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Abstract Quantifying decadal‐scale erosion rates in tectonically active regions is essential for assessing
landscape hazards and constraining sediment budgets. A key question in Earth surface processes is how
contemporary erosion measurements influenced by recent climatic extremes relate to long‐term geological rates.
This study investigates this relationship by evaluating two decades of topographic change (2000–2020) in
Taiwan's Laonong River Basin (1,373 km2), a mountainous landscape characterized by active landslides, steep
relief, and intense rainfall, including Typhoon Morakot in 2009, the highest‐rainfall typhoon on record in
Taiwan. Several satellite‐derived digital elevation models (DEMs) were benchmarked against high‐resolution
LiDAR to identify the most suitable data set for long‐term change detection. The reprocessed SRTM
NASADEM was identified as the optimal DEM due to minimal artifacts and limited void filling, with further
improvement achieved through canopy removal and frequency‐domain bias correction. DEM differencing
across sub‐catchments revealed that erosion rates averaged ∼15.3 mm/yr, reaching ∼551 mm/yr in landslide‐
affected tributaries. However, approximately 87.6% of the eroded material was stored within the basin,
predominantly in valley‐fill deposits, reducing effective net lowering across the basin to 5.06± 1.60mm/yr. This
rate is consistent with long‐term (103–106 yr) cosmogenic and thermochronological estimates (∼3–6 mm/yr),
indicating that sediment buffering spatially averages extreme localized erosion over decadal timescales. These
findings highlight the role of internal sediment storage in shaping basin‐scale erosion patterns and emphasize the
importance of high‐resolution erosion assessments for capturing geomorphic heterogeneity. The results also
demonstrate the potential of underutilized global DEMs, once corrected, to resolve meaningful geomorphic
signals in mountainous terrain.

Plain Language Summary Recent climate change has increased extreme rainfall events, raising
interest in how quickly mountain landscapes are eroding. A key uncertainty is whether erosion rates measured
over decades during such events systematically exceed longer‐term rates derived over thousands to millions of
years. We explored this question in Taiwan's Laonong Basin, a mountainous region frequently impacted by
landslides and heavy rainfall. By analyzing satellite‐based elevation models, we identified a recently
reprocessed elevation data set collected in February 2000 as the most reliable option for accurately measuring
how fast the landscape is eroding. The estimated decadal erosion rate for the Laonong Basin is about 5 mm per
year, consistent with longer‐term geological estimates. This agreement shows that, even during decades with
major storms, sediment tends to be stored in valleys and debris fans before being exported, keeping short‐term
and long‐term erosion rates in balance. Sub‐catchments within the basin showed much higher erosion rates,
pointing to local landslide hazards that are averaged out at the basin scale. These findings highlight the role of
sediment storage in shaping erosion patterns and show that, once corrected for biases, freely available satellite
elevation data sets provide a valuable tool for reconstructing decadal‐scale geomorphic change in data‐sparse
mountainous regions.

1. Introduction
Landscape evolution occurs through the fundamental relationship between erosional sediment flux and surface
lowering (Molnar & England, 1990; Willett, 1999). Estimating erosion rates across different temporal scales
therefore provides essential insights into the processes and controls governing land surface change. Multiple
approaches exist for measuring erosional processes across different temporal domains, including suspended
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sediment flux monitoring for decadal timescales (<101 years) (Milliman & Farnsworth, 2011; Walling &
Fang, 2003), cosmogenic radionuclide concentrations for millennial to million‐year periods (103–106 years)
(Granger et al., 2013; von Blanckenburg, 2006), and thermochronological methods for geological timescales
exceeding 106 years (Ehlers & Farley, 2003; Reiners & Brandon, 2006). Several studies have attempted a
comparison between short‐ and long‐term rates within the same regions (Clapp et al., 2000; Gellis et al., 2004;
Kemp et al., 2020; Kirchner et al., 2001; von Blanckenburg, 2006), but their findings exhibit substantial vari-
ability. Some studies report elevated short‐term relative to long‐term erosion rates (Gellis et al., 2004), while
others document the inverse relationship (Kirchner et al., 2001).

Understanding temporal variations in erosion rates has become increasingly critical as anthropogenic climate
change accelerates geomorphic processes globally (East & Sankey, 2020). Rising temperatures, glacial retreat,
and intensifying extreme rainfall events have been linked to increased sediment export (Li, Lu, et al., 2021, Li,
Huang et al., 2021; Micheletti & Lane, 2016; Prieur et al., 2025), yet the magnitude and direction of these changes
remain site‐specific and modulated by local feedbacks. With global warming accelerating and extreme event
frequency increasing (Papalexiou & Montanari, 2019), determining whether contemporary erosion rates sys-
tematically exceed long‐term background rates across diverse landscapes represents a fundamental question in
Earth surface studies.

