Taylor & Francis
Geomatics, g Taylor & Francis Group

« Natural Hazards

pRLRisk Geomatics, Natural Hazards and Risk

ISSN: 1947-5705 (Print) 1947-5713 (Online) Journal homepage: www.tandfonline.com/journals/tgnh20

Decadal-scale assessment of sediment
denudation rates in the Zhoukou River Basin,
Taiwan: insights from improved DEMs of
differencing based on spectral analysis

Gopal Kumar, Yu-Chang Chan, Cheng-Wei Sun & Chih-Tung Chen

To cite this article: Gopal Kumar, Yu-Chang Chan, Cheng-Wei Sun & Chih-Tung Chen (2024)
Decadal-scale assessment of sediment denudation rates in the Zhoukou River Basin, Taiwan;
insights from improved DEMs of differencing based on spectral analysis, Geomatics, Natural
Hazards and Risk, 15:1, 2363428, DOI: 10.1080/19475705.2024.2363428

To link to this article: https://doi.org/10.1080/19475705.2024.2363428

8 © 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

ﬁ Published online: 03 Jul 2024.

N\
[:J/ Submit your article to this journal &

||I| Article views: 1409

A
& View related articles &'

View Crossmark data &'

@ Citing articles: 1 View citing articles (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tgnh20


https://www.tandfonline.com/journals/tgnh20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/19475705.2024.2363428
https://doi.org/10.1080/19475705.2024.2363428
https://www.tandfonline.com/action/authorSubmission?journalCode=tgnh20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tgnh20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/19475705.2024.2363428?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/19475705.2024.2363428?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/19475705.2024.2363428&domain=pdf&date_stamp=03%20Jul%202024
http://crossmark.crossref.org/dialog/?doi=10.1080/19475705.2024.2363428&domain=pdf&date_stamp=03%20Jul%202024
https://www.tandfonline.com/doi/citedby/10.1080/19475705.2024.2363428?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/19475705.2024.2363428?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tgnh20

GEOMATICS, NATURAL HAZARDS AND RISK
2024, VOL. 15, NO. 1, 2363428
https://doi.org/10.1080/19475705.2024.2363428

Taylor & Francis
Taylor & Francis Group

8 OPEN ACCESS ".) Checkforupdates‘

Decadal-scale assessment of sediment denudation rates
in the Zhoukou River Basin, Taiwan: insights from
improved DEMs of differencing based on spectral analysis

Gopal Kumar*?<, Yu-Chang Chan®®, Cheng-Wei Sun® and Chih-Tung Chen®*

®Earth System Science, Taiwan International Graduate Program, Academia Sinica, Taipei, Taiwan;
PInstitute of Earth Sciences, Academia Sinica, Taipei, Taiwan; “Department of Earth Sciences, National
Central University, Taoyuan, Taiwan; dDepartment of Geosciences, National Taiwan University, Taipei,
Taiwan

ABSTRACT

This study assesses sediment erosion rates in the Zhoukou River
Basin in southern Taiwan over the past three decades, focusing
on the impact of extreme rainfall events. While various estab-
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lished methods determine erosion rates over different temporal
scales, we employ an independent approach for decadal-scale
erosion rate calculation by utilizing open-source global and
regional digital elevation models (DEMs) data for two distinct
periods. We introduce a new method that applies Fourier analysis
to vertically register the DEMs, significantly minimizing their verti-
cal bias. Through spectral analysis, we identify long wavelength

DEMs of difference (DoD);
digital elevation model
(DEM); DEM vertical
referencing; Fourier
transformation & spectral
analysis; sediment export &
erosion rate

topography crucial for correcting vertical offsets. Erosion rates,
computed through DEMs of Difference (DoD), exhibit a similar
trend of significant reduction in sediment export rates from
1990-2010 to 2011-2020 due to decreased extreme rainfall
events, aligning with erosion rate estimates derived from mean sus-
pended load data at gauge stations. Over the entire period from
1990 to 2020, the calculated denudation rate was 14.19 mm/yr,
whereas in the recent decade (2011-2020), it decreased to
10.46 mm/yr. Our study suggests that the improved DoD method
can effectively estimate sediment transport rates by leveraging
underutilized DEMs captured at distinct points in time, especially
when the erosional signal dominates data noise.

1. Introduction

The dynamic evolution of Earth’s surface is the result of a complex interaction
between internal processes, such as tectonics and volcanic activity, and external forces
like weathering and erosion (Allen, 1997; Willett 1999). Mountain ranges, forged over
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geological epochs through tectonic forces, stand as testaments to the relentless inter-
play between uplift and erosion. Tectonic processes, responsible for the initial topo-
graphic conditions, give rise to surface uplift and lead to the phenomenon of
erosional unloading (Bull 1984; Willett et al. 2001; Kirby and Whipple 2012). This
intricate interplay between uplift and erosion is governed by isostatic equilibrium,
where the unloading of material through erosion triggers uplifting responses. Such
erosional processes in the mountain belts influence their structural and topographic
evolution (Willett 1999). Thus, studying sediment flux has been a long research trad-
ition due to its implications in mountain building processes (Bishop 2007; Davies and
Korup 2010; Malavieille 2010). Taiwan’s extraordinary geological context, marked by
rapid uplift rates arising from ongoing collisions between the Philippine Sea plate and
the Eurasian plate, combined with its status as a region witnessing some of the world’s
most intense precipitation and frequent extreme rainfall events, offers an unparalleled
natural environment for the investigation of earth surface processes (Schaller et al.
2005; Chen et al. 2005; Chen et al. 2013). In addition to its influence on the orogenic
process, sediment erosion and export from small mountainous rivers to the ocean play
a vital role in the global biogeochemical cycle. Small mountainous rivers are said to be
draining less than 2.5% of the global land area but account for around 45% of sediment
discharge into the ocean (Milliman and Farnsworth 2011). Therefore, any changes in
these sediment-laden river systems could lead to substantial shifts in the worldwide
sediment balance and its related outcomes in biogeochemical cycles. Taiwan hosts
many small mountainous rivers, which can serve as good representatives for studying
fluvial sediment export across multiple decades. Collectively, the annual sediment dis-
charge from Taiwan rivers has been approximated to be more than 300 million tonnes
into the adjacent oceans (Li 1976; Liu et al. 2008). Several other studies have shown
that the rivers of Taiwan contribute significantly to the sediment flux into the sur-
rounding oceans due to intense erosion processes driven by typhoons and earthquakes
(Dadson et al. 2003; Liu et al. 2008; Huang and Montgomery 2012). This unique com-
bination of geological and climatic factors makes Taiwan an invaluable research site for
understanding sediment transport in mountainous river environments.

Understanding erosion rates and sediment mobilization within river catchments
also plays a critical role in informing civil engineering planning for water resource
management and infrastructure development. The investigation along the Laonong
River in Taiwan, exemplified by the Tseng-wen Reservoir Transbasin Diversion
Project, underscores the significance of comprehending historical aggradation patterns
and the impact of extreme events like Typhoon Morakot (Hsieh and Capart 2013).
Analyzing erosion rates and sediment transport within a river basin can provide vital
insights into the potential risks associated with rapid aggradation events, enabling
engineers to anticipate and mitigate challenges in infrastructure projects. Within this
backdrop, a variety of established methods have been employed to ascertain erosion
rates across different temporal scales. River sediment loads, typically gauged over sev-
eral decades, provide insights into sediment flux (Li 1976; Dadson et al. 2003; Li
et al. 2005). The application of cosmogenic nuclide concentrations (specifically 10Be)
yields erosion rates spanning thousands to hundreds of thousands of years (Siame
et al. 2011; Derrieux et al. 2014; Fellin et al. 2017). For even longer timescales
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(>10°years), thermochronological data sourced from Zircon U-Th/He ages, Zircon
Fission Track (ZFT), and Apatite Fission Track (AFT), among others, enables the
estimation of mean erosion rates (Dadson et al. 2003; Willett et al. 2003; Fuller et al.
2006).

