougher or drier surfaces lead to an increase. The
Rayleigh criterion, defined as 7 > 1/(8cos(d)), is commonly used to
determine a material size threshold above which pixels appear rough,
or below which they appear smooth in SAR amplitude images. Here,
h represents the ground’s height variation, A is the acquisition wave-
length, and 0 is the incidence angle (Dualeh et al., 2021). In our study,
objects with height variations below 0.77 cm (4 = 5.6 cm, 6 = 36°) will
therefore appear smooth in the SAR images.

3.3.2. Supervised classification of surface deposits

To support our SAR surface mapping, we select two PlanetScope
Scene Surface reflectance images acquired by the SuperDove instru-
ment (PSB.SD) to perform supervised Random Forest classifications.
The images from by this generation of satellites are composed of 4
bands (Blue, Green, Red and Near-Infrared) with a 3 m pixel resolution
and near daily acquisitions (Roy et al., 2021). Random Forest Classifi-
cation uses multiple decision trees and applies a majority voting rule to
assign each observation to a class (Breiman, 2001). This algorithm can
deal with large number of input features and avoids overfitting making
it a trusted and robust classification algorithm (Billah et al., 2023; Du
et al., 2015; Lee et al., 2024). For both classification, Region of Interests
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Fig. 3. (a) SNAP workflow used to produce corrected and calibrated Sentinel-1 backscatter images to integrate in RGB amplitude change difference maps where
(b) the pre-eruption image is placed in the red channel, (c) the post-eruption image in the green channel and (d) the amplitude difference between the post- and
pre-image in the blue channel. SAR images are coregistered using the earliest date beforehand to ensure pixel alignment. We use the 30 m Copernicus DEM used

to correct geometric and radiometric distortions.

Table 1

List of bands and indexes used to perform our post-eruption supervised classification. PlanetScope bands have been normalized

to correct for scene-to-scene differences.

Sensor

Variables

Bands

Reference

Sentinel-1

Amplitude change
detection (VV, VH)

R: 25/11/2025
G: 07/12/2021

Dualeh et al. (2021)
Macorps et al. (2023)

B:G-B Solikhin et al. (2015a)
Coherence (VV, VH) 25/11/2021 and Poland (2022)
07/12/2021 Solikhin et al. (2015a)
Red (650-680 nm) RGB Tan et al. (2021)
Green (547-585 nm)
Blue (465-515 nm)
PlanetScope Scene Near Infrared (845-885 nm) NIR Tan et al. (2021)
Normalized Difference NIR = R Pettorelli (2013)
. NIR + R
Vegetation Index
(NDVI)
Normalized Difference G- NIR Gao (1996)
G +NIR
Water Index
(NDWI)
G x (NIR — R)

Enhanced Vegetation Index
(EVI)

Brightness Index (BI)

Intensity (I)

NIR+C, XxR-C,xB+L

[|R>+ G2+ B?
3

R+G+B
3

Bannari et al. (1995)

Richardson and Wiegand
(1977)

Shih and Liu (2005)
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Fig. 4. Sentinel-1 amplitude change images of the 04/12/2021 Mount Semeru eruption using 25/11/2021 as pre-eruption image (Red band), 07/12/2021 as
post-eruption (Green band), and the difference post-pre (Blue band) for both a-(c) VH and b-(d) VV polarization. Positive post-pre differences (blue colour) indicate
increased backscatter relative to pre-eruptive conditions (rougher/wetter surfaces), negative differences (red colour) indicate decreased backscatter (smoother/drier
surfaces), and near-zero differences (yellow colour) indicate unchanged surfaces. Dotted black box in (a) and (b) represents location of insets (c) and (d). Images

acquired from the ascending pass.