In mountainous environments, decadal‐scale erosion rates are traditionally inferred from suspended sediment flux
measurements (Andermann et al., 2012; Fuller et al., 2003; Li, 1976; Milliman & Farnsworth, 2011). While this
approach provides valuable basin‐scale erosion estimates, it presents certain methodological constraints that can
compromise erosion rate quantification. First, suspended load measurements inherently overlook interim sedi-
ment storage, redistribution, and internal sediment migration within catchments, providing limited insight into
spatial erosion heterogeneity and the buffering processes that regulate sediment delivery across scales. Second,
accurate erosion quantification requires approximation of unmeasured bedload transport, introducing substantial
uncertainty. Third, the quality of erosion estimates depends critically on sampling frequency and completeness,
which can be compromised during extreme events due to instrument malfunction or failure (Dickinson, 1981;
Fuller et al., 2003).

Advances in remote sensing can now provide independent erosion quantification through multi‐temporal Digital
Elevation Models (DEMs), offering a spatially explicit alternative (i.e., with erosion mapped at each location) to
traditional flux‐based approaches. These data sets, derived from radar, optical, or LiDAR sources (In
Maune, 2007; Shean et al., 2016), enable direct measurement of elevation change and sediment volumes across
tectonically active and climatically dynamic regions (Lin et al., 2020). DEMs of difference (DoD) facilitate cell‐
by‐cell quantification of topographic change, providing volumetric erosion estimates that capture the full spec-
trum of geomorphic processes without the limitations inherent to sediment flux measurements. DoD approaches
have been applied to monitor earthflows, landslides, debris flows, and other mass wasting processes (Brasington
et al., 2012; Hsieh et al., 2016; Wheaton et al., 2010; Williams, 2012), but most research has relied on high‐
resolution LiDAR or photogrammetric DEMs, which restrict spatial coverage to relatively small areas. While
LiDAR provides exceptional topographic accuracy, its recent emergence and high cost limit the availability of
historical data for long‐term assessments. Conversely, global satellite‐derived DEMs offer broad spatial coverage
and extended temporal baselines, though their potential for detecting decadal‐scale topographic change remains
underexploited due to inherent noise in these data sets (Purinton & Bookhagen, 2018). When the target
geomorphic signal for detection is sufficiently large and appropriate correction methods are applied to address
inherent errors and vegetation biases in global DEMs, genuine topographic change can be effectively isolated
(Anderson, 2019; Nuth & Kääb, 2011; Wheaton et al., 2010).

Taiwan provides an ideal natural laboratory for such assessments, given its intense rainfall, rapid tectonic uplift,
and frequent mass wasting events (Dadson et al., 2003; Tsou et al., 2011). Here, we evaluate decadal‐scale land
surface change in Taiwan's Laonong River Basin (Figure 1), a large mountainous drainage basin (1,373 km2), to
test whether recent erosion rates exceed long‐term denudation rates estimated from cosmogenic and thermo-
chronological approaches. We assess the suitability of several global elevation products, identify NASADEM as
the most appropriate archival data set, and refine this DEM through vegetation bias correction and spectral
filtering using high‐resolution airborne LiDAR validation. Our integrated DoD approach enables spatially
explicit erosion rate evaluation at both basin and sub‐catchment scales, advancing our understanding of landscape
adjustment to climatic perturbations in rapidly evolving mountainous environments.
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Figure 1.
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2. Study Area
The Laonong River Basin is located in southwestern Taiwan, draining the Central Mountain Range to the east and
the Yushan Range to the west (Capart et al., 2010). The river originates near Mount Jade (Taiwan's highest peak at
3,952 m) and flows approximately 137 km southward before joining the Kaoping River (Weng et al., 2011).
Elevations range from ∼130 m at the downstream boundary to over 3,600 m in the headwaters. The terrain is
characterized by steep hillslopes (mean slope ∼35◦) and widespread active landsliding, making it one of Taiwan's
most geomorphically active catchments.

The basin is underlain predominantly by metamorphic rocks of the Central Range, including slate, phyllite, and
argillite of the Lushan and Pilushan Formations, with lesser exposures of sandstone and conglomerate belonging
to the Western Foothills (Hsitsun and Toukoshan Formations). Alluvial deposits and terrace sediments occur
along the main channel corridor and at major tributary junctions. The weakly metamorphosed slate and phyllite
are particularly prone to slope failure during intense rainfall (Weng et al., 2011).