In this study, our primary objective is to estimate erosion rates of mountain river
basins in the active orogenic topography of Taiwan at a decadal-scale, employing a
novel independent approach. Despite notable advancements in erosion rate studies at
various spatial and temporal scales (Li 1976; Dadson et al. 2003; Willett et al. 2003;
Liu et al. 2008; Resentini et al. 2017), our focus is specifically on quantifying erosion
rates in Taiwan’s river basins using a method independent from traditional
approaches. The traditional erosion rate estimation from gauge stations, while widely
used, has inherent limitations as it primarily measures the suspended load, which is
further used to approximate the bedload proportion. One of the commonly employed
traditional methods for estimating erosion rates is based on data collected from gauge
stations. However, this approach has inherent limitations since it primarily measures
the suspended load, which is then used to approximate the bedload proportion.
Additionally, methods like cosmogenic nuclide, ZFT, and AFT dating rely on sample
collection from specific sites, acting as proxies for specific geological and geomorpho-
logical settings. In contrast, our approach utilizes the ‘DEMs of Difference’ (DoD)
with new methods applying Fourier transformation for vertical georeferencing, pro-
viding improved erosion rate estimates for remote and inaccessible areas. Fourier
Transformation is a standard image processing technique for converting an image
from its spatial domain to the frequency domain. By decomposing an image or signal
into its components with varying amplitudes and phases, the Fourier transform
unveils any repetitive patterns present within the image (Marks 2009). Several notable
studies in the past have used Fourier transformation on DEMs for identifying high-
frequency noise (Purinton and Bookhagen 2017), artifacts (Arrell et al. 2008), and
landscape scaling and organization (e.g. Perron et al. 2008). The utilization of Fourier
transformation in the research allows for a comprehensive conversion of spatial data
into the frequency domain, providing valuable insights into the underlying patterns
and structures present in the data. By employing Fourier transformation to identify
the low-frequency components of the topography for vertical referencing of multitem-
poral DEMs, our improved DoD method offers insights into fine-scale deposition and
erosion patterns. Based on the topographical changes, the DoD method offers insights
into fine-scale deposition and erosion patterns. Furthermore, it proves to be cost-
effective and time-efficient, reducing the need for extensive fieldwork, laboratory
analyses, and complex data interpretation. The independent DoD approach excels in
providing a more comprehensive overview of erosion patterns, especially in areas
where extreme events such as typhoons induce rapid and substantial terrain varia-
tions. While methods like cosmogenic nuclide, ZFT, and AFT offer estimates over
geological timescales, our DoD approach is particularly suitable for capturing short-
term changes, thus providing a better understanding in the diverse temporal scales of
erosion processes.

Despite a lot of active research on DEMs, not much work has been done utilizing
the freely available satellite-derived DEMs captured in the past decades for
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topographical elevation change detection. This lack of research results may be due to
the complexity involved in the process of DEM coregistration and the desirable sig-
nal-to-noise values. The availability of open-source DEMs with global coverage, along
with Taiwan-specific photogrammetry DEMs and airborne LiDAR DEMs spanning
different time periods, gives a unique opportunity for conducting geomorphological
change detection in terms of sediment volume alterations over three decades.
Although these datasets contain potential errors, the erosion signals analyzed in our
study outweigh this noise in the selected study area. The substantial time gap between
the DEMs forms a robust basis for accumulating erosional signals, particularly notable
due to the occurrence of numerous extreme events during these intervals. Using reliable
coregistration methods for DEMs, we may harness the meaningful erosional signals due
to changes in the topography in the time lapse of different DEMs capture time.

2. Study area

Our specific emphasis is on the Zhoukou River (Figure 1), which serves as a major
tributary of the Laonong River. Based on information derived from the 20-m LiDAR
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Figure 1. Geologic map and geographic location of the study area: (top left) Orthoimage of
Taiwan, blue box showing the location of the study area; (right) Map of Zhoukou River Basin, red
polygon marks the catchment boundary. The Zhoukou River mainly drains over Pilushan and
Chaochou formations, and it serves as a major tributary of the Laonong River. Associated litho-
logical units over which the river flows are shown along with gauge (black diamond marker) and
rainfall station (yellow diamond), and all the major mountain peaks in and around the Zhoukou
River Basin are indicated. Multiple residential villages (brown dots) are also located downstream in
the study area.
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DEM, the Zhoukou River Basin drains nearly 27% of the Laonung watershed. It cov-
ers an area of 375km” and the trunk channel stretches for a total length of 32km.
The Zhoukou River Basin elevation ranges from 133 to 3290 meters and has an aver-
age slope of 36°. Its course predominantly over two major lithological formations,
namely, the Pilushan Formation, which consists of phyllite, slate, and layers of quartz-
itic sandstone, and the Chaochou Formation, which includes slate, sandstone, argillite,
and phyllite. The Zhoukou River Basin has been selected as our study site due to its
active erosion, featuring ongoing and historical landslides as the primary mechanisms
of erosion in the area. Over the past 31years (1990-2020), annual rainfall in the
Zhoukou River Basin ranged from 1706 mm to 5797 mm, averaging 3154.45mm
annually (data sourced from rainfall monitoring stations number 01P260, O1V55
maintained by WRA, Taiwan). The basin experiences a tropical to subtropical mon-
soon climate (Hsieh and Chyi 2010), with the majority of rainfall occurring from
May to September due to typhoons that bring heavy rainfall in southern Taiwan (Wu
and Kuo 1999).

The dynamic evolution of the Zhoukou basin, particularly in response to historical
extreme rainfall events, is shown in Figure 2 through a series of satellite images for
the period 1990 to 2020, sourced from Google Earth historical images. Additionally,
we conducted bare land proportion analysis to show the basin’s dynamic nature over
time (Figure 3). The basin is susceptible to frequent landslides and debris flows, trig-
gered mainly by heavy rainfall associated with typhoons, resulting in the exposure of
hill slopes as bare land devoid of vegetation cover (Chen et al. 2015). As a result, the
majority of bare land areas are primarily a consequence of natural occurrences like
landslides rather than being caused by human activities. Human development activ-
ities are very limited in the study area (Chang et al. 2015), minimizing factors such
as deforestation, urbanization, and improper land management practices that could
exacerbate erosion. Furthermore, human-occupied settlements constitute a very small
fraction (less than 1%) downstream of the study area, as evidenced by the recent
ESRI LULC (Land use/Land cover) 10-meter resolution map reinforcing that observed
erosion is primarily driven by natural processes. Moreover, the Zhoukou River is
well-equipped with hydrological gauge stations that record suspended sediment load
(Figure 4, lower panel). This enables a comparison between erosion rates calculated
from DoD and the erosion rate derived from suspended sediment loads in the river.
By investigating erosion rates through this independent approach, we offer new volu-
metric change estimates at decadal-scale for understanding erosional and sediment
transport processes in Taiwan’s active mountainous landscapes.

3. Documented erosion rates in Taiwan

Erosion rates in Taiwan have garnered significant scientific attention due to its
unique geological setting and intense rainfall events (Dadson et al. 2003; Willett et al.
2003). They have long been the subject of intriguing research, investigated across
various temporal scales using established methodologies (Fuller et al. 2003; Siame
et al. 2011). By examining erosion rates over different time spans, studies have aimed
to gain insights into the complex interplay between natural forces like tectonics and
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Figure 2. Google Earth historical images of the Zhoukou River Basin (1990-2020). The different pan-
els in the figure display a series of historical satellite images sourced from Google Earth, illustrating
the evolution of the Zhoukou River Basin following extreme rainfall occurrences between 1990 and
2020. The red triangles shown in the middle timeline mark the timing of these extreme events.
Panels marked as a, b, ¢, and d (highlighted with blue dots on the timeline) depict the Zhoukou River
Basin before and after the extreme events. It's noteworthy that no extreme events were recorded
between 2010 and 2020. Notably, during this latter decade, there appears to be a visible trend of
vegetation recovery within the basin, indicating a potential rejuvenation of vegetation cover.

climate in Taiwan (Dadson et al. 2003; Chen et al. 2020). For simplicity, we can clas-
sify the time scale of these studies into short-term (a few decades), intermediate-term
(a few hundred to thousands of years), and long-term (several millions of years) and
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Figure 3. Bare land proportion of the Zhoukou River Basin after the extreme events. Bare land
area was analyzed using Landsat imagery acquired from Landsat 5, Landsat 8, and the recently
launched Landsat 9 satellites. Bare land area increased to 2.35 percent after the major extreme
events in July 2004 and July 2005. The most extreme event in 2009, i.e. typhoon Morakot,
increased the bare land proportion to 4.85 percent. After that, no significant extreme events have
happened in the last decade. The bare land proportion as of the year 2020 was 3.38 percent,
which indicated that vegetation cover had been restored considerably. However, the vegetation
cover of the basin is still lower than pre-Morakot time, which suggests that vegetation recovery
from the large-scale and deep-seated landslides can be difficult.

thereafter present a short summary of the available erosion rates at various
timescales.

Short-term erosion rates (10°-10” yrs): Suspended load data from the gauge sta-
tions has been typically used to estimate catchment-scale, short-term erosion rates. Li
(1976) estimated an average erosion rate of 5.5 mm/yr using suspended load data
from gauge stations in the Central Range. Fuller et al. (2003) employed a combin-
ation of deterministic and stochastic hydrological modeling, estimating erosion rates
between 2.2 and 8.3 mm/yr in the Eastern Central Range. Dadson et al. (2003) used
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Figure 4. (a) The upper panel illustrates the daily rainfall data recorded by the Dona (01P260 &
01V55) rainfall monitoring station from 1990 to 2020, with major typhoon-induced rainfall events
in the study area indicated. (b) The lower panel depicts the suspended load data time series of the
Zhoukou basin compiled from three stations: 1730H041, 1730H054, and 1730H069. Suspended load
data were sampled bi-weekly on average, amounting to a total of 643 data points for the period
1990-2020. The black dashed polygon indicates the time, resolution, and source of DEM used in
the study area.

