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Topographical dynamics based on global and UAV-SfM derived DEM

products: A case study of transboundary Teesta River, Bangladesh

Abstract

Topographical changes in riverine floodplains need to be measured for assessing
geomorphological dynamics and protecting floodplain areas, although topographic evaluation
in disaster-prone floodplain in South Asia has been limited due to the lack of multitemporal,
high-definition digital elevation models (DEMSs) derived from modern techniques including
airborne laser scanning, structure-from-motion (SfM) photogrammetry accompanied with
Unmanned Aerial Vehicle (UAV, often referred as drone), and field-based mapping approaches.
Here we conducted a preliminary study at two locations of Teesta River (Brahmaputra’s
tributary) in Bangladesh using the UAV-SfM techniques and generated high-resolution DEMs.
The selected locations represent dynamic changes of sediment and water on the floodplain over
the years, and the UAV-SfM approach can be an effective method for monitoring those changes,
but an archive of the past data has been unavailable. Here we evaluated the topographic changes
by comparing the UAV-SfM-derived DEMs of 2022 with global DEM products (NASADEM
of 1999), which are often the only available choice of DEMs in this river floodplain. The
elevation differences of these two sets of DEMSs were in the range of —5.23 to —84.66 m, and
volumetric changes of —4.1140.15 to —86.25+0.20 million m?, likely dominated by erosional
processes towards the left side bank where the elevation errors are supposed to be several meters
for UAV-DEM and ca. 5-12 m for NASADEM. Although it is not easy to accurately evaluate
the absolute values of the changes, these changes may be associated with the upper basin’s
morphodynamics. The considerable changes in topography indicate the importance of

continuous terrain evaluation in disaster-prone floodplains.

Keywords: Unmanned aerial vehicle (UAV); Structure-from-motion (SfM); NASADEM,;

DEM of difference (DoD), Cross-sectional profiles; VVolumetric change estimate; Geomorphology.

1. Introduction
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In fluvial geomorphology, river topography measurement is a significant concern and a basic
descriptor for understanding the geomorphic processes (Woodget et al. 2014; Ozcan and Ozcan
2021). The analysis of spatiotemporal modifications of the river, which are suddenly changing
the flow pattern and hydro-geomorphology due to natural and anthropogenic factors, requires
better hazard assessment since these processes can result in flood phenomena and suffering to
human society (Rinaldi et al. 2017; Fanta-Jende et al. 2020). In this regard, the river
topographic model plays a critical role in investigating a range of the earth's surface processes
and detailed monitoring of the fluvial environment (Watson et al. 2019; Salandra et al. 2022).
For topographic studies, freely accessible global digital elevation model (DEM) products such
as National Aeronautics and Space Administration DEM (NASADEM, released in 2020),
ALOS Global Digital Surface Model (AW3D30, released in 2020), TerraSAR-X add-on for
Digital Elevation Measurement (TanDEM-X, released in 2018), Multi-Error-Removed
Improved-Terrain (MERIT, released in 2017), Advanced Spaceborne Thermal Emission and
Reflection satellite (ASTER, released in 2006), and Shuttle Radar Topography Mission (SRTM,
released in 2003) are often used in the absence of finer resolution data which is limited for
multitemporal assessment (Watson et al. 2019; Uuemaa et al. 2020). Among the existing freely
available global DEM data sets, the NASADEM, reprocessed from the STRM-1999
measurement offer near-global land surface coverage at 30 m spatial resolution has been
considered here as baseline topography because of its recent improvements and accuracy
(NASA JPL 2020; Uuemaa et al. 2020; Tran et al. 2023). The orbital nature of satellites
hampered the revisit frequency (i.e., low temporal resolution) to the same location, so it is not

easy to track dynamically changing rivers (Rhee et al. 2018).

The recent advents in Unmanned Aerial Vehicles (UAVs) or Dynamic Remotely
Operated Navigation Equipment (DRONE) are advantageous over satellite and piloted aircraft

in data acquisition which is widely used in monitoring dynamic changes in river morphology
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(Van lersel et al. 2016; Rusnak et al. 2018; Cai et al. 2022), natural hazards management
(Giordan et al. 2018), and water resource management (Acharya et al. 2021). The UAV
(DRONE) is defined as an unmanned aerial system that can have an autonomous flight with or
without an engine, be remotely controlled, and be able to collect data (Giordan et al. 2020;
Acharya et al. 2021; Oguchi et al. 2022). The high-resolution DEMs generated from UAVs
following the structure-from-motion (SfM) multi-view stereo photogrammetry (SfM-MVS)
workflow are becoming increasingly common for assessing earth surface processes (Smith et
al. 2015). Several studies, for example, Annis et al. (2020), Avand et al. (2022), Oguchi et al.
(2022), and Salandra et al. (2022), demonstrated the importance of high-resolution DEMs for
more accurate geomorphological and topographical analysis. The advances in survey
equipment (i.e., UAVs, LIDAR) and data processing software (i.e., Agisoft Metashape) enable
the production of rapid and accurate high-resolution topographic data (i.e., DEMSs), over the
decades in river environments (Picco et al. 2023). The characterization of hydro-
geomorphological features, channel planform changes, and sediment dynamics (erosion and
deposition processes) can be performed using high-resolution topographic analysis, which can
significantly improve our understanding of fluvial regimes (Salandra et al. 2022). The
advanced remote sensing techniques (i.e., LIDAR-light detection and ranging, UAV-SfM) are
encouragingly used in East and South Asian countries like China, India, Bhutan, Nepal, and
Pakistan for fluvial-geomorphic research (Faisal and Hayakawa 2022). In contrast, the UAV-
based approaches in fluvial geomorphological and topographical studies are still scarce or have
not started in the context of the Ganges-Brahmaputra-Meghna (GBM) river system in
downstream Bangladesh which is highly influenced by the upper basin’s morphodynamics,

hydrology, sediment flux, and anthropogenic stressors (Faisal and Hayakawa 2022, 2023).