(ROIs) are digitized in QGIS and are randomly divided into training
(80%) and validation (20%) (Fig. A.1). We first use a pre-eruption
image acquired on the 13 October 2021 to delineate river channels
prior to the eruption. This scene was selected as the nearest cloud-free
pre-eruption scene, with minimal geomorphic change expected before
early December. The image was divided into two classes called channel
and non-channel, where river channels are clearly identifiable by their
distinct darker colour, which contrasts clearly with surrounding vegeta-
tion. These polygons are later used to digitize and quantify geomorphic
changes associated with the December 2021 eruption (channel outline
used in Fig. 5). This first classification relies exclusively on PlanetScope
data. An image acquired on 13 December 2021 has low cloud coverage
allowing us to study the impact of the lahar on the SE ring plain. We
define seven surface types based on optical visual interpretation and
SAR-derived surface characteristics. Table 1 summarizes the variables
selected to perform the post-eruption classification to best separate
geological and non-geological ring-plain classes.

4. Results
4.1. Amplitude change detection

Our analysis concentrates on the SE ring plain affected by the
4th of December lahar and PDCs, therefore ignoring amplitude vari-
ations observed near the crater related to dome collapse and distal
variations related to potential ash fall. For both polarizations, we
observe amplitude increase (blue colour in Fig. 4) on either side of
the Besuk Kobokan river. We attribute this increase to PDC tephra
deposition and heavy rainfall (Suhendro et al., 2025), which increases

soil moisture retention and consequently enhances SAR backscatter,
particularly in co-polarization (Kellndorfer et al., 2019). Although dry
ash deposition may locally smooth the surface and reduce backscatter
amplitude, the observed signal increase is interpreted relative to the
pre-eruption surface and reflects wetter near-surface conditions at the
time of the post-eruption acquisition. Field evidence indicates that
rainfall intensities (15 mm/h) rapidly cooled the PDCs, producing wet
deposits rather than dry ash layers, thereby increasing the dielectric
contrast at C-band Suhendro et al. (2025), Verhoest et al. (2008).
We also suggest that the destruction of vegetation (branches, leaves)
by the passage of the PDC may also lead to stronger double-bounce
scattering mechanism, which is more sensitive for VV than VH polariza-
tion (Meyer, 2019). We do not observe any amplitude increase within
the channel generally associated with emplacement of block-and-ash
flows (BAFs) (Dualeh et al., 2021; Suhendro et al., 2025; Wadge et al.,
2011), likely due to masking by overlying fine-grained lahar deposits
emplaced subsequently. Lahar deposits emplaced in the channel and in
overbank areas lead to a decrease in amplitude for both polarizations
(red pixels in Fig. 4), indicative of a reduction in surface roughness
on the scale of C-band radar wavelength (5.6 cm). Field analysis of
overbank-facies show a rare occurrence of large blocks, with deposits
consisting exclusively of ash-sized materials (Suhendro et al., 2025),
consistent with a reduction in surface roughness. However, we do
observe slight differences in intensities of amplitude decrease according
to the polarization used. For example, the delineation of vegetation
destruction in overbanks and for channel retreat is sharper in the VH
polarization (Fig. 4c) than for VV polarization (Fig. 4d). The intensity
of amplitude decrease in the central channel branch is stronger for VV
polarization (brighter red colour in Fig. 4d) than for VH polarization
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Fig. 5. VV-VH amplitude difference computed (a) pre-eruption (25/11/2021) and (b) post-eruption (07/12/2021) and combined into a RGB image placing the
pre-eruption image in the red channel, the post-eruption in the green channel and the difference between the post-and-pre-eruption in the blue channel. Brown

and black line represents the pre-eruption channel outline (see Section 4.3).