30years of suspended load data from multiple hydrological stations across Taiwan
and suggested a mean erosion rate of 5.2 mm/yr for the entire island (assuming a
bedload proportion of 30%). Their decadal-scale erosion rate calculations revealed
spatial variations with higher erosion rates in eastern central and southwest Taiwan,
with a maximum value of 60 mm/yr in southwest Taiwan, near active thrust faults of
the western foothill thrust belt. In contrast, lower values ranging from 1-4 mm/yr
were observed in north and west Taiwan. Li et al. (2005) re-evaluated hydrological
gauge station data for Kaoping River, yielding lower suspended load values than that
of previous studies (Li 1976), highlighting potential bias in data collection, emphasiz-
ing the importance of large time series datasets to reduce uncertainty and account for
temporal variations.

Intermediate-term erosion Rates (10°-10> yrs): Studies based on in situ-produced
cosmogenic '’Be in river-borne quartz minerals provide intermediate-term erosion
rates over several hundreds to thousands of years of timescale. Siame et al. (2011)
measured '’Be cosmogenic nuclide in quartz minerals from the Lanyang River in
Northeast Taiwan, estimating an erosion rate of 2+1mm/yr. Derrieux et al. (2014)
quantified denudation rates at the orogeny scale across the entire Taiwan island,
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ranging from 1-5mm/yr, based on in-situ '’Be concentration. Fellin et al. (2017)
derived erosion rates from cosmogenic nuclide concentration and detrital fission track
ages in rivers of eastern Taiwan, revealing variations from less than 1 mm/yr in
southern Taiwan to over 4mm/yr in central Taiwan. Deng et al. (2020) used the
19Be(meteoric)/’Be system to derive denudation rates in the Zhoushui River Basin
located in central Taiwan and found the rates to be between 1 and 8 mm/yr across
different parts of the basin. In another study, Deng et al. (2021) examined denudation
rates in the Liwu Basin in northeastern Taiwan and found the rates to be highly vari-
able and range from ~3 to >30 mm/yr.

Long-term erosion rates (>10° yrs): Long-term erosion rates spanning millions of
years timescales have been studied extensively in Taiwan using low-temperature ther-
mochronometry. Liu (1982; Liu et al. 2000, 2001) determined a long-term erosion
rate in the entire central range to be in the range of 2.5-4.6 mm/yr. Dadson et al.
(2003) proposed long-term erosion rates ranging from 1 to 10 mm/yr for the entire
island and 3-6 mm/yr for the Central Range using fission track data and a thermo-
mechanical model. Willett et al. (2003) applied a similar methodology to the Eastern
Central Range, determining long-term erosion rates in the range of 4-6 mm/yr. Fuller
et al. (2006) and Simoes et al. (2007) incorporated data from low-temperature ther-
mochronology and applied two-dimensional thermo-kinematic and thermo-mechan-
ical models to re-evaluate long-term erosion rates, spanning from 2.3 mm/year to
3.2 mm/year.

4. Materials and methods

The DoD method used in the study, as the name suggests, involves the utilization of
multi-temporal DEMs to estimate the cell-by-cell change in elevation between the
DEMs. This approach provides insights into the volumetric change and erosion rate
occurring between the two topographic surveys. However, a crucial challenge associ-
ated with employing the DoD method revolves around addressing the uncertainties
inherent in the DEM datasets. One of the primary considerations in using the DoD
method is ensuring that the desired elevation change signal surpasses the noise inher-
ent in the datasets (Wheaton et al. 2010). The noise associated with DEM can be
from multiple potential sources either during acquisition or during processing of the
datasets, all of which get propagated into the DoD maps while using this method.
Noise associated with the older elevation datasets, such as the photogrammetry-based
DEM used in this study, may be unknown. Few studies have used DEM derived from
similar technology (SAR Interferometry) to quantify decadal change in topography
(Purinton and Bookhagen 2018). Using DEMs acquired from different techniques for
detecting decadal change in topography can be challenging (Hsieh et al. 2016).

Given the geomorphological setting of Taiwan, having one of the highest erosion
rates in the world provides us an excellent opportunity to use this method. By focus-
ing on a decadal scale, we aim to capitalize on the accumulation of a substantial ero-
sional signal, thereby enhancing the clarity and robustness of our findings. The
decadal timescale provides ample time for the discernment of significant geomorpho-
logical changes, amplifying the clarity and depth of our erosion rate analysis. In
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situations where the magnitude of geomorphic change is substantial and surpasses
the noise associated with the surveys or datasets, the DoD method indeed becomes a
reliable tool. The high erosion rates in Taiwan provide a favorable environment for
this method to excel. The distinctive nature of geomorphic changes in Taiwan ensures
a favorable signal-to-noise ratio, thereby enhancing the accuracy of erosion rate calcu-
lations. Steps taken to derive accurate erosion rates using the DoD method are
explained in the following sections and Figure 5.

4.1. DEM preparation, horizontal alignment, and uncorrected DoD calculation

For this study, we acquired three DEMs from various sources, as outlined in Table 1.
All acquired DEMs were projected onto the same coordinate system (TWD97 system
[EPSG:3826]). To delineate catchments, several steps were undertaken, including fill-
ing sinks in the terrain, determining the flow direction, and analyzing flow accumula-
tion. Spatially alignment of DEMs was done in order to minimize the horizontal
errors between the two DEMs so that we can only focus on elevation differences
between the datasets. The recent LIDAR DEM was used as reference DEM for geore-
ferencing, as it has the finest spatial resolution among all the datasets used. Control
points were taken outside the catchment. Distinct features were used as control points
to horizontally align the DEMs, such as road intersections and bridge intersections
were available. After horizontal alignment of DEMs, uncorrected DoD were calculated
by differencing the ALOS 3D DEM and TWPDEM respectively from LiDAR DEM.
Further details of DEMs used in the study are mentioned below:

1. TWPDEM (Aerial photogrammetry-based Taiwan DEM) — The most commonly
used DEM in the past for the whole island was made by aerial photographs by
aerial survey office in Taiwan with a horizontal resolution of 40m. The aerial
photographs used for making DEM spans from the late 1980s to 1990. So, we
used the latest year as the DEM production year. The vertical accuracy of
TWPDEM is between 1-4 m depending on the terrain types, such as flat or
mountainous areas (Chen et al. 2005).

2. ALOS 3D DEM - The ALOS World 3D DEM was first released in May 2016
with global coverage and is freely available in 30m horizontal resolution for pub-
lic use. ALOS 3D DEM is produced based on its 5m commercial product, ‘World
3D Topographic Data’, which is considered to have the most vertical accuracy
among all global DEM datasets (Uuemaa et al. 2020). The high precision of the
ALOS 3D DEM dataset among all other global datasets has been attributed to its
original 5m spatial resolution, which is then resampled to 30m resolution to cre-
ate the ALOS 3D DEM dataset. It is a product of the optical sensor called
PRISM (Panchromatic Remote-sensing Instrument for Stereo Mapping), which
was equipped within the ALOS satellite and operated by the Japan Aerospace
Exploration Agency (JAXA). For this study, we used the freely available 30m
resolution DEM.

3. LiDAR DEM - This dataset was produced using an airborne LiDAR survey and
is available in 20m horizontal resolution. This 20m LiDAR DEM possesses a
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Figure 5. Workflow of the study illustrating the processing steps applied to various multitemporal
DEMs (Digital Elevation Models). A novel approach utilizing Fourier transformation of DEMs has
been implemented for vertical referencing, a crucial step in calculating denudation rates for the
study area. The methodology involves using DEMs of Difference (DoD) to analyze the topographical
changes over time.

vertical accuracy of a few decimeters and is the most accurate dataset among all
DEMs used in this study. This DEM is maintained by Taiwan’s Ministry of the
Interior (Mol) and is accessed from their open data repository (data.gov.tw).
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Table 1. DEM datasets used in the study.