The recent advancement of fluvial research mentioned by Oguchi et al. (2022) and the

geomorphic research gaps in large South Asian GBM Rivers by Faisal and Hayakawa (2022,
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2023) necessitates the UAV-based topographic survey to assess the geomorphic features at
Brahmaputra's river system that changes dramatically. In Bangladesh, several scholars have
employed multi-temporal satellite imageries to investigate the Teesta River (Brahmaputra’s
tributary), focusing on channel dynamics (Khan and Hossain 2001; Khan et al. 2015; Ashrafi
et al. 2016; Akhter et al. 2019), channel bar evolution (Ghosh 2014; Khan and Islam 2015),
and water flow patterns (Mullick et al. 2010; Mondal and Islam 2017). Besides, several studies
about morphological dynamics also exist in the upper part of the transboundary Teesta River
in India, such as Mandal and Chakrabarty (2016), Goyal and Goswami (2018), and Lukram
and Tandon (2022). Furthermore, the evidence of anthropogenic stressors (i.e., dams,
channelization, barrages, channel diversions, and hydroelectric projects) on morphological
characteristics and sediment dynamics along the Himalayan basin is also mentioned in earlier
studies (Kale 2002; Zarfl et al. 2015; Goyal and Goswami 2018; Higgins et al. 2018; Best 2019;
Palash et al. 2023; Raff et al. 2023). Also, in the future, a boom in hydropower dam construction
activity in Asia, mainly in China, India, and Nepal is reported (Zarfl et al. 2015), which can
significantly affect the sediment supply to the downstream delta (Darby et al. 2015; Dunn et al.

2018; Higgins et al. 2018; Raff et al. 2023).

Unfortunately, little or no attention has been paid to the past literature on topographic
change studies due to the unavailability of multitemporal topographic data in the Teesta River
that may have significant implications for understanding the sedimentation pattern and river
floodplain management in disaster-prone South Asian region. The present area of interest
mostly relies on freely accessible terrain data sources. Hence, the topographic survey for
introducing high-resolution terrain data has become necessary for investigating this region's
topography and associated geomorphic dynamics. Therefore, the present work focuses on
utilizing UAV imageries and newly available NASADEM to assess the river’s topographical

dynamics as well as to show the potential applicability of advanced remote sensing techniques
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(UAV-SfM) in developing areas of South Asia, Bangladesh along the Brahmaputra’s tributary

(Teesta River).

The combination of advanced UAV-SfM techniques and satellite remote sensing
embedded with field-based approaches may be helpful for topographic change studies, as the
multitemporal DEMs were unavailable for the present area of interest. Recently, several studies
have been conducted in different parts of the world deriving the topographical and
morphological dynamics comparing the UAV-DEMs to the global DEM products, such as
Hsieh et al. (2016) (Taiwan), Watson et al. (2019) (Nepal), Tang et al. (2019) (China), and
Parizi et al. (2022) (Iran). Although the UAV survey will cover small area compared to the
enormity of the Teesta River, this study definitely fills the knowledge gaps of the previous
studies. The present study is attempted as a novel case study in deriving UAV-SfM-based high-
resolution topography (UAV-DEM) and later compared with the available global DEMs
(NASADEM) to evaluate the topographical dynamics and fluvial-geomorphic processes in
South-Asian context focusing at Teesta River, Bangladesh. Hence, we assume that the
dynamics of topographic and volumetric changes (erosion and deposition) of a flood-
vulnerable transboundary Teesta River in the Bangladesh floodplain can be quantified from the
calculation of the difference between two subsequent DEMs (DEM of Difference: DoD)
(UAV-DEM 2022 and NASADEM 1999) (Wheaton et al. 2010; Picco et al. 2023). Therefore,
this article aimed to a) assess the topography and geomorphological features focusing on
changes in elevation, volumetric estimates, and river cross-sectional profiles at disaster-prone
Teesta River, and b) introduce UAV-SfM techniques for high-resolution data acquisition in the
lowland river environment as a baseline topographic survey. The study's outcomes will help to
understand the topographical dynamics and fluvial-sedimentation processes and the potential

applicability of UAV-SfM techniques, which can play a crucial role in taking adaptive
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strategies for river floodplain management and reducing people's suffering from repeated

sediment disasters.
2. Materials and methods
2.1 Study area and UAV mission planning

This study has been conducted in the transboundary Teesta River that flows through the
highlands in Sikkim, the hills of West Bengal, and the floodplains of West Bengal (India) and
Bangladesh (Figure 1). This river has a length of 414 km, drains an area of around 12,159 km?,
and traverses two different countries "India" (83%) and "Bangladesh" (17%) (Alford 1992).
This transboundary river’s flow regime has been affected mainly due to large-scale damming,
causing devastating floods and bank erosion in downstream Bangladesh (Mirchandani 2016).
For instance, severe flooding of the upper Teesta River valley originated from the South
Lhonak Lake’s GLOFs (Glacial Lake Outburst Flood) on 4™ October 2023, affected tens of
kilometers downstream, resulting in loss of human life (14 people) with severe damage to the
buildings, highways, and collapsing of Chungthang dam (Sattar 2023; Chauhan 2023). In
Bangladesh, the Teesta River traverses (170 km) through the extreme northern part of
Bangladesh (Nilphamari, Lalmonirhat, Kurigram, Rangpur, and Gaibandha district) and is
crucial for almost 10 million people in this region (BBS 2016; Islam 2016). The Teesta
floodplain covers around 14% of the country's total cultivated land and is one the largest
geomorphic units of Bangladesh (Akhter et al. 2019). It plays a crucial role in flushing silt and
sediment deposited during the dry season, the region's lifeline for irrigation, agriculture,
farming, fishing, and navigation (Prasai and Surie 2013). The sediments are mainly recent
floodplain deposits comprising of clay, silt, fine, and medium-grain sand (Islam et al.
2014). The study area falls in a sub-tropical monsoon (June to September), mostly dry climatic

region (pre-monsoon and post-monsoon), where mean annual rainfall is more than 1900 mm
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(decadal 2010-2019 average of 2408 mm) with mean temperature of 35°c and 15°c in the
summer and winter seasons, respectively (Rahman et al. 2011; Akhter et al. 2019; Faisal and