(red-dark blue colour in Fig. 4c). The VV/VH ratio (or VV-VH when
expressed in dB), is commonly used in SAR analysis to enhance the
discrimination of surface scattering mechanisms (Phan et al., 2021;
Soudani et al., 2021), as VV polarization is more sensitive to surface
roughness and double bounce scattering (wave interaction between
two surfaces normal to each other such as the ground and vertical
structures), while VH responds strongly to volumetric scatterers such
as vegetation with higher backscattering (Meyer, 2019). Analysis of
the VV-VH difference images before (Fig. 5a) and after the eruption
(Fig. 5b) highlights clear contrasts in scattering mechanism with bright
pixels representing areas of low VH and/or strong VV backscattering,
and inversely for darker pixels. Channels, being largely vegetation-free
for both acquisitions, appear with consistently bright VV-VH responses
due to low volumetric VH backscattering and stronger VV backscat-
tering. Channel widening and vegetation destruction is expressed as
new bright areas (reduction in VH) in previously dark zones (Fig. 5a
and b) and correspond to blue pixels in the RGB composite (Fig. 5c).
In contrast, pre-existing channels infilled by lahar deposits transition
from bright to darker pixels (Fig. 5a and b) or appear as red in the
RGB composite (Fig. 5¢), reflecting reduced VV backscattering due to
surface smoothing. Overbank lahar and PDC deposits are more difficult
to delineate using VV-VH, as multiple scattering processes occurring
within partially damaged vegetation and urban environments and are
better identified when computing amplitude differences for each polar-
ization pre-and post-eruption (Fig. 4). Variations in VV-VH polarimetric
responses clarify differences in backscatter change intensity observed
in Fig. 4 for identical surface covers, highlighting the influence of
polarization on the SAR signal.

4.2. Surface deposit classification

Our supervised classification of the PlanetScope Image acquired on
13 December 2021 and derived SAR products enabled the creation of
a detailed map of the deposits associated with the 4 December lahar
(Fig. 6a). Deposits are classified into non-geological classes (vegetation,
fields, urbanization) and geological classes (PDC deposits, channelized
lahar deposits, lahar overbank). The geological classes are defined
based on visual interpretation of optical imagery, considering both
the textural and colour characteristics of the deposits as well as their
spatial context (channelized versus overbank settings). The amplitude
change associated with these overbank deposits is also considered
to further separate PDC from lahar deposits as they induce an in-
crease and decrease in backscatter respectively. The channelized lahar
deposits are divided into water-saturated and dry sediments, where
the darker colour indicates water-saturated material within actively
flowing braided streams, while the dry deposits correspond to lighter,
flattened channel bars where sediments have dried. Overbank class
represents deposition of lahar sediments outside of the main channel,
with their emplacement generally restricted to < 700 m from the
channel margins. Integrating elevation data, such as a post-eruption
DEM, into the supervised classification could improve the separability
of these classes by using variables such as slope angle, topographic
position index and evolution in channel position. We did not integrate
the pre-eruption DEM as part of the lahar deposits now occur in areas
located outside of the pre-existing channels and would therefore induce
misclassification.

Among these classes, the water-saturated channelized lahar deposits
are the most frequently misclassified because of their similarity to other
surface types (Table 2). It is particularly misclassified as overbank
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Table 2
Confusion matrix for 13 December 2021 PlanetScope Image.
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Predicted class

Class Vegetation Fields Urban PDC Dry lahardeposits Water-saturatedlahar deposits Overbanklahar Total
Vegetation 1433 0 0 0 0 66 0 1499
Fields 0 613 0 0 0 19 0 632
Urban 0 0 83 0 0 61 0 144

True class PDC 0 1 0 1072 0 709 0 1782
Dry lahar deposits 0 0 0 0 413 324 0 737
Water-saturatedlahar deposits 0 0 0 0 5 2966 5 2976
Overbanklahar 0 0 0 0 0 2202 2081 4283
Total 1433 614 83 1072 418 6347 2086 12053
Accuracy Fl-score = 0.72
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Fig. 6. (a) Map of deposits emplaced following the 4 December eruption at Mount Semeru based on the supervised classification of PlanetScope and SAR images,
and their associated mean amplitude extracted through time for both (b) VH and (c) VV polarization. For each class, the mean radar backscatter was calculated
by averaging the amplitude of all pixels assigned to that class in each Sentinel-1 acquisition, allowing temporal changes to be tracked per class. The urban class
was removed for amplitude extraction. Values of amplitude change associated with each class (shown in the legend of b) and (c) were obtained by differencing
Sentinel-1 images acquired on 07/12/2021 and 25/11/2021, representing the changes attributed with the eruption.