Data Native Horizontal,
collection cell vertical Vertical

Dataset period size(m) datums accuracy Creation method Source

TWPDEM 1990 40  TWD67, TWVD79 1-4 m (Chen et al.  Aerial Aerial survey
2005, 2006; photogrammetry office, Taiwan
Chan et al. 2007)

ALOS 3D 2006-2011 30 WGS84, EGM96 < 5m (Tadono Satellite Public, JAXA

DEM et al. 2016; photogrammetry

JAXA 2015)

LiDAR DEM 2020 20  TWD97, TWVD2001 < 1m (Mol Taiwan) Airborne LiDAR Public, Mol Taiwan

4.2. DEM vertical referencing

In DoD analysis, achieving alignment between datasets is pivotal when comparing
them for topographical change detection. However, discrepancies often arise due to
multiple factors such as georeferencing inconsistencies, unknown coordinate system
transformations, vertical datum variations, or distortions induced during instrument
usage or DEM creation (Day and Muller, 1988). To address these discrepancies, sev-
eral coregistration methods have been developed, each with its own set of strengths
and limitations (Besl and McKay 1992; Nuth and Kaab 2011). The Nuth and Kaab
(2011) approach primarily focuses on iterative translation and vertical shift estima-
tions. It resolves discrepancies between DEMs by iteratively solving a cosine equation
to determine the most likely offset direction and applying horizontal shifts accord-
ingly. Another method, the tilt correction (Javernick et al. 2014; Girod et al. 2017),
rectifies first-order polynomial errors between the reference and target DEMs. This
method is particularly useful for correcting small rotations or nonlinear errors in
datasets; it operates on a 2D plane and emphasizes vertical correction. The Iterative
Closest Point (ICP) method, based on Besl and McKay (1992), corrects rigid trans-
forms involving translation and rotation by iteratively aligning the data with the ref-
erence. In this context, our study introduces a novel method for vertical
coregistration or referencing of DEMs to account for the vertical bias arising from
different vertical datums of DEM datasets or any other systematic errors present in
the DEM. We devised a novel approach, which uses Fourier transformation to change
the spatial data, i.e. DEM, into the frequency domain. The frequency domain analysis
of DEM helps in understanding the amplitude and periodicity of the topographical
features. The underlying principle guiding our correction method is the distinct
behavior of low-frequency and high-frequency components in DEMs. Low-frequency
components capture long-wavelength variations within the terrain, typically associated
with large-scale geological features and tectonic processes that evolve gradually over
extended periods. The long wavelength topography of the DEMs, which was acquired
within a 30-year temporal gap, ideally should remain the same. Any difference in the
low-frequency component of these DEMs is representative of the vertical bias present
in the DEM. High-frequency components, on the other hand, are susceptible to
short-term changes, such as landslides, slope failures, and high-frequency noise. Our
approach for vertical referencing of DEMs focuses on retaining low-frequency
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components and correcting vertical errors associated with these low-frequency
components.

To achieve this, we harnessed the power of spectral analysis. This entailed convert-
ing the DEMs into the frequency domain using Fourier transformation. The 2D
Discrete Fourier Transform (DFT) formula (followed from Perron et al. 2008; Booth
et al. 2009; Purinton and Bookhagen 2017) used for this process involves the trans-
formation of a square matrix of elevation values, denoted as z(x,y), with N.XN,
measurements spaced evenly by Ax and Ay:

kx,k Z ZN -1 mAx, }’lAy)* ¢ 27u<kx* +kysit ) 1)

Here, k. and k, represent wave numbers, while m and n serve as indices of z. This
2D DFT outputs an array showcasing the amplitudes of frequency components across
both the x and y axes. The two orthogonal frequency components can be calculated
from wavenumbers as:

k,
fe :NxAx’ =

()

y
Ay

Every element in Z(kyk,) grid can be represented by a specific frequency called
radial frequency which is /f? + f} and a wavelength given by:

R S 3)

(5}

From the 2D DFT array, the power spectrum is computed using the DFT periodo-
gram:

Porr[(ke k)] = ‘z koky)| o)

N2

The Pppr array is a measure of the variance of z, denoted in units of amplitude
squared (square meters). A one-dimensional power spectrum was generated by plot-
ting this mean-squared amplitude against radial frequency (following methods from
Perron et al. 2008; Booth et al. 2009; Purinton and Bookhagen 2017). Spectral power
in topographical data usually diminishes with increasing frequency (Figure 6(b)). The
data have been normalized by dividing it by the background spectrum (depicted by
the black line in Figure 6(b), top) which highlights any variations or high-power
peaks across the wavelengths (after Purinton and Bookhagen 2017). The power spec-
tra of the DEMs provided critical insights into the distribution of topographic ampli-
tudes across different wavelengths. We identified a wavelength threshold from the
normalized power spectrum beyond which the short wavelength topography related
to landslides, slope failures, and small-scale features were filtered out using a
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Figure 6. Explanation of the proposed methods used for digital elevation model (DEM) filtering.
Fourier transformations, spectral analyses, and low-pass filters are techniques used to remove verti-
cal bias from the DEMs in order to vertically align the DEMs. This procedure separates the high-fre-
quency components of DEM related to slope failures and landslides. Top: (a) DEM clip used for
spectral analysis in the study area. (b) Non-normalized 1D power spectrum of topographic ampli-
tudes across different wavelengths. Bottom: (c) Distribution of power across wavelengths (i.e. the
inverse of radial frequencies) normalized by the background spectrum. The black line that repre-
sents the 99.99 percentile power envelope helps us in identifying the topographic wavelengths
that have high power in the DEM. Fourier transformation methods have been adapted based on
the works of Perron et al. (2008), Booth et al. (2009), and Purinton and Bookhagen (2017).
(d) Gaussian low-pass filter that removes all wavelengths (L) < 600 m and tapers to 700 m.

Gaussian low-pass filter. The low-pass filtered frequency components in the power
spectra underwent inverse Fourier transformation to convert them back into the
spatial domain. The low pass filtered DEMs now in spatial domain representing topo-
graphical features with wavelength >600m lacks high-frequency disturbances and
noise. These low passes filtered DEMs representing long wavelength topography
ideally should remain same of all DEMs. The difference between these low-pass fil-
tered DEMs are vertical bias present within the DEMs. LiDAR DEM is used as the
reference DEM, given its higher vertical accuracy and RMSE of a few decimeters. So,
the difference in low pass filtered DEM of TWPDEM and ALOS 3D DEM with low
pass filtered DEM of LiDAR has been used to correct the respective original DoD.

In our study, we set a wavelength threshold of >600m for several reasons. One
significant factor is the consideration of smaller-scale features. Wavelengths less than
600m correspond to smaller-scale features and disturbances that are susceptible to
short-term changes. By excluding these shorter wavelengths, we focused on retaining
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Figure 7. Normalized one-dimensional power spectra envelope for different DEMs used in the
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identify the dominant wavelength and isolate the low frequency (high wavelength) components of
the DEMs. One-dimensional spectral analysis allowed us to identify the prominent topographic
wavelengths present in the study area, which was a crucial step in separating high-frequency and
low-frequency components.

long wavelength components signifying long-term, large-scale variations in the ter-
rain. Another important step in deciding wavelength threshold is spectral analysis of
DEMs which indicates temporal consistency in long wavelength region. The examin-
ation of three temporal DEMs revealed a similar pattern of power envelope in the
large wavelength region, extending up to approximately 600m (refer to Figure 7).
This indicates that topographic features with wavelengths greater than 600 m
remained largely unchanged over the 30-year period. This temporal consistency of
the power spectrum in the long wavelength region facilitated us to determine a
threshold to separate the long and short wavelength topography in the study area. It
is noteworthy that landslides in the study area typically exhibit wavelength scales of
less than 500 m. Hence, by setting the threshold at 600 m, we effectively filtered out
features associated with these short-wavelength disturbances.

4.3. Area of interest mask and denudation rate calculation

For quantifying change in topography from two DEMs, vegetation masks were cre-
ated to identify changes in bare earth surface area and the regions that transitioned
from vegetation to bare earth. This approach aimed to exclude areas that were con-
sistently vegetated in both DEMs, effectively eliminating potential errors associated
with DEMs containing vegetation height data. The presence of tree height within the



16 (&) G. KUMAR ET AL.

DEM can lead to uncertainty in estimation of erosion rates when using the DoD
approach, if the DEM doesn’t solely represent bare earth surfaces.

To pinpoint areas potentially experiencing active erosion, our focus is on recogniz-
ing alterations from vegetative to non-vegetative pixels between the two DEMs. The
presence of non-vegetative pixels in both DEMs also signifies zones where active ero-
sion might occur. To achieve this area of interest, ensuring focusing on pixels only
indicative of potential erosion, creating a vegetation mask for the latter DEM is cru-
cial. This approach allows us to isolate and analyze areas devoid of vegetation cover,
enabling a precise estimation of regions experiencing potential active erosion within
the defined study area. After analyzing our area of interest, it is appropriate to utilize
a mask based on vegetative pixels for the latter year in the epoch, i.e. if we are detect-
ing change between 1990 and 2020 DEM, a mask was generated for the 2020 DEM.
This approach proved effective in preserving all vegetative pixels from the former
period that underwent a transition to non-vegetative pixels in the latter period.
Additionally, it retained all pixels that remained non-vegetative in both periods. By
retaining the pixels showing potential areas of active erosion, we can successfully
ignore the uncertainties associated from areas with dense vegetation. The mask layer
for 2020 was created through the reclassification of land use and land cover data
from the European Space Agency’s Sentinel-2 satellite imagery with a 10m
resolution.