The basin experiences a subtropical monsoon climate with pronounced seasonality. Mean annual precipitation
(1960–2022) ranges from approximately 1,600 mm/yr in lower elevations to >3,500 mm/yr (Figure 1c),
concentrated during the monsoon (May‐September) and typhoon (June–October) seasons. Individual typhoons
can deliver more than 1,000 mm within 24–48 hr (Weng et al., 2011). The 2000–2020 study period was
anomalously wet, with mean annual precipitation exceeding the 1960–1999 baseline by 27% (Figure 2a).
Typhoon Morakot (7–10 August 2009) was particularly extreme, delivering approximately 2,900 mm over three
days and triggering thousands of landslides, including the catastrophic Putanpunas deep‐seated landslide
examined in this study (Tsou et al., 2011). Spatial precipitation data (1960–2022) were obtained from the Taiwan
Climate Change Projection Information and Adaptation Knowledge Platform (TCCIP) at 0.01◦ resolution,
integrating measurements from the Water Resources Agency (WRA) and Central Weather Administration
network stations (Lin et al., 2022). Daily rainfall records from WRA station 01V060, located within the basin,
provide a continuous record of extreme events during the study period (Figure 2b). Water discharge and sus-
pended sediment concentration were monitored at gauging stations along the main channel throughout the study
period (Figure 3).

3. Materials and Methods
3.1. Data Sources and Datum Homogenization

This study utilized two primary sources of elevation data. The reference data set consisted of a 20 m LiDARDEM
released in 2020 with acquisition periods ranging from 2016 to 2020 (hereafter termed as 2020 LiDAR DEM),
which was used as the benchmark due to its superior vertical accuracy. This data set represents a downsampled
version of Taiwan's national 1‐m resolution LiDAR DEM, which demonstrates reported vertical accuracy of less
than 0.3 m (Chen et al., 2015). The second data set included a set of freely available, satellite‐derived global
DEMs, including TanDEM‐X EDEM, Copernicus DEM, ALOS World 3D DEM (AW3D30), ASTER GDEM,
SRTM DEM, FABDEM, and NASADEM (Table 1). We excluded MERIT DEM from our analysis as its 90‐m
resolution limits detection of tributary‐scale sediment dynamics and channel‐level geomorphic changes. While
coarser DEMs may suffice for capturing broad patterns of mass redistribution, our sub‐catchment analysis re-
quires resolution capable of detecting features such as tributary channels (40–50 m wide) and smaller landslides.

To ensure accurate intercomparison between data sets, all DEMs were projected to WGS84 and horizontally co‐
registered to sub‐pixel accuracy based on systematic relationships between slope, aspect, and apparent change in
areas assumed to be stable between surveys (Nuth & Kääb, 2011). Vertical consistency was ensured by refer-
encing all data sets to the EGM2008 geoid, which provides improved accuracy compared to EGM96 (Üstün
et al., 2016). Global DEMs originally referenced to EGM96 were transformed to EGM2008 by applying the geoid

Figure 1. Geographic location, geological setting, and precipitation patterns of the study area. (a) Orthoimage of Taiwan Island; the black polygon highlights the location
of the Laonong River Basin within Taiwan. (b) Enlarged map of the Laonong River Basin showing major villages (brown dots), downstream gauge stations (black
diamonds), the rainfall station used for the time series in Figure 2 (yellow dot), and the underlying lithological units. (c) Spatial distribution of mean annual precipitation
(1960–2022), derived from high‐resolution gridded precipitation data (0.01◦) provided by the Taiwan Climate Change Projection Information and Adaptation
Knowledge Platform (TCCIP). This data set integrates rainfall measurements from multiple weather station networks, including the Water Resources Agency and
Central Weather Administration stations (Lin et al., 2022).
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height difference between EGM96 and EGM2008 (Okolie et al., 2024), while the LiDAR DEM, referenced to the
local TWHyGEO2014 geoid, was referenced to EGM2008 using the difference between EGM2008 and
TWHyGEO2014 (National Land Surveying and Mapping Center, Taiwan). Full details of the vertical datum
transformation are provided in Supporting Section Text S1 and Figure S1 in Supporting Information S1.

3.2. DEM Selection and Evaluation

A three‐step analysis was conducted to evaluate the consistency, accuracy, and noise characteristics of DEMs to
make an informed decision about choosing the most suitable global DEM for topographic change detection
(Figure 4).