Hayakawa 2023). The annual average discharge of Teesta River ranges from (280-470 m?/s)
over the 2011-2022 period, where extreme low-flow conditions (<50 m%/s) (Figure 2) during

the dry season are likely to occur more frequently after India implemented the Gazoldoba

barrage in 1993 (Higano and Islam 2002; Ghosh 2014; Islam 2016; Pangare et al. 2021).

Unfortunately, the exclusive control of Teesta's upstream water in the dry season at
Gozoldoba (India) makes the Teesta barrage (operation started in 1990) useless and fails the
irrigation project in northern Bangladesh (Khan 2001; Mondal and Islam 2017; Goyal and
Goswami 2018). Furthermore, the sudden release of excessive water in the rainy season causes
flood and bank erosion, leading to severe suffering for the people in Bangladesh (Higano and
Islam 2002). Given the large area of the Teesta River in Bangladesh (>2071 km?), this study
selects two cross-sections considering the minimal UAV survey coverage, assumed to be
representative of the river’s topographical and morphological features investigation focusing
on dynamics changes of sediment and water on the floodplain over the years (Mondal and Islam
2017; Akhter et al. 2019). The selected two cross-sections (CS-1 and CS-2) were relatively
upstream and downstream from the location of the Teesta barrage (Figure 1C), which is one of

the anthropogenic interventions along the main river channel.
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Figure 1: A) Overview of study sites in Teesta River (Brahmaputra’s tributary) showing the

26.2050° N, 88.9967° E

transboundary flow regime, B) elevation map with drainage channel, C) enlarged view of
selected cross-sections, D-E) example of mission plan in DroneDeploy for CS-1 and CS-2, and

F-G) field picture showing the erosion along the bank at CS-1 and CS-2 taken in Aug 2022.
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The UAV survey (drone flight) was planned in DroneDeploy, where Google Earth Pro
was used to select the mission coordinates. The UAV used for the image recording is the DJI
Mavic 2 Pro (equipped with a 20-megapixel, 1-inch RGB CMOS sensor and 35 mm f 2.8 lens
with a 77° field of view), adjusted the altitude in Height Above Ellipsoid (HAE) to elevation
using EGM96 (Earth Gravitational Model 1996) geoid model. The UAV automatically
captured imagery, and each image was georeferenced with 3D coordinates from the UAV's
global navigation satellite system (GNSS) receiver. Multiple flights with more than 75% front
overlaps and 60% side overlaps were ensured to reduce the dome effect and uncertainty in
elevation measurement (James and Robson 2012; Hayakawa and Obanawa 2020). With this

flight plan (Table 1), 775 and 1,050 photos were collected from CS-1 and CS-2, respectively

(Figure 1D-E).

2500

Figure 2: Yearly discharge experienced by study reach measured at Dalia (Teesta barrage)
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gauging station from (2011-2022) (Data source: Hydrology directorate, BWDB).
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2.2 UAV and NASADEM data processing

The collected UAV imageries were processed using SfM-MVS photogrammetry software,
Agisoft Metashape Professional (version 1.8.1 Build 13915, 64-bit), which can produce
accurate DEMs from suitable photographs and are used for geomorphic observations, i.e.,
debris flow, landslide area, sediment deposits, etc. (Tsunetaka et al. 2020; De Haas et al. 2021).
The standard workflow has been followed to generate the DEMs and orthophotos from the
collected photographs (Smith et al. 2015; Saito et al. 2018; Hayakawa and Obanawa 2020;
Giulietti et al. 2022; Agisoft 2022). The photograph datasets were imported into Metashape,
and the ‘estimate image quality’ program was run for all the photographs before the image
alignment. An image quality value of 0 to 1 indicates the sharpness of the photograph (Wang
and Watanabe 2022), and here the photographs with a value >0.7 were used for subsequent
processing. Here, some unnecessary photographs (e.g., repeated photographs) were deleted to
reduce the processing work. Distorted pictures resulting from the windy conditions on the flight
day and water surface reflectance limit the image alignment in data processing (Hinge et al.
2019). Here, original UAV image coordinates obtained by uncorrected single positioning of
the aircraft GNSS receiver were used for image alignment. After that, image alignment of
medium quality was applied to generate the point clouds. Then these point clouds were further
processed to generate high-resolution DEMs (as new DEM) and orthorectified images at the
WGS 1984 (UTM Zone 46N) coordinate system. We adopted this approach because of the
unavailability of external GNSS receiver station, ground control point (GCP), referenced map,
and difficulty in accessing possible check points locations in the land-side area. We needed
extensive locations along the survey site to place if the check points or GCPs were to be placed
for reducing model error (James and Robson 2012; Hayakawa and Obanawa 2020), but the
accessibility was quite limited (Figure 1F-G). The error of generated DEM in the absence of

GCPs mostly comes from rational function model error and may impact the accuracy of

11
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generated DEM (Wang et al. 2019). The characteristics of UAV surveys and the generated

DEMs and orthorectified images are given in Table 1.