The corrected DoD values were masked out for the defined area of interest. This
was achieved by multiplying the mask layer prepared from 2020 DEM (with vegeta-
tion pixels assigned 0 and non-vegetative pixels assigned 1) with the corrected DoD
layer. The resulting DoD values were further categorized into deposited areas (blue)
and eroded (red), as shown in Figure 8. Sediment volume was calculated by multiply-
ing the change in elevation with pixel area. Transported volume out of the system
was determined by the difference between eroded and deposited volumes, represented
by Equation (5).

V= V-V = A(Zil AZ,) (5)

where V, transported volume, V, is eroded volume (volume of all the negative pixels),
V4 is deposited volume (volume of all the positive pixels), N is the total number of
pixels with positive and negative elevation change, A is the area of a single pixel, and
AZ; is the elevation change of the ith pixel. Transported volume was then converted
into denudation rate in mm/yr by the formula:

dz_ V.
dt  A,AT

(6)

where V; is Transported volume, A; is area of catchment and AT is the number of
years between the two DEMs.
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Figure 8. DEMs of Difference (DoD) Maps of the Zhoukou River Basin. Top panel shows the
zoomed elevation difference map of area near the Maolin village within the Zhoukou River Basin
for the period 1990-2020. This detailed view highlights sediment aggradation patterns in the main
channel over the last three decades. The presence of multiple landslides in the catchment is dis-
cernible, showcasing signals of erosion in landslide scar areas and deposition in landslide toe areas.
Bottom panel: (a) lllustration of the DoD map spanning 1990 to 2020, displaying the overall eleva-
tion changes and spatial distribution of sediment deposition (in blue, representing landslide toe
and river deposition) and sediment erosion (in red, representing landslide scars and river bank ero-
sion). (b) DoD map between the year 2011 and 2020, showing recent changes in elevation and
sediment volume within the basin. Notably, the erosional and depositional signals appear less pro-
nounced compared to the DoD map spanning 1990-2020, which is attributed to the absence of
extreme events in recent times.
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4.4. Calculation of denudation rates based on suspended sediment load

The Water Resources Agency (WRA) in Taiwan has set up more than 250 hydromet-
ric stations. These stations are equipped to measure the water discharge (Qw) on a
daily basis, with more frequent measurements during typhoon or rainstorm events.
To quantify the amount of suspended sediment in the rivers of Taiwan, the WRA
collects water samples on an average of two to three times per month, with varying
time intervals. To gather these samples, they utilize a DH-48 depth integrating sus-
pended sediment sampler at each gauge station. The collected river water samples
undergo a series of steps. First, they are filtered, and then they are subjected to a dry-
ing process followed by weighing. The concentration of suspended sediment in each
sample is measured in parts per million (ppm). To calculate the suspended sediment
discharge (Qs), the corresponding water discharge (Qw) is multiplied by a factor,
sediment concentration (C). We estimated the erosion rates in the Zhoukou basin
through two distinct methods. The first method involved the direct computation of
erosion rates using mean suspended sediment load derived from suspended load
records. The second method employed for determining erosion rates involved the
application of rating curves derived from paired records of suspended sediment dis-
charge and water discharge obtained from gauge stations.

4.4.1. Erosion rates based on the mean suspended sediment load

Utilizing data provided by the WRA, we accessed suspended sediment load records
for the Zhoukou basin’s hydrometric stations. The mean suspended sediment dis-
charge for the river was calculated by averaging recorded suspended sediment load
values over varying observation periods. These periods ranged from a minimum of
123 observations (spanning 2006-2010) to a maximum of 266 observations (spanning
2011-2020). For these different monitoring periods, we converted the mean sus-
pended load per day (mass/day) into sediment transport rates per year (volume/year),
assuming an average rock density of 2.75g/cm®. Normalizing the sediment transport
rates by the basin area upstream from the respective gauging stations (as outlined in
Table 2) facilitated the determination of catchment-averaged erosion rates. We ana-
lyzed erosion rates derived from the suspended load data obtained from three hydro-
metric stations located downstream near the mouth of the Zhoukou River (Figure 1).

4.4.2. Erosion rates based on the rating curve method

Determining the sediment discharge of a river becomes simpler when both Q,, (water
discharge) and C (sediment concentration) are consistently measured at closely timed
intervals. Nevertheless, due to the infrequent measurement of C, continuous records are
often lacking. As a result, alternative approaches like sediment rating curves (Kao et al.
2005a) need to be employed. Based on the simple relationship between sediment concen-
tration and water discharge, Fleming (1975) recommended a power law relationship:

C=aQ (7)

where Qyy represents water discharge, typically measured in m*/s, while a and b are
empirical constants. If the suspended concentration (C) is known from a gauge
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station, the suspended sediment discharge, Q; (in metric tons per day), can be calcu-
lated as:

Qs = kCQw (8)

where k is a conversion factor, reliant on the chosen units (0.0864 with the specified
units). By using measurements of C and applying Equations (7) and (8), it becomes
straightforward to quantify sediments as a function of water discharge:

Qscale = Avawith A= kaand B = b +1 (9)

We analyzed the erosion rate from the suspended load data from three hydromet-
ric stations present downstream near the mouth of Zhoukou River. Using Equation
(9) as proposed by Li et al. (2005), we calculated the parameters A and B, from the
linear regression based on all available couples of data Qw and Qs. Thereafter, the
same power law Equation (9) is applied to an entire set of daily water discharge data
to evaluate the total suspended load per day. Suspended load discharge was then con-
verted to transported volume by assuming a density of 2.75g/cm” The transported
volume was normalized by the drainage area upstream, and then the erosion rate was
calculated. Comparing the erosion rates obtained through the mean sediment dis-
charge method with those determined via the rating curve method allows for an
evaluation of the efficacy and accuracy of these approaches.

5. Results

In this section, we present the results of utilizing spectral analysis techniques to
improve the vertical referencing accuracy of DEMs and thereafter calculate sediment
volumes and erosion rates through the corrected DoD map. Additionally, we present
the erosion rates obtained from gauge stations based on mean suspended sediment
discharge and rating curve method.

5.1. Spectral analysis for vertical referencing of DEMs

The power spectra of the DEM datasets help to identify wavelength threshold for pre-
serving long wavelength topography. The low-frequency components were used to
correct the vertical bias associated with different DEMs. The power spectra for differ-
ent DEM also showed dominant long wavelength peaks at ~ 11, 4.8, 3.6, and 1.5km
(Figure 7). We used a threshold of 600 m to remove all the wavelength associated
with small-scale features, slope failures, and landslides. Reasons for choosing the
threshold for retaining the long wavelength topography of DEMs have been discussed
in Section 3.2 and Figure 7. In the power spectra analysis of the ALOS 3D DEM plot-
ted against frequency, notable high-frequency peaks were observed at 2-8 pixels (60—
240 m wavelength steps). Similar high-frequency spikes were previously identified in
the power spectra of the 5m AW3D5 DEM by Purinton and Bookhagen (2017).
Given that the freely available 30 m ALOS DEM is derived from the downsampling of
this AW3D5 DEM, it is plausible that these high-frequency and low-wavelength peaks
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Table 3. Estimation of denudation rate and sediment transport rate from rating curve at three
hydrological stations of the Zhoukou River Basin (H041, HO54, and H069). Sediment rating curve
(regression analysis diagrams) are in Figure 8.

Number of Mean Sediment
Gauge daily Mean water  suspended transport Denudation
station Drainage Years in discharge discharge load rate rate
number area (km?) record data (Qw)  (CMS/day)  (10° kg/day)  (Mm3/yr) (mm/yr)*
1730H041 375.08 16 (1990-2005) 4340 43.92 2384.80 0.45 1.2
1730H054 373.50 5 (2006-10) 1467 34.88 7568.45 1.44 3.85
1730H069 374 10 (2011-20) 2628 5237 2575.83 0.49 1.31

*Denudation rate of basin based upon suspended load only (without bedload consideration).

represent the noise introduced during optical DEM generation through stereogram-
metry, as suggested by Purinton and Bookhagen (2017). The low-frequency compo-
nents identified in the spectral analysis of DEMs were retained through a low-pass
Gaussian filter and utilized for generating long-wavelength topography via inverse
Fourier transformation. We then derived the difference between these low-pass fil-
tered DEMs. The difference serves as the vertical bias raster and is employed for ver-
tical referencing of the DEMs in order to obtain a corrected DoD map.