lahar deposits as both exhibit a decrease in amplitude and typical
low reflectance areas. It also contains isolated pixels distributed across
other classes (i.e., “salt and pepper” effect). To address this, majority

filter was applied with a size of a 3 x 3 pixels, as a post-classification
refinement. This filtering replaces each pixel’s class with the most
frequently occurring class within a 3 x 3 neighbourhood window,
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Fig. 7. Confusion matrix showing channel evolution following 4 December 2021 eruption, by comparing pre- and post-eruption channel extents. The post-eruption
channel is derived by merging channelized lahar classes from Fig. 6. Solid black lines represent cross section profiles used in Fig. 9. Solid black lines represent

cross section profiles used in Figs. 8 and 9.

effectively removing isolated misclassification while preserving gen-
uine class boundaries. To evaluate the improvement, the confusion
matrix was recomputed using the same independent validation dataset
used during model validation (Fig. A.2). Results show that the original
classification contains numerous isolated misclassified pixels scattered
throughout the image. The filtering changed approximately 2.25% of
total pixels, with most changes occurring at class transition zones. The
overall accuracy increases with Fl-score improving from 0.72 to 0.84,
and the channelized water-saturated lahar deposits recall decreasing
from 56% to 72%. The filtered classification produced more spatially
coherent clusters that better reflect the continuous nature of lahar
deposit units. This filtering exercise was conducted solely to demon-
strate the spatial distribution of misclassified pixels and validate the
classification performance. All subsequent analyses and interpretations
presented in this study utilized the original unfiltered classification to
preserve the model’s direct predictions.

This surface mapping provides a basis for monitoring backscatter
evolution over time across different surface types and for quantifying
the mean amplitude change associated with the December 4th deposits.
The strongest mean amplitude decrease for both polarizations is ob-
served for the dry lahar deposits (VH: —5.35 dB, VV: —5.27 dB) (Fig.
6b and (c), caused by the surface smoothening in the channel. The
mean amplitude decrease associated with the water-saturated lahar
deposits is of a slightly lower magnitude (VH: —4.02 dB, VV: —3.40 dB),
also due to surface smoothening, but moderated by higher moisture
content present within the sediments that increases backscattering. In
VH polarization (Fig. 6b), channelized water-saturated lahar deposits
show larger mean amplitude decrease (—4.02 dB) than the overbank
lahar deposits (—3.73 dB). This is due to the removal and burial of

vegetated areas associated with channel widening and lahar emplace-
ment. The destruction of the vegetated banks eliminates the strong
volumetric scattering mechanisms that originally characterized these
areas, resulting in greater VH amplitude reduction. Conversely, in VV
polarization (Fig. 6¢), overbank lahar deposits experienced larger am-
plitude reduction (—4.39 dB) compared to channelized water-saturated
lahar deposits (—3.40 dB). This pattern indicates that the pre-eruption
overbank areas, comprising of fields, forests, urban infrastructures,
possessed rougher surfaces and strong double bounce scattering, gen-
erating stronger VV backscatter. The surface smoothening and the
destruction force induced by the overbanking reduces the contribution
of these scatterers, resulting in a greater VV amplitude reduction. This
also confirms that the surface roughness conditions in the pre-eruption
channel decreased as well, but to a lesser extent than in overbank areas.

4.3. Channel evolution

By merging the channelized lahar classes (dry and water-saturated)
obtained from the post-eruption classification (Fig. 6a), a new channel
geomorphology of the Besuk Kobokan river is derived (Fig. 7). We use
a confusion matrix analysis to compare pre-and post-eruption binary
channel classifications and assess changes in channel footprint (Fig.
7). In this framework, green pixels represent the pre-eruption channel,
orange pixels indicate channel widening post-eruption, blue pixels
denote areas classified as channel only in the pre-eruption map (often
due to post-eruption misclassification), and grey pixels indicate stable
non-channel areas. Using the pixel resolution of the produced map
(3 x 3 m), we compute surface area change relative to the extent
of the site of study. Therefore, values retrieved do not represent the
overall surface change associated with the 4 December 2021 eruption,
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Fig. 8. Cross section profiles of the Besuk Kobokan river showing evolution in channel width following the 4 December 2021 lahar. Location of cross section
profiles is in Fig. 7. Topography extracted using the DEMNAS DEM. Note that the pre-eruption channel extent may not fully coincide with the topography due
to temporal evolution between DEM acquisition (2018) and classifications (2021), and potential interpolation effects.