The NASADEM_HGT (30m, void-filled), created by the NASA-MEaSUREs
program and publicly released in February 2020, have been downloaded for the area of interest
from the NASA-LPDAAC (Land Processes Distributed Active Archive Center) website
(available at https://earthexplorer.usgs.gov/) (NASA JPL 2020; Buckley et al. 2020). The
necessary processing including mosaicking, raster projection, and clipping of acquired data
have been performed in ArcGIS (ESRI). This study selected NASADEM (as reference surface
or old DEM of 1999) from global DEMs products because it is relatively new and considered
as the most accurate compared to other freely available DEM datasets, e.g., ASTER, AW3D30,
MERIT, SRTM, and TanDEM-X (Franks et al. 2020; Uuemaa et al. 2020; Li et al. 2020; Tran
et al. 2023; Faisal and Hayakawa 2023). It is reprocessed from the radar-based SRTM 1999
(Farr et al. 2007) with many improvements to its quality, notably void reduction and artifacts
removal through improved phase unwrapping using auxiliary data from various datasets such
as ASTER GDEM, PRISM (Panchromatic Remote-sensing Instrument for Stereo Mapping),
GLAS (Geoscience Laser Altimeter System), and ICESat (Ice, Cloud, and Land Elevation
Satellite) in processing techniques (Crippen et al. 2016, Buckley et al. 2020; Oguchi et al. 2022;
Tran et al. 2023). The vertical accuracy of NASADEM has been revealed as 5.3 m (USA)
(Buckley et al. 2020), 6.39 m (Estonian) (Uuemaa et al. 2020), 6.59 m (China) (Li et al. 2022),
12.08 m (New Zealand) (Uuemaa et al. 2020), and 12.6 m (Tibetan Plateau) (Chen et al. 2022).
Furthermore, the NASA Jet Propulsion Laboratory (creators of the dataset) claims that the radar
does an excellent job of penetrating the vegetation canopy, so the digital terrain model (DTM)

bias is not significant (Franks et al. 2020).

2.3 DEM of difference (DoD) and volumetric estimates

12
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The differencing of sequential DEMs to create a DEM of difference (DoD) is particularly
relevant to geomorphic studies because a DoD may provide spatially distributed surface model
of topographic and volumetric change over time (James et al. 2012). Recently, the DoD maps
have been widely used in various studies regarding sediment transport, erosion volume
estimation, landslides, and earthflow (Rumsby et al. 2008; Tseng et al. 2013; Hsieh et al.
2016; Hayakawa and Obanawa 2020; Wang and Watanabe 2022). In this study, DoD maps
have been produced for two cross-sections over the study area. For this, the fine-resolution
UAV-DEMs (0.10 m & 0.11 m) have been resampled to medium-resolution (30 m) products
for the homogeneity of the resolution by using bilinear interpolation method (Tang et al. 2019).
Then, two sets of DEMs (UAV-DEM & NASADEM) are transformed into WGS 1984 (UTM
Zone 46 N) coordinate system for subsequent analysis. Here, the DoD maps are prepared by
subtracting the earlier terrain elevation (NASADEM of 1999) from the later one (UAV-DEM
of 2022) using the raster calculator in ArcGIS (Hsieh et al. 2016; Watson et al. 2019; Wang
and Watanabe 2022). A level of significant change detection (LoD) was determined to filter
out uncertain topographical change and considered for subsequent volumetric change analysis

(Wheaton et al. 2010; Milan et al. 2011).

The standalone Geomorphic change detection (GCD) 7.5.0 tool (available at
https://gcd.riverscapes.net/) is used to estimate volumetric changes (Wheaton et al. 2010),
which is widely applied for quantifying the spatial pattern of geomorphic changes (James et al.
2012; Kaliraj et al. 2017; Rajakumari et al. 2022). In volume change estimations, the negative
values indicate erosion and positive values indicate deposition (Corsini et al. 2009; Hsieh et al.
2016; Yang et al. 2021), where the volume estimation error can also be gained, as shown in

Table 2.

2.4 Cross-sectional profile

13
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The terrain profile is a standard analytical method to discuss terrain evolution and provides
valuable information about a landscape responding to a changing base level (Kirby and
Whipple 2001; Wobus et al. 2006). Here, profile extraction analysis has been conducted with
the DEMs (NASADEM of 1999 and UAV-DEM of 2022) to identify the changes in
topographic features across the two river cross-sections through ArcGIS environment (Hsieh
et al. 2016; Cirillo 2020). For the straight-line profiling method, the starting and ending points
were first selected, and elevation values between the points were calculated to generate the
terrain profile based on the distribution of elevations. The results were then used to better
understand the dynamic changes of river elevation and sedimentation pattern

(erosion/deposition) on the floodplain over the years.

3. Results

3.1 UAV DEMs resolution and error

The main characteristics of the UAV-generated DEMs of two cross-sections is provided in
Table 1. The resolution of the created DEMs in this study was 0.10 m and 0.11 m at CS-1 and
CS-2, respectively with orthorectified images of 0.04 m. The generated DEMs assessed a
relative camera position error of 5.24 m and 6.35 m in CS-1 and CS-2, respectively which were
processed using original UAV image georeferencing. The generation of high-quality DEM in
inaccessible areas without GCPs has been applied in many studies (Wang et al. 2019) but the
optimized sparse point cloud with identifiable GCPs across the study sites would improve the

quality of a generated model (James et al. 2017).