5.2. Erosion rates derived from gauge stations based on the mean suspended
sediment discharge

The erosion rates determined from two methods at gauge stations are presented in
Tables 2 and 3. Erosion rates, derived from mean sediment discharge, range from
1.64 to 12.60 mm/yr. Notably, the erosion rate during the latest decade (2011-2020)
is 1.64 mm/yr, representing the lowest value among all monitored periods. This lower
rate can be attributed to a reduced occurrence of extreme events during this time-
frame compared to other periods. Conversely, the highest erosion rate observed was
12.60 mm/yr for the 2006-2010 period. Overall, for the three-decade period, the mean
erosion rate from suspended sediment (considering 30% bedload) is calculated to be
6.54 mm/yr. The variation of erosion rates across different time periods highlights the
impact of extreme events on sediment discharge rate.

5.3. Erosion rates derived from gauge stations based on the rating curve
method

Erosion rates obtained from the rating curve method of different periods are lower
than those estimated from the mean sediment discharge method. Erosion rates for
the different periods from 1994-2020 range from 1.2 to 3.85mm/yr from the rating
curve method. In this calculation, bedload is not considered; if we consider the bed-
load to be 30% (Dadson et al. 2003), the erosion rate will be in the range of 1.71-
5.5mm/yr. However, when utilizing water discharge data to calculate the erosion rate,
we found significant temporal gaps in the water flux record (see Figure 9, lower
panel). Some gaps coincide with periods during and just after extreme events, indicat-
ing the absence of crucial high-water flow data. A single extreme event, such as a
typhoon, can account for more than 75% of the total sediment flux from these small-
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Figure 9. Top panel: Regression analysis of suspended sediment discharge (Qs) versus water dis-
charge (Quw) from three gauge stations in the Zhoukou River Basin. The station name and data
period are indicated. Post-Morakot rating curve from the year 2011-2020 shows an increase in
coefficient A and decrease in exponent b (refer to Equation (9) in the text), consistent with Huang
and Montgomery’s findings (2013). Bottom panel: River discharge time series from 1990 to 2020.
Grey blocks represent missing data in the daily water discharge record. Color in the time series of
water discharge represents data from different gauge stations. Mean water discharge for respective
stations in the given time periods are indicated. The location of the gauge station in the study
area is shown in Figure 1.

mountainous rivers annually (Kao et al. 2005a; Kao and Milliman 2008).
Consequently, the temporal gaps in water discharge records following these extreme
events may introduce uncertainty and lead to underestimating the erosion rate.

Fuller et al. (2003) suggested that erosion rates derived from rating curve methods
become more reliable when the number of sediment observations exceeds 550 and
the water discharge record length is greater than 6000. Erosion rates calculated from
the mean sediment discharge method are more effective when rivers lack the afore-
mentioned criteria. In our case, separate rating curves were computed for individual
stations, each with a distinct monitoring period. However, all stations in the catch-
ment have sediment observations fewer than 550. Given the limited number of sedi-
ment observations at each monitoring gauge station and the significant gaps in the
water discharge record, we consider the erosion rate estimated from the mean sus-
pended load to be closer to the true representation of the erosion rate in the basin,
compared to the erosion rates estimated from the rating curve method.

5.4. Estimation of sediment volumes from the corrected DoD map

Using the corrected DoD map, the total erosional and depositional area has been cal-
culated by counting the number of pixels showing negative and positive elevation dif-
ferences and then multiplying the pixel counts with pixel area. Total erosional and
depositional volume has been calculated by summation of the product of all the
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Figure 10. (Top) The histogram depicting the relationship between elevation differences and the
corresponding affected area and volume across various periods. It shows the distribution of how
much areas and volumes are impacted, corresponding to elevation differences. (Bottom) Total ero-
sional, depositional, and mobilized volumes of different periods have been calculated and plotted
along with the total erosional and depositional area.

negative and positive pixels with the corresponding elevation difference. Total mobi-
lized volume has been calculated by the difference between total erosional volume
and depositional volume. Usually, in the fluvial environment, erosional volume is
more than depositional volume in the system. The mobilized volume has been nor-
malized by area and time gap to get the denudation rate per year. As shown in
Figure 10, the total volume of mobilized sediments as per the corrected DoD map for
the period 1990-2020 is 164.93 x 10° m>. The total mobilized volume for the period
2011-2020 is 39.22 x 10° m>. Compared to this, the uncorrected DoD gives a total
mobilization volume of 458.59 x 10° m’ for 1990-2020 and a volume of 281.02 x 10°
m® for 2011-2020. The uncorrected DoD gives an overestimation of 178% and 616%
respectively for the transported volume (Table 4). The erosional and depositional area
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Table 4. Estimation of erosional, depositional and transported volumes from the corrected and
uncorrected DoD.

Erosional Depositional Transported
Period Method volume (m3) volume (m3) volume (m3)
1990-2020 Uncorrected DoD 577.41 x 10° 118.82 x 10° 458.59 % 10°
Corrected DoD 252.34 x 10° 87.41 x 10° 164.93 x 10°

Deviation before correction* 129 % 3593 % 178 %
2011-2020 Uncorrected DoD 345.66 x 10° 64.64 x 10° 281.02 x 10°
Corrected DoD 136.62 x 10° 97.40 x 10° 39.22 x 10°

Deviation before correction*® 153 % —33.63 % 616 %

*Deviation before correction = ([Uncorrected DoD - Corrected DoD]/ Corrected DoD) *100 %.

Table 5. Estimation of erosional and depositional area from the corrected and uncorrected DoD.

Period Method Erosional area (m?) Depositional area (m?)
1990-2020 Uncorrected DoD 20.29 x 10° 8.23 x 10°
Corrected DoD 1873 x 10° 9.78 x 10°
Deviation before correction*® 1 % -15.84 %
2011-2020 Uncorrected DoD 20.12 x 10° 8.39 x 10°
Corrected 15.24 x 10° 13.28 x 10°
Deviation before correction™® 32.02 % —36.82 %
*Deviation before correction = ([Uncorrected DoD - Corrected DoD]/ Corrected DoD) *100 %.

for both the periods for the corrected and uncorrected DoD has been summarized in
Table 4. As noted in Table 5, the uncorrected DoD tends to overestimate the
erosional area and underestimate the depositional area, which is why overall
overestimates the transported volume.

The total erosional volume in the Zhoukou River Basin for the period 1990-2020
is 252.34 x 10° m’, and the total depositional volume for the same period is
87.41 x 10° m?, which signifies that not much of the sediment displaced from the
hillslopes has been washed away from the catchment. A considerable amount of sedi-
ment is deposited as the newly formed alluvial fan, and a substantial amount is
aggrading the main channel of the catchment (as seen in Figure 8, upper panel).
Aggradation of up to 30 m was noticed in main channel of the Zhoukou River Basin.
Using the uncorrected DoD technique to estimate the mobilized volume would lead
to overestimation (Table 4). Applying the proposed method for DoD correction helps
us to reduce the overestimation of volume by minimizing the vertical bias present
within the DEMs.

6. Discussion
6.1. Accuracy assessment of corrected DoD dfter vertical referencing

In the context of coregistration approaches, a fundamental premise lies in the
assumption that certain aspects of the depicted terrain remain unchanged between
the reference and the DEM intended for alignment. This underlying stability within
the terrain can be delineated by filtering out areas presumed to be volatile or
dynamic. Consequently, the DEM slated for alignment undergoes transformation
processes to conform as closely as possible to the stable regions depicted in the
reference DEM. For our study, conducted in mountainous environments, identifying
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stable areas that remain unaffected by landslides, failed slopes, river channels, banks,
and human-made changes is critical. Lack of precise ground control points can lead
to uncertainty in using DoD for volume calculation in mountainous terrain. As previ-
ously discussed, the low-frequency components of the DEM serve as an indicator of
stable terrain in a decadal timescale. In our investigation, we effectively extract this
stable part of terrain by segregating features that are considered unstable. The Low
pass filtered DEMs were used for DEM alignment process focusing on vertically cor-
recting the dataset to ensure alignment with the reference DEM, thus leveraging the
stability represented by the low-frequency terrain. This targeted correction method-
ology enables the alignment of DEMs by emphasizing stable terrain characteristics,
thereby enhancing the accuracy of vertical referencing in our study’s context.