but rather the surface change in the vicinity of the Supiturang Village,
where geomorphological change was the largest. Our results show that
the pre-eruption channel covered 1.928 km?, a value that we expected
to be slightly underestimated due to narrow channel segments masked
by overlaying vegetation canopy and limited spatial resolution (Fig.
7). The post-eruption channel extends over 4.428 km?, representing an
apparent increase of 2.499 km?. This increase is likely overestimated
because of pixels in overbank areas being identified as channel in the
post-eruption map. The low misclassified area (0.125 km?, 0.4% of
study area) indicates that almost all pre-eruption channel segments
were successfully captured in the post-eruption map. Most misclassified
pixels arise from areas within the true channel that were identified as
PDC or overbank lahar deposits, rather than representing omissions of
entire channel segments. This confirms that the post-eruption surface
classification (Fig. 6a) reliably identified the main channel network,
providing a solid basis for assessing channel widening. Cross section
profiles extracted along different portions of the channel provide a
vertical perspective on geomorphic change (Fig. 8). The elevation data
is extracted from the 8 m resolution DEMNAS multi DEM (TerraSAR-X,
IFSAR, ALOS PALSAR and mass point) which we resampled to 15 m for
consistency with the other classification datasets (Iswari and Anggraini,
2018; Julzarika and Harintaka, 2019). This DEM was selected not only
for its finer spatial resolution compared to the 30 m Copernicus DEM,
but also because it is the most recent open-access DEM available for
the area prior to the eruption (published in 2018). However, during
this time gap we still expect changes to have occurred due to the
frequent volcanic and lahar activity at Mount Semeru, as well as
material anthropomorphic excavation. Consequently, the pre-eruption
channels may have been shallower than represented, meaning that if we
assume 4-5 m of lahar deposits for the December 2021 eruption, our
observed overbanking and channel widening may not fully correspond
to the actual post-eruption conditions. These profiles highlight areas
susceptible to lateral geomorphic adjustment and overbanking. Profile
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X-X’ illustrates the merging of two pre-eruption channels into a single
765 m-wide channel, with most lateral expansion occurring towards the
southwest due to shallow topography and limited incision (Fig. 8a).
The 60 m-wide northeastern channel is bordered by a steeper scarp
that confines the flow within the channel bed. Portions of this bank
may have been eroded and incorporated into the lahar, although this
cannot be confirmed without post-elevation data. In section Y-Y’, we
note that the pre-eruption channel extent shows poor alignment with
the topography for the narrow lateral channels due to interpolation
effects and potential channel evolution since DEM acquisition in 2018.
Additionally, we expect these channels to be wider than represented
in profile b, as the spatial resolution of PlanetScope images combined
with shadowing effects and vegetation cover can mask portions of the
channel floor, preventing their identification as ‘channel’ in the pre-
eruption classification. Despite these limitations, the pattern reverses
from profile X-X’: the northeastern branch (30 m-wide) exhibits lim-
ited incision and low-relief banks, favouring rapid aggradation and
overbank deposition, while the western bank of the southwest channel
(60 m) is steeper, with lateral migration primarily directed towards
the northeast (Fig. 8b). The absence of lateral expansion in the central
150 m-wide channel suggests that flow energy was insufficient to drive
significant bank erosion, with changes occurring primarily through
vertical scour or deposition. The good alignment between both pre-and
post-eruption channel positions and the 2018 topography supports this
interpretation, though we acknowledge that some channel evolution
may have occurred between 2018 and 2021 due to both ongoing
lahar activity and anthropogenic excavation. Section Z-Z’ shows the
convergence of the three channel branches into a single constricted
reach (150 m-wide), forming a bottleneck that likely enhance flow
velocity, localized erosion and sediment accumulation (Fig. 8c). Part of
this flat bottom channel was previously occupied by agriculture fields,
which have been buried or eroded by the lahar widening the channel
to 450 m. Optical imagery also reveals evidence of bank failure and
slumping caused by basal undercutting from the lahar flow.
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water-saturated and dry lahar deposits.
5. Discussion