Table 1: Characteristics of the UAV survey and generated DEMs in study sites

14
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Flight  Total flight DEM Orthorectified

S:irt\égy Platform Sensors altitude duration Igﬁgﬁs resolution image
(m) (min) (m) resolution (m)
Cs-1 UAV 1 inch CMOS 120 37 775 0.10 0.04
(DJI (effective pixels:
MAVIC 20MP, 35 mm f
2 PRO 2.8 lens with a
Cs-2 ) 77° FOV) 120 53 1050 0.11 0.04

3.2 DEM of difference (DoD)

The terrain elevation change from two periods of DEM data is presented in Table 2. The mean
elevation difference for CS-1 and CS-2 is -5.23 m and -84.66 m, respectively. The DoD maps
(Figure 3) at river cross-sections over time represent the spatial pattern of geomorphic change.
Here, the negative values stand for the decrease in terrain elevation in these images, which may
have occurred from surface erosion. On the other hand, positive values represent an increase
in terrain elevation, which may be due to surface deposition. Through the DoD images
presented here, the terrain evolution of the river channel can be observed. Also, the DoDs have
been used here to quantitatively estimate the volumetric changes that are related to the sediment
budgets. However, the elevation changes signal (larger than £50 m) derived from the DoD
maps may be affected by the artifacts, i.e., scratches on the photographs, but not sensitive to

the measurements of volumetric change when varied above this threshold (Schwat et al. 2023).
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Figure 3: DEMs and DoD maps are generated from NASADEM 1999 and UAV-DEM 2022

for CS-1 (A) and CS-2 (B).
3.3 Volume estimation

The total volumes of erosion and deposition, together with the net volume change, including
errors, are given in Table 2. During the period (1999-2022), the estimated erosion and
deposition volumes were 4.30 million m® and 0.18 million m?, respectively, in CS-1. Instead
of neglecting the estimation error and supplementary debris, at least 4.30 million m® of
sediment may have eroded from the upstream sources to this CS-1. On the other hand, at CS-
2, about 86.25 million m® of erosion are estimated. The result indicates that erosion was the
dominant process in the Teesta River floodplain, with lower deposition over the study period.
The estimate of net volumetric change is CS-2 is higher than the CS-1. The estimated erosion
in these two cross-sections suggests this river's dominancy of erosional features aggravated by

monsoonal flow, as the UAV survey was conducted in monsoon season. The negative net
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volumetric change for these two sites indicates that the earthflow from the upstream should be
the main source of the sediments and result in high erosion. Besides, apart from the natural
upstream fluvial-sedimentation processes, this floodplain is continuously facing various
anthropogenic modifications like channelization and regulations of normal river flow, channel
diversion, and installation of numerous hydroelectric projects (Goyal and Goswami 2018;
Higgins et al. 2018; Gupta et al. 2019; Faisal and Hayakawa 2023), which may significantly
affect these high erosional features. Subsequently, this high erosion should be impacted by the
construction of the Teesta barrage and the diversion of the channel for the irrigation project
(Figure 6D), which is within the proximity of our present study sites. Also, previous studies
mentioned the dominance of erosion in the last several decades because of the high rate of
sedimentation and the rise of 1 m bed level every ten years in the Teesta River channel (Khan
2001; Akhter et al. 2019; Sultana 2022a). Furthermore, volumetric changes estimation based
on the Teesta River’s bathymetric survey conducted by Bangladesh Water Development
Board-2011 supports our study’s observation of erosional dominancy along the present study

sites (BWDB 2011; Tarannum et al. 2018).

From this study, it is not possible to find real-time data on the discharge events
that caused these huge erosional episodes. Therefore, it is unpredictable when and where the
next discharge will occur. However, it can be mentioned that the monsoonal flow patterns
control the erosional and sedimentation processes in such a large transboundary river basin.
The net volume of change is often used as a sediment budget term in sediment dynamics studies.
Therefore, estimating the volumetric change from the change detection can be helpful to
develop a morphological sediment budget to infer the rates of sediment transport for the studied

river (James et al. 2012).
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359 Table 2: DEM difference and volumetric changes in the study sites

Mean Erosion Deposition
Study DEM elevation  Standard P cth?I:ngril3)
sites  difference*  difference deviation A 5 Volume Area Volume (xgloﬁ)
(m) €M) (o) (x108 (M) () (x10°)
cs1 ];JEA&/ ~5.23 3.98 688,957 4.30+0.13 106,530 0.18+0.02 —4.11%0.15
NASA
cs2 DEM —84.66 13.98 1,010,101 86.25+0.18 0 0 —86.25+0.20

* The NASADEM and UAV-DEM represent the topography of 1999 and 2022, respectively.
360

361 3.4 Topographic features in the river sites

362  Figure 4 shows the high-resolution topographic products (slope gradient) of two cross-sections.
363  The river flow path and the bankline in the study sites, presenting a flatland appearance, can
364  be easily identified from the DEM maps. Most of these two cross-sections sloped eastwardly,
365  where the slope gradient was below 5°, determining the presence of flat areas. On the other
366  hand, the slope gradient around the bankline or near the char lands (locally known as Char)
367 exceeds 20°. The orthomosaic images generated from the study (Figure 4) visualize the
368  agricultural lands along the bank lines, with some human settlements that were not permanent.
369  Due to the main river course changes, bankline erosion is widespread in the study sites, and

370 therefore the sediments accumulated at the lower flat area.

371

372

373

374

375
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Figure 4: Slope gradient and orthomosaic images of CS-1 (A) and CS-2 (B) created from UAV

photographs. See Figure 5 for the cross-sectional profiles denoted here.

3.5 Cross-sectional profile analysis

Next to elevation and volumetric change estimates, the DEMSs are helpful for evaluating
profiles of river cross-sections. In our study, NASADEM 1999 has been used as the reference
for the profile analysis. The selected transects from two river cross-sections illustrate the profile
analysis, indicating an ongoing erosion process. Figures 4A (X-X') and 4B (Y-Y") indicate the
transect locations on the orthomosaic of 2022 for profile analysis. Figure 5 (A-B) shows the
elevation profiles for these transects derived from the DEMs, indicating the deepening of the

river channel within this period (1999-2022) with approximate errors.