Hereby, we check the descriptive statistics of DoD with and without vertical refer-
encing to compare the effectiveness of our correction method. Upon examining the
descriptive statistics of the original and corrected DoD for the period 1990-2020, we
can clearly observe significant improvements with original DoD having mean of
—1.34, median of —0.82 and standard deviation of 25.57 and corrected DoD having
mean of —0.01, median of —0.16 and standard Deviation of 13.63. Comparing the
means, it’s evident that the original difference without referencing had a vertical bias
that resulted in a mean value significantly different from zero. In contrast, the cor-
rected difference data now exhibits a mean value closer to zero, indicating a substan-
tial reduction in the bias. This means that the corrections have effectively mitigated
the vertical bias, resulting in a more accurate representation of the elevation differen-
ces. The standard deviation has also significantly decreased from 25.57 to 13.63 signi-
fying a reduction in the spread of difference values. This indicates that the
corrections have successfully addressed the vertical bias and reduced variability in the
difference data. The narrower spread suggests a more consistent and reliable repre-
sentation of elevation differences.

A t-test was used to assess whether there is a significant difference in the means of
corrected and uncorrected DoD. Since the two DoDs have unequal variance, we per-
formed Welch’s t-test (Rogerson 2001). The t-test results provide robust evidence that
the corrections made to the original difference DEMs have had a significant impact
on the dataset. The null hypothesis (HO) of the t-test posited no significant difference
between the means and distribution of values in the original and corrected DoD, with
a significance level (o) set at 0.05. Our analysis yielded a remarkably low p-value of
0.0000, well below the significance level. Therefore, we confidently reject the null
hypothesis. This clearly indicates that the corrected difference DEMs exhibit a statis-
tically significant difference in means compared to the original data. The statistical
significance confirms that the corrections have effectively eliminated the vertical bias
and improved the accuracy of the dataset.

We also performed a comparison of histograms of the original and corrected DoD
to check the improvement done by our correction method. Figure 11 depicts the
histogram comparison showcasing the distribution of elevation difference values
before and after the vertical referencing. The left histogram represents the original
difference data, characterized by biases and irregularities. In contrast, the right histo-
gram illustrates the distribution of elevation differences after applying corrections.
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Figure 11. Histogram comparison of original and corrected DoD for the periods (a) 1990-2020 and
(b) 2011-2020. The histograms illustrate the distribution of elevation differences before and after
applying corrections for vertical referencing. The vertical referencing of the 1990 photogrammetry
DEM (TWPDEM) and 2011 ALOS 3D DEM has been done with respect to the reference airborne
LiDAR DEM. The corrections have successfully addressed the vertical bias and reduced variability in
the elevation difference data. The shift towards a narrower distribution and a more centralized
peak in the corrected histogram signifies a reduction in variability or bias. This narrower spread
feature in the corrected DoD histogram indicates a consistent and reliable representation of eleva-
tion differences, reflecting a significant improvement achieved after applying vertical referencing
corrections.

The visual comparison highlights the substantial improvement in data quality, as the
corrected histogram shows a more balanced distribution with reduced bias-related
characteristics. The corrections have effectively addressed the vertical bias, resulting
in a more accurate representation of elevation differences during the two time
periods.

6.2. Erosion rates derived from corrected DoD versus other traditional
approaches

We translated the exported volume out of the catchment for two different periods
into denudation rate by normalizing it with respect to area and number of years
according to Equation (6). Our independent approach, based on the calculation of
corrected DoD derived denudation rates on a catchment scale, yields values within
the range of 10.46-14.19 mm/yr. This range can be considered a representation of
erosion rates over shorter time durations and is indicative of the landscape response
to extreme events occurring within that timescale.

The determined erosion rate in our study area encompasses the effects of short-
term, high-frequency erosional events, such as extreme weather events (e.g.
typhoons), human activities, and other transient factors. It effectively captures the
rapid fluctuations in erosion rates that are characteristic of short-term dynamics.
Therefore, our approach provides a comprehensive view of the erosional processes
occurring within the decadal timescale. Furthermore, it is crucial to recognize that
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catchment-scale erosion rates are inherently influenced by various factors, including
lithology, regional extreme events, and natural variability in different mountain catch-
ments. As demonstrated by Dadson et al. (2003), who reported a regional erosion
rate of up to 60 mm/yr in a catchment near an active fault of the western thrust fault
in southwest Taiwan based on suspended load data, the variability in erosion rates is
substantial across different regions. Additionally, Chen et al. (2015) conducted a com-
prehensive study on the Kaoping River Basin, of which the Zhoukou River is a tribu-
tary. Their findings, covering the study period from 2001 to 2009 and focusing on
the impact of typhoon Morakot, revealed an average landslide erosion rate of
24.06 = 1.54 mm/yr. This underscores the point that regional erosion rates can exhibit
significant variability from catchment to catchment.

On the other hand, as discussed in Section 2, previous studies show that erosion
rates can vary significantly for different timescales, including intermediate-term and
long-term. This variation is attributed to several factors. Short-term erosion rates,
which cover a few decades, are influenced by recent changes in erosion patterns and
high-frequency events. On the other hand, other intermediated and long-term ero-
sion, extending from thousands to over millions of years, reflects the cumulative
impact of geological, tectonic, and climatic processes over deep geological time,
resulting in significantly lower erosion rates but they tend to average out the immedi-
ate responses of the landscape to processes like heavy rainfall and typhoons.

One of the key advantages of our DoD method is its independence from trad-
itional gauge station measurements. Denudation rates estimated from mean sus-
pended load data from the gauge station are 6.54mm/yr. and 1.64 mm/yr. Gauge
station data collection methods can be subject to potential biases in data collection
and missing data due to circumstances beyond human control, such as equipment
breaking or malfunctioning during extreme events. As mentioned earlier, extreme
events associated with the mountain river basins (Kao et al. 2005a; Kao and Milliman
2008) can significantly contribute to sediment output. Gauge stations have missing
data (Figure 4, lower panel) corresponding to Typhoon Morakot, one of the most
extreme events in Taiwan within the last 30 years, that can profoundly impact sedi-
ment dynamics. So, the omission of data from such events has the potential to lead
to a substantial underestimation of erosion rates. Discrepancies have also been
reported in the data recorded by the WRA at gauge stations from eastern Taiwan
during low flow periods (Kao et al. 2005b). In their study, the authors question the
sensitivity of measurements in the WRA record based on their field sampling from
April 4 to May 5, 2003, which was conducted during a very dry period. These issues
emphasize the challenges in the data collection methodologies of gauge stations.
Erosion rate estimation from gauge stations relies solely on suspended load data while
necessitating additional estimations for bed load data. In contrast, our DoD approach
operates independently of gauge station data. By directly measuring erosion rates
from the difference in elevation models, it provides a more direct and spatially com-
prehensive assessment of landscape changes at decadal time scale.

Furthermore, our approach leverages the global Digital Elevation Model derived
from satellite data, which is freely available and underutilized. The use of Global and
regional DEMs can give extensive coverage. This data availability enhances the appeal
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of our approach as an alternative for insights at the decadal-scale. It not only broad-
ens the scope of data sources but also contributes to the accessibility of erosion rate
assessments on a larger scale. As compared to the traditional intermediate and long-
term erosion rate techniques such as cosmogenic nuclide analysis, zircon fission track
analysis (ZFT), and apatite fission track analysis (AFT), which focuses on analyzing
samples from specific locations or points within a geological or geomorphological set-
ting, the DoD approach can provide comprehensive coverage of a larger area making
it suitable for studying erosion rates on a regional or even global scale, capturing
broader patterns and changes in the landscape. DoD can offer high spatial resolution
based on the DEMs used, enabling the detection of fine-scale topographic changes
critical for understanding localized erosion and deposition patterns. DoD approach is
cost-effective, as it reduces the need for expensive fieldwork and specialized labora-
tory analyses common to other techniques, making it more accessible to a broader
scientific community interested in large-scale landscape evolution studies.

6.3. Estimation of sediment export rates in different decades

Three DEMs from different decades, namely TWPDEM (1990), ALOS 3D DEM
(2011), and LiDAR DEM (2020), were utilized to estimate sediment export rates for
the first time in this study using the DoD technique with a newly developed method
for vertical referencing of DEMs. Following necessary DoD corrections aimed at elim-
inating vertical biases associated with the DEMs, denudation rates for both the recent
decade and former decades were determined. The denudation rate for the entire
period from 1990 to 2020 is computed to be 14.19 mm/yr, while the denudation rate
for the recent decade (2011-2020) is determined to be 10.46 mm/yr. The DoD maps
generated for these two distinct periods effectively capture the signal of erosional
events occurring within their respective time periods (Figure 8, lower panel). The ero-
sion rate for the latter decade is found to be lower than that of the previous two dec-
ades. This trend is consistent with the mean erosion rate derived from limited
available data at gauge stations, indicating a lower erosion rate of 1.64 mm/yr in the
last decade and a relatively higher erosion rate of 6.54 mm/yr from 1990 to 2020.