5.1. Application SAR and optical imagery for mapping volcanic deposits

The combined use of Sentinel-1 SAR and high-resolution Plan-
etScope optical imagery provides an effective framework for mapping
surface changes and deposits following the 4 December 2021 erup-
tion of Mount Semeru. Sentinel-1 offers continuous temporal coverage
under persistent cloud conditions and was particularly useful for dis-
tinguishing lahar deposits from PDCs. The backscatter response of the
PDC deposits in overbank areas at Mount Semeru showed an increase
in amplitude (Fig. 9), which we associate with an increase of mois-
ture content of ash deposited in overbank areas due to heavy rainfall
accompanying the eruption (Suhendro et al., 2025). Channelized and
overbank lahar deposits exhibited a decrease in amplitude due to
surface smoothening at the scale of C-band acquisition, with a stronger
decrease observed for wetter dark channelized sediments (Fig. 9). These
results are similar to observations following the 2010 Merapi eruption
using L-band (4 = 23.6 cm) ALOS-PALSAR data, where valley-confined
and overbank BAF deposits reduce amplitude, while pyroclastic-surge
and tephra fall along BAF edges increases backscatter (Solikhin et al.,
2015a). At Colima and Calbuco, L-band mapping combined with Land-
sat optical imagery indicated a decrease in amplitude following PDC
and ash-cloud surge deposits, but an increase where lahars had eroded
or re-exposed rough surfaces (Macorps et al.,, 2023). X-band (4 =
3.1 cm) and C-band (4 = 5.6 cm) observations of pyroclastic surge
deposits at Soufriere Hills (TerraSAR-X) and Fuego (COSMO-SkyMed
and Sentinel-1) showed a decrease in backscatter, with narrow bands
of amplitude increase inside the main channels reflecting deposition
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of coarser BAF material (Dualeh et al., 2021; Wadge et al.,, 2011).
These findings demonstrate that the same volcanic deposits can pro-
duce contrasting backscatter responses depending on radar wavelength,
acquisition geometry, and local surface characteristics. The complex
interplay between pre- and post-eruption surface conditions therefore
limits the standalone interpretability of SAR data, reinforcing the value
of integrating optical imagery and site-specific knowledge to refine
geological discrimination and contextual interpretation. The integra-
tion of PlanetScope imagery augment spatial and spectral observations
necessary to interpret lahar pathways and deposits. Combined with the
SAR results, the high-resolution optical images allowed us to further
distinguish channelized lahar deposits into two geological classes based
on sediment colour, reflecting differences in moisture content and the
presence of active streams. Identifying these active flow paths is cru-
cial to indicate areas of ongoing sediment transport, channel incision
and potential instability. These locations represent likely pathways for
future lahars and zones where erosion may continue to modify the
channel morphology, providing essential information for future hazard
assessment, the installation of early-warning systems and the planning
of monitoring and mitigation structures in downstream sectors. In ad-
dition, PlanetScope imagery enabled the separation of channel deposits
from lahar overbank deposits, which SAR backscatter alone cannot reli-
ably differentiate. This multi-sensor approach improved the mapping of
the post-eruption geomorphology of the Besuk Kobokan river, allowing
us to identify areas of channel widening and overbanking with greater
confidence.
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5.2. Limitations and implications for volcanic hazard monitoring