Here, active sedimentation and erosion processes are significantly visible near the

left bank side from the cross-sectional profiles, though several meters of uncertainty may exist.
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The relative elevation change demonstrated the erosion variations within the profile position.
The erosion process is relatively small for profile (A), with approximately 7 m elevation change
at the lower middle section in CS-1. On the other hand, the higher erosion is visible at the
profile (B), in CS-2. The Teesta barrage and diversion of the river channel for irrigation and
sand extraction for financial benefit at the upper part of CS-2 may aggravate this high erosion
process. Also, the bed scours depth of more than 13 m was reported at Teesta River in
Nilphamari (present study site) by the Institute of Water and Flood Management (IWFM-
BUET 2018-2022) (Mondal 2022), which was estimated up to 40 m in the Brahmaputra River
channel (locally known as Jamuna River) (Ashworth et al. 2000), supports the erosion
processes observed here. Furthermore, the multi-temporal satellite remote sensing
(MSS/TM/ETM+/OLI)-based and bathymetric survey-based study explored that erosion, sand
bar development, and channel shifting rate towards the left side bank has increased over a 46-
year period (1972-2017) along the study sites because of the high rate of sedimentation (BWDB
2011; Akhter et al. 2019; Mondal 2022). Besides, high erosive conditions (15.32 to 31.72 km?)
that caused the bank failure were evident over the decades in several cross-sections of the
Teesta River floodplain in the Nilphamari district, including our study sites (Tarannum et al.

2018; Sultana 2022a).

Nevertheless, it should be mentioned that considerable uncertainty remains in
channel depth due to the glitter, over-estimation of water level, data processing software,
resolution difference, and mirroring effects of water, which may affect the interpretations of
these profiles (Schwanghart and Scherler 2017; Hemmelder et al. 2018). In general, the
elevation error ranges from 5-12 m for NASADEM (Buckley et al. 2020; Uuemaa et al. 2020;
Li et al. 2022; Uuemaa et al. 2020; Chen et al. 2022; Tran et al. 2023), whereas the UAV's
single positioning of GNSS may provide error of ~8-13 m or more (DoD 2020; Elkhrachy,

2021; de Haas et al. 2021; Grunwald et al. 2023). Hence, this error and recent studies
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413  necessitate improving the accuracy of elevation data with modern UAVs connected to RTK
414  global navigation satellite systems in the most remote and challenging geographic locations,
415 like this study area (Elkhrachy 2021; De Haas et al. 2021).
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416  Figure 5: Changes in cross-sectional profiles. Here, A) and B) corresponds to the CS-1 (X-X'
417  transect) and CS-2 (Y-Y' transect) shown in Figure 3. The red and black lines indicate the
418 elevation profile of NASADEM 1999 and UAV-DEM 2022, respectively, with approximate

419  errors (>10 m).
420 4. Discussion
421 4.1 Topographical and morphological dynamics

422  This paper presents a study using DEMs to map topographic changes and associated
423  morphological dynamics, including elevation differencing, volumetric change estimates, and
424  river cross-sectional profiles, in an understudied region where repetitive topographic
425 measurement is absent. The availability of high-resolution river topographic data, possible
426  through UAVs and global DEM products, allows performing topographical change detection
427  analysis over the years (1999-2022). Nevertheless, this information is critical to understanding
428  the river's topographical and morphological dynamics that are prone to repeated sediment
429  disasters from its upper basin sediment flux. Furthermore, topographic factors affect the
430  sediment discharge in a river basin (Cheng et al. 2017). Therefore, the DoD difference between

431 the UAV-DEM and NASADEM for the area of interest (Table 2) shows the benefit of
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conducting UAV surveys even if ground control point is unavailable due to inaccessibility to

field sites.

This study noticed the decrease of elevation from —5.23 to —84.66 m and net
volumetric difference of —4.11 to —86.25 million m® in CS-1 and CS-2 on Teesta River's left
side bank. The sedimentation between these periods varied largely per cross-section towards
the left side bank of this river and seemed to dominate with the erosional process. The volume
changes over the 19992022 periods are mainly expedited by the anthropogenic modifications
of the main river channel, such as the construction of the Teesta barrage, channel diversion for
irrigation, and sand mining observed from the field investigations (Figure 6). Furthermore,
earlier studies documented the increase of erosion at Teesta barrage’s proximity (Khan 2001,
Sultana 2022a; Mondal 2022). The visual observations on the land-side of these cross-sections
(Figure 6A) also support the feasibility of such a large amount of erosion processes. Hence,
using DoD derived from the DEMs has proven helpful in identifying the sedimentation pattern
resulting from erosion and deposition scenarios in the floodplain. The volumetric dynamics
studies prefer the DEMs from the same data source for more accurate estimations, which may

affect the assessment here (Tang et al. 2019).

However, the availability of high-resolution data (same source and similar
accuracy level) derived from the UAV is often not available in this region. The topographical
changes recorded over the period (years 1999-2022) revealed significant variations of the
topographic profile dominated by erosional process. The interaction of upstream fluvial
incision, high and low discharge patterns, base-level change, and anthropogenic stressors (e.g.,
channelization, sand mining, and hydroelectric projects-3405 MW installed of over 8000 MW
potentiality, and hydro-engineering structures) may result in the changes along these profiles
(Montgomery and Brandon 2002; Goyal and Goswami 2018; VVan Denderen et al. 2022). Since

river cross-sectional profiles preserve valuable information on landscape evolution and are
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fundamental to understanding the river morphological changes, this profile analysis can be
helpful in monitoring the sedimentation patterns and management of the disaster-prone

landscape.