3.2.1. Accuracy Assessment Using Stable Areas in the Spatial Domain

The vertical accuracy of each DEM was assessed in geomorphically stable regions where both elevation and land
cover remained unchanged throughout the recent decades. Given that DEMs such as SRTM (February 2000),
Copernicus DEM (2010–2015), and FABDEM (2010–2015) were acquired across different decades, only pixels

Figure 2. (a) Mean annual precipitation in the Laonong River Basin (1960–2020) derived from gridded rainfall data (TCCIP;
0.01◦ resolution). The study period (2000–2020, shaded) averaged 2,487 mm, representing a 27% increase relative to the
1960–1999 baseline (1,956 mm). Dashed horizontal lines indicate period means. The positive trend (+12.4 mm/yr) reflects
increasing precipitation over recent decades, consistent with intensifying extreme rainfall events across Taiwan (Henny
et al., 2021). (b) Daily rainfall time series from station 01V060 maintained by the Water Resources Agency, Taiwan, for the
period 2000–2020. Typhoon‐related and torrential rain events affecting the study area are indicated. The record includes
multiple extremes, with maximum daily totals up to 950 mm.
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Figure 3. Time series of (a) daily water discharge and (b) suspended sediment concentration at gauge stations in the Laonong
River Basin, 2000–2020. Station H039 (blue) provides measurements from 2000 until its destruction by TyphoonMorakot in
August 2009 (red dashed line). Following Morakot, measurements resumed at nearby station H060 (green, 2010) before
transitioning to station H070 (red, 2011–2020) at the same location. The inset in (a) shows the Morakot period in detail, with
the data gap indicating station destruction. Gray shading highlights other temporal gaps in continuous water discharge data.
Note the elevated mean suspended sediment concentration at H060 (3,428 ppm) immediately following Morakot compared
to pre‐event conditions at H039 (1,169 ppm), reflecting abundant landslide‐derived sediment supply. Drainage areas: H039/
H070 = 885 km2; H060 = 870 km2. The sediment sampling frequency is approximately 30 measurements per year.

Table 1
List of Free Available Satellite‐Derived Global Digital Elevation Model Data Sets Evaluated in the Study

DEM name
Horizontal
datum

Vertical
datum Coverage Acquisition method

Data acquisition
period

Recent version
release year

SRTM V3 WGS84 EGM96 Nearly Global (60◦N to 56◦S) Radar (SRTM mission) February 2000 September 2014

NASADEM WGS84 EGM96 Nearly Global (60◦N to 56◦S) Radar (SRTM mission) February 2000 2020

ASTER GDEM V3 WGS84 EGM96 Nearly global (83◦N to 83◦S) Optical (ASTER) 2000–2013 2019

Copernicus DEM WGS84 EGM2008 Global Radar (TanDEM‐X, TerraSAR‐X) 2010–2015 2024

TanDEM‐X EDEM WGS84 EGM2008 Global Radar (TanDEM‐X, TerraSAR‐X) 2010–2014 2023

ALOS World 3D (AW3D30) WGS84 EGM96 Nearly global (82◦N to 82◦S) Optical (ALOS PRISM) 2006–2011 2024

FABDEM WGS84 EGM2008 Global Derived from Copernicus DEM 2010–2015 2023

Note. References: Tadono et al. (2014), LP DAAC (2019), Airbus (2020), NASA JPL (2020), González et al. (2020), Japan Aerospace Exploration Agency (2021), Uhe
et al. (2022), European Space Agency (2024).
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without significant elevation changes and with stable land use and land cover were chosen for accuracy
assessment. The selected test polygons were primarily high, flat terraces located away from river channels and
mountain fronts, ensuring they had not been influenced by landslides, slope failures, or debris flows over the past
decades (Figure S2 in Supporting Information S1). Of the 55 identified stable polygons, 52 lie within the Laonong
Basin and three lie near the downstream outlet. Fan terraces were specifically excluded due to potential modi-
fication by sediment influx from extreme geomorphic events such as typhoons and torrential rainfall events. Site
stability was validated using high‐resolution landslide inventories from Taiwan's National SPOT satellite images
mapping landslides annually from 2001 to 2015 (GSMMA, 2023), historical Google Earth imagery (Google Earth
Pro, 2024), and high‐resolution SPOT satellite images annually from the Center for Space and Remote Sensing
Research, National Central University, Taiwan (CSRSR, 2024). These data sets revealed regions where true
elevation change was negligible, and we used these regions for DEM evaluation against the LiDAR reference.

3.2.2. Void‐