While the integration of Sentinel-1 and PlanetScope imagery proved
highly effective for mapping the December 2021 eruption at Mount
Semeru, several limitations remain. A key limitation to this approach
lies in the spatial resolution and quality of the PlanetScope acquisition
used for the pre-eruption classification, where narrow channels or
vegetated channels be misclassified or partially obscured by canopy
cover. Similarly, the post-eruption channel extent, derived from the
supervised classification of volcanic deposits, is subject to uncertainty
related to spectral overlap between geological classes. The absence
of recent pre- and post-eruption elevation data further restricts our
ability to quantify volumetric change (erosion and infilling), limiting
the assessment to surface footprint. However, in our case given that
both pre- and post-eruption classifications achieved high accuracy,
these uncertainties are unlikely to significantly influence the overall
interpretation of geomorphic change. Another important consideration
is the temporal availability of cloud-free optical imagery, which in this
case was exceptionally favourable. The rapid acquisition of PlanetScope
imagery immediately after the event allowed detailed deposit mapping
before any significant alteration, but in many tropical volcanic regions,
persistent cloud cover may hinder optical observations during critical
post-eruption periods. Under such circumstances, reliance on SAR data
alone can limit the ability to discriminate between channelized and
overbank deposits or to identify active flow paths. Nonetheless, the
polarimetric assessment of Sentinel-1 data provided particularly useful
for detecting zones of channel widening and lateral geomorphic change,
as variations in polarization response highlighted contrasts between
bare channel surfaces and vegetated channel margins. The differential
polarimetric response between deposit types also reflects the distinct
physical processes operating during lahar emplacement, with channel
widening and infilling primarily destroying volumetric scatterers while
overbank deposition primarily smoothens surface roughness. This po-
larization sensitivity offers potential for automated mapping of lahar
impact zones and quantifying the relative contributions of erosional
versus depositional processes in future volcanic hazard assessments.
These contrasts enable rapid identification of channel modification
even in the absence of post-eruption optical or elevation data, providing
a valuable tool for volcanic crisis management. This approach performs
best where vegetated banks or surfaces provide sufficient backscatter
contrast to delineate geomorphic boundaries, making it particularly
effective in tropical volcanic environments, such as Indonesia, but more
limited on unvegetated volcanic ring plains. Successful application also
requires SAR acquisitions with at least dual polarization. A further
limitation to this approach is the spatial resolution of Sentinel-1, which
may prevent the detection of narrow channels that higher resolu-
tion X-band sensors can capture, though these are often not openly
accessible. An additional limitation arises from subsequent eruptive
activity at Mount Semeru following the December 2021 event. Post-
2021 activity includes eruptions in December 2022, and the major
eruption of 19 November 2025. The latest major eruption produced
extensive PDCs that deposited large volumes of pyroclastics along the
SE flank, overlapping the drainage systems analysed in this study.
Subsequent rainfall-driven remobilization of these deposits has gen-
erated lahars, although these are smaller than the 4 December 2021
lahar. The emplacement and remobilization of new pyroclastics likely
altered channel morphology, sediment availability and distribution,
surface roughness within the Besuk Kobokan catchment. As a result,
the geomorphic configuration and lahar pathways documented here
represent pre-2025 conditions and may differ substantially from the
present-day landscape, highlighting the need for up-to-date SAR ob-
servations in such inherently dynamic volcanic landscapes. While this
does not affect the validity of our interpretation of the 4 December
2021 lahar, it limits the direct transferability of mapped deposits and
channel extents to current hazard assessments. Nevertheless, our results
provide an important baseline for evaluating post-eruption landscape
evolution and for assessing how PDC and lahar events progressively
reshape lahar-prone channels at Mount Semeru.
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6. Conclusion

By integrating Sentinel-1 SAR and PlanetScope optical imagery,
this study effectively mapped lahar and pyroclastic deposits, quantified
channel widening and distinguished surface scattering mechanisms
associated with the 4 December 2021 eruption of Mount Semeru. The
integration of multi-sensor datasets proved essential to overcome the
limitations of individual methods, particularly in tropical environments
where persistent cloud cover can restrict optical observations, and
where the variable nature of SAR backscatter limits its standalone inter-
pretability. Rapid identification of channel widening, lahar pathways,
and overbank deposits using SAR offers crucial support for volcanic
hazard assessment and emergency response planning, helping to locate
potentially impacted communities. However, the effectiveness of this
response depends on the temporal frequency and availability of SAR
acquisitions. Our study also highlights the need for recurrent eleva-
tion mapping, particularly in fast-evolving landscapes such as tropical
volcanic ring plains.
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