Over the years, the flashy and unpredictable nature of sedimentation in this river
basin left the inhabitants in a more risky situation. Also, the sudden release of huge volumes
of water from the upstream reservoir makes the sediment pattern more unpredictable and more
uncertain floods in this region in recent decades (Mondal and Islam 2017). The erosion
dominated sedimentation pattern and enormous volumetric changes may affect the bankline
stability, development of mid-channel sand bars (locally known as char) (Figure 6B), and
multithreaded channel system in Teesta River (Akhter et al. 2019; Sultana 2022a). The
increased number of mid-channel bars led to the sudden shifting of the channel (Ghosh 2014),
where Teesta’s channel shifted towards the right (0.34 km/year) and left side (— 0.14 km/year)
over the period (1972-2017) (Akhter et al. 2019). The sedimentation patterns may control the
channel dynamics because the river discharge flow through the narrower channel increases the
flow velocity, resulting in abrupt bank erosion (Graf 2000; Croke et al. 2008). Furthermore,
the active bank erosion is causing the dislocation of the human population through seasonal
(53.1%) and temporary migration (46.9%) for livelihoods in the floodplains of the Teesta River
(Elahi et al. 1991; Islam 2016; Sultana 2022b). Besides, the river bank erosion aggravated by
anthropogenic interventions (upstream's artificial damming, barrage, channel diversion, and
controlled discharge, etc.) along this floodplain over the years has significantly affected
agricultural production (rice, wheat, potato, etc.) and altered cropping practices or crop
calendar (Syed et al. 2017; Faisal et al. 2019; Sultana 2022b). These have made the local
community more vulnerable to food security, as half of the households (54%) depend on

farming in this floodplain (Elahi and Ara 2008; BBS 2010; Syed et al. 2017).
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Moreover, the excessive and unplanned extraction of sand (Figure 6C) from the
sand-dominated bed profile (approximately 10 m) in the study sites has been common practice
(Biswas et al. 2018). That may also alter the river morphological characteristics such as channel
incision (Rai et al. 2019), changes in river bed (Best 2019), erosion of river banks (Bravard et
al. 1997), and decrease of sediment flux at downstream of the river delta (Anthony et al. 2015).
The channel incision process is a gradual geomorphological phenomenon. But, the point of
concern is that the pace of incision may significantly be expedited from the excessive sand
mining, which may result in drastic morphological changes within 10-100 years in its natural
course where such changes would have occurred over millennia (Simon and Rinaldi 2006; Rai

et al. 2019).

Figure 6: A) Erosion along the bank, B) sedimentation within the channel and bar development

C) dredging for sand extraction, and D) channel diversion for irrigation at Teesta.

4.2 High-resolution topographic baseline, limitations, and challenges
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This study showed that UAV images are suitable for monitoring the changes in river
topography and geomorphology in a region where high-resolution imagery is often unavailable.
To the best of our knowledge, this study successfully estimates the topography using UAV-
SfM in the Teesta River sites for the first time. It is evident that high-resolution DEMs derived
from the present UAV survey represents an important new baseline topographic dataset for
river studies considering the existing freely available global DEM dataset, e.g., NASADEMs

(Watson et al. 2019; Tang et al. 2019).

The availability of real-time kinematic (RTK) enabled UAVs in developing
countries like Bangladesh will further improve the survey data and, at the same time, reduce
the requirements for extensive ground control point surveys in inaccessible riverine areas
(Fazeli et al. 2016; Forlani et al. 2018). With the limited scope, we only conducted UAV
topographic survey single time to generate high-resolution DEMs and then used the existing
medium-resolution global DEMs to analyze the topographic change due to the unavailability
of high-resolution multitemporal DEMs. Hence, data obtained from different DEM generation
techniques and the resampling processes to homogenous resolution (high-resolution to medium
resolution) may lead to estimation errors or uncertainty, which would eventually impact the
topographic change analysis (Joerg and Zemp 2014). Besides, due to the unavailability of good
control points like cross marks on the road, permanent features, or the referenced maps, this
study relies on the aircraft's GNSS errors to estimate the uncertainty of the UAV-generated
DEMs, which were several meters. Besides, this topographic study did not consider the
monsoonal effect, which is one of the limiting factors raised by the study's limited scope. Some
approximations, such as the presence of water bodies in the riverbed, water surface reflectance,
and differences in DEM sources and resolution, may also constrain our analysis. Nevertheless,
we believe that such approximations would not dramatically influence the analysis and the

interpretations.
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The availability of RTK-enabled aircraft, external GNSS receiver, and evenly
distributed ground control points with geographical coordinates were challenging, but
addressing these issues may improve the elevation data quality. Furthermore, some key
challenges remain in UAV-based riverine floodplain monitoring, such as wind, rain, surface
reflectance, image focus, image resolution, and processing equipment (Hashemi-Beni et al.
2018; Acharya et al. 2021). Besides, a quantitative assessment of the accuracy and precision of
the UAV-derived products compared to RTK-GPS-enabled UAV and terrestrial laser scanning
(TLS) are beyond the scope of this paper. Though, it is expected that the topographic data
acquired via TLS would be more accurate compared to SfM-derived products in geomorphic
investigations (Tsunetaka et al. 2020). Furthermore, UAV survey and high-resolution DEM
generation techniques may also attract attention to the research community in that region.
Where the applicability of advanced remote sensing techniques (such as UAV-SfM and
LiDAR) for geomorphological investigation is very limited compared to neighboring countries
like China (Le Heron et al. 2019), India (Ramsankaran et al. 2020; Dhote et al. 2022), Bhutan
(Dunning et al. 2009; Tempa et al. 2021), Nepal (Immerzeel et al. 2014; Kraaijenbrink et al.
2016; Van Woerkom et al. 2019), Pakistan (Khan et al. 2021), and in other parts of the worlds

(Sledz et al. 2021).
4.3 Advances in river floodplain management

Evaluating recent topographic change in a riverine environment relevant to the sustainability
of human populations in the disaster-prone area requires up-to-date fine-resolution DEMs, such
as those derived using UAV imagery in this study. In our case, single-time UAV image
acquisitions and use of global DEM products for volumetric change estimate along the river
cross-sections are low to link sedimentation patterns. In this context, the high temporal UAV
data acquisition campaigns after each important discharge event or season scale can provide

important information regarding the river sedimentation pattern and hence the management of
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sediment disasters in these disaster-prone deltaic landscapes. The processing of hundreds or
thousands of images using the SfM algorithm is computationally intensive but fast,
straightforward, and produces detailed results (Clapuyt et al. 2016; Hemmelder et al. 2018).
With the advancement of UAV developments and innovations, UAV operations are becoming
easy to monitor the river floodplain. Despite some challenges in river topographic measurement,
UAV-based DEM should be considered as the optimal choice for investigations over river
floodplains due to its advantages of portability, high data processing speed, low flying height,
convenient flying preparation, and the ease of generating orthoimage and DEM data

(Hayakawa and Obanawa 2020).