The newly obtained erosion rates derived from the independent method of DoD at
a decadal-scale can now complement erosion rates derived from other methods span-
ning longer timescales. This integration allows us to evaluate better and understand
the landscape evolution of catchments in the active mountain belt of Taiwan. Erosion
rates derived from gauge stations over decadal scales often underestimate short-term
erosion rates. This limitation arises because, during extreme events, the monitoring
stations may lack records due to the absence of sampling, instrument malfunction, or
even destruction by high water discharge or debris flow. As a result, relying solely on
decadal-scale data from the gauge stations might lead to an incomplete understanding
of erosion dynamics, particularly in places like Taiwan, where rapid and intense ero-
sional events are common. So, utilizing new erosion rates from our DoD at decadal-
scale will give insights into the variability of erosion rates, especially during the
extreme events that significantly impact the landscape. The better understanding of
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Figure 12. Frequency of days recording various levels of precipitation across different decades.
Notice that there is no single daily precipitation event greater than 600mm in the period of 2011-
2020. This can be an explanation for the lower average erosion rate in the last decade compared
to previous decades. The clear trend of no extreme precipitation events exceeding this threshold
during the most recent decade is a crucial factor in understanding the reduced erosion rates within
this timeframe.

the variability of erosion rates is crucial for planning infrastructure projects, such as
tunnels, bridges, and other civil developments.

Our study shows that the decrease in annual sediment export rates during the
most recent decade (2011-2020) compared to the preceding two decades (1990-2010)
is attributed primarily to a reduction in extreme rainfall events. Figure 12 describes
the frequency of days recording different precipitation for different decades. The
black line and black bar represent data from the previous two decades, while the red
line and red bar represent the same data normalized. The blue line and blue bar rep-
resent data from the recent decade (2011-2020). Our findings reveal a stark contrast
between the recent decade (2011-2020) and the two preceding decades (1990-2010).
A clear trend of higher number of days registering precipitation levels can be
observed for the previous two decades in comparison to the recent decade.
Throughout the recent decade, a mere single day registered daily rainfall exceeding
500 mm, a notable deviation from the average of 5.5 such events per decade in the
previous two decades. Importantly, our records indicate a conspicuous absence of any
daily rainfall surpassing 600 mm during 2011-2020, while the period of 1990-2010
documented five instances exceeding this threshold. This disparity in extreme rainfall
occurrences notably corresponds to the reduced erosion rates observed in the recent
decade. Chen et al. (2015) also highlighted that extreme-intensive rainfall events, par-
ticularly those with a maximum 24-h precipitation exceeding 600 mm, exert a signifi-
cantly greater impact on hillslope mass wasting and contribute substantially to the
total landslide erosion rate in the Kaoping River Basin. Our investigation aligns with
the observations made by Chen et al. (2015), emphasizing the pivotal role of extreme
rainfall events in influencing erosion rates. Several other significant studies, such as
those by Galewsky et al. (2006), Chen et al. (2020), and Ruetenik et al. (2020), have
highlighted the importance of the frequency of extreme events in delineating
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geomorphological changes in Taiwan. Kao and Milliman (2008) conducted a compre-
hensive analysis of sediment discharge data from 16 Taiwanese rivers, concluding
that the majority of sediment flux discharge results from typhoon-generated floods.
These studies indicate the significant role of these episodic events in sediment erosion
and delivery from small mountainous rivers in Taiwan. Our findings, as illustrated in
Figure 12, highlight the reason for variations in erosion rates during different periods.
The rainfall statistics data show the fluctuation in the number of extreme events in
each respective period, emphasizing the significant contribution of extreme events to
erosion rates.

6.4. Limitations and uncertainties of derived denudation rates

In evaluating denudation rates, it is crucial to recognize the potential uncertainties
influenced by various factors. The elevation data in the initial DEM may not accur-
ately represent the bare earth elevation during that period because of tree height bias.
Therefore, the calculation of DoD has the potential to overstate the actual erosion
rate, considering the presence of vegetation in the initial DEM. Also, the TWPDEM
and ALOS 3D DEM were generated based on number of optical scenes spanning a
few years. In this study, the most recent year of optical imagery utilized in the gener-
ation of these DEMs was designated as the reference year of the respective DEMs,
using which in DoD analysis will essentially represent the upper limit for erosion rate
estimates. Due to the varying resolutions of DEMs, we prioritized the precision and
detail offered by the LiDAR 2020 DEM, which represents the highest resolution data-
set available. In order to ensure consistency and comparability across datasets, lower-
resolution DEMs were resampled to a 20-meter resolution prior to differencing.
While this resampling process may introduce some interpolation artifacts or noise,
our primary objective remains to accurately detect subtle changes in elevation post
extreme events, capturing depositional and erosional dynamics to the fullest extent
possible with available data. It is also essential to acknowledge the presence of high-
frequency noise within the ALOS-derived DEM, introducing potential uncertainties
in the erosion rate assessments. Despite the inherent noise in the optical DEMs,
which may contribute to additional uncertainties, it is noteworthy that the observed
patterns and localized hotspots of erosion and deposition remained discernible while
using the ALOS 3D DEM for DoD analysis. This resilience in pattern recognition
underscores the robustness of the optical DEMs in capturing the broader changes in
landscape evolution, even in the presence of noise. While there may be a possibility
of anthropogenic-related uncertainty, it’s important to note that human-occupied set-
tlements constitute a very small fraction, less than 1% of the study area. Furthermore,
human development activities are also very limited within the study area. Thus, the
associated uncertainty from these activities is considered minimal in our case.
Another limitation of the study may arise from the utilization of satellite images and
global/regional DEMs, where the image resolution may not be sufficient to accurately
classify the phenomena depicted in the DoD map. To better estimate various phe-
nomena such as landslides, debris flows, channel aggradation, etc., contributing to the
DoD map, further works could benefit from employing high-resolution local imagery.
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We chose not to employ thresholding on the DoDs to calculate the total trans-
ported volume, as it could potentially obscure true erosion or deposition signals, as
highlighted by Anderson (2019). To assess potential uncertainties present in the DoD
dataset, significant works have been done using stable grounds present within the
study area with no true elevation change (Anderson 2019; Schwat et al. 2023).
However, our study area lacks spatially large and relevant stable areas, which makes
it challenging to adopt this approach. Our method of vertical referencing in the fre-
quency domain can alternatively be used in the absence of spatially relevant stable
areas, which can mitigate potential systematic errors and vertical biases in the dataset.
Future studies can benefit from this approach to minimize such errors in datasets
lacking uniformly distributed stable points within the study area.

7. Conclusion

In this study, we employed three DEMs from different sources and techniques to esti-
mate the mobilized volume from the Zhoukou River Basin in southwestern Taiwan.
We utilized the ‘DEMs of Difference’ method, independent from traditional
approaches, to estimate denudation rates at the mountain river basin scale. Our novel
approach, incorporating Fourier analysis, effectively mitigated vertical bias in DEMs,
making them suitable for the DoD method. By identifying low-frequency components
representing stable topography, we preprocessed DEMs, enabling the estimation of
topographic changes. The derived erosion rate presents an independent and efficient
approach, distinct from traditional methods. Denudation rates over the span of three
decades (1990-2020) were measured within the range of 10.46 to 14.19 mm/yr. By
using underutilized global satellite-derived DEMs and regional DEMs, the DoD
method offers a rapid means of extracting meaningful erosional signals. Despite limi-
tations associated with DEM data, meaningful erosion rate estimations are achieved
where the time lapse between DEMs and the magnitude of topographic change out-
weighs noise, particularly evident in dynamic landscapes like Taiwan. Comparisons
with traditional erosion rate estimation methods reveal the value of DoD-derived ero-
sion rates as an alternative to gauge station-derived rates, mitigating biases and offer-
ing insights into immediate landscape responses to natural phenomena and human
activities.

Through the utilization of the DoD method, we quantified and revealed patterns
of erosion (such as landslides and bank erosion), deposition (such as aggradation in
the main river channel downstream), and net volumetric changes or sediment trans-
port. These findings are necessary and helpful for comprehending the shaping of
landscapes in mountainous river basins. The newly quantified decadal denudation
rates can be useful for understanding how climatic conditions, such as heavy rainfall
and typhoons, escalate erosion processes, capturing the immediate response of land-
scapes to these extreme events over short time periods. Variation in sediment export
from the Zhoukou River Basin demonstrates the impact of small mountainous rivers
on biogeochemical element transfer to the ocean. This quantification of mobilized
volume also aids in civil planning and construction, allowing for proactive measures
based on decadal-scale volume mobilization trends at the catchment scale. Such
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information of denudation rates can enhance the accuracy of models simulating the
intricate interplay between tectonic uplift, erosion, and landscape evolution. By assess-
ing erosion rates at the catchment scale, our research can complement erosion rates
derived from other traditional approaches at different timescales, improving our
understanding of the temporal patterns of landscape evolution of mountainous river
basins in Taiwan, with potential applicability to similar regions worldwide.
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