Despite some limitations and challenges, the current approach of terrain evaluation
utilizing free and on-demand DEMs can be helpful for other areas where repetitive terrain
information is scarce but requires effective topographic investigation. Furthermore, land
managers and mapping agencies responsible for monitoring river dynamics and management
could use the methods presented in this paper, especially the UAV-SfM data generation
techniques for the advancement of river floodplain management. The effective monitoring
requires sufficient knowledge of fluvial-sedimentation processes in the riverine floodplain, and
in this regard, encouragement can be taken from fluvial research advancement mentioned by
Stott (2013), Wohl (2014), Piégay et al. (2015), and Oguchi et al. (2022). In the advancement
of riverine floodplain management, the UAV-SfM photogrammetry can be an effective and
powerful tool to map morphological dynamics and processes focusing on the river basin
maintenance plan, delineation of flood-prone areas (Serban et al. 2016), estimation of flood
volume and extent (Escobar Villanueva et al. 2019), flood risk modeling (Coveney and Roberts
2017), assessing the impact of flooding (Langhammer and Vackova 2018), sediment discharge

analysis, hydro-engineering site suitability (i.e., dredging, sand mining), and responding to
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fluvial disasters and emergencies (i.e., GLOFs) (Salmoral et al. 2020; Sattar 2023; Chauhan

2023).

Furthermore, understanding river topographic and related morphological
dynamics will promote the development of a river floodplain management framework, where
the studies of Morris-Oswald and Sinclair (2005), APFM (2012); Kiedrzynska et al. (2015),
Sharma et al. (2019), Serra-Llobet et al. (2022), and Chan et al. (2022) can be exemplary. The
existing river floodplain management approaches in transboundary river (total 57 rivers)
dominated Bangladesh should not focus on the traditional hard engineering approach (Haque
et al. 2019), which may not be enough to mitigate substantial risks from the natural (e.g.,
climate change, sea-level rise, and land subsidence) and anthropogenic factors (e.g.,
channelization, hydro-engineering structures, excessive sand mining, large population, and
rapid socio-economic growth) (Chan et al. 2022). Hence, repetitive topographic data collection
through the RTK-enabled UAVs at seasonal (pre-and post-monsoon) and temporal scales or
event-based in future studies would be significant for this disaster-prone deltaic region,
particularly estimation of flood volume and extent, river bank erosion, seasonal dredging, and
site-specific sand mining, following the frameworks mentioned in Figure 7. Therefore, the
advancement of river management needs to focus on collaborative projects (Hayakawa et al.
2017; Ogura et al. 2023) focusing on utilizing the UAV-based framework to support decision-
making in hazard assessments and emergency responses in the disaster-prone landscape of

South Asia, particularly Bangladesh.
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(a) Data acquisition (b) Data processing

UAV data: UAV-SfM  data  (i.e., Agisoft
= Selection of UAV (Preferably, RTK-enabled one) Metashape):

= Selection of flight area (based on expert opinion)
and permission from aviation authorities

= Flight plan designing (mentioned in Table 1)

= Even distribution of GCPs through RTK GPS

= Selection of images to remove the
blurred pictures

= Image alignment and georeferencing
using GCP coordinates

Satellite data: $ = Optimize 1image alignment and

» Selection of satellite DEM data (i.e., NASADEM,
TanDEM-X, etc.), where the high-resolution
baseline data is unavailable.

Complementary data:

» Explore the field pictures with hand cameras,

river gauge data, and social survey * Processing

= Collecting media reports, google earth data, etc.

generation of DEMs and orthophotos
= Export the DEM and orthophotos
(mentioned in 2.2 section)

Satellite data (i.e., ArcGIS/QGIS):
(mosaicking,  raster
projection, clipping, etc.) in GIS

i (described in 2.3 section)

Applied Potentialities
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Figure 7: Framework for river basin management and natural disaster with UAVs
5. Conclusions

This study demonstrates the utility of an integrated geographic information system combined
with UAV-SfM-derived DEMs and globally available DEMs (NASADEM), considering
topographical and geomorphological dynamics in a disaster-prone riverine floodplain. The
workflow presented here has been successfully applied to identify the topographic and
geomorphic changes, as well as assess the sedimentation pattern in the river channel based on
multiple topographic outputs (DEMs, DoDs, cross profiles). We noticed the changes in
elevation (-5.23 to -84.66 m), sediment volume (-4.11+0.15 to -86.25+0.20 million m?), and
erosion-dominated cross-sectional profiles towards the left side bank in the transboundary
Teesta River over a period of 23 years (1999-2022). The current approach of data acquisition,
especially the UAV-SfM-derived DEMs and orthomosaic images, can encourage interested
researchers to take this study as baseline information for future investigation, where the UAV
data can be available on request to the authors. In addition, time series investigations with
advanced remote sensing techniques (such as UAV-SfM and LiDAR etc.) for detailed
monitoring of topographic variables considering the monsoonal dynamics are essential to
assess future instability scenarios in this dynamic, unpredictable, and disaster-prone river
floodplains. The findings from this study will provide a better understanding of the river's
topographical dynamics, geomorphological processes, and sedimentation scenario to national-
river managers. Also, the proposed river basin management framework will elevate river
floodplain management and disaster response in South Asia’s densely populated deltaic

landscape, particularly Bangladesh and/or similar situations elsewhere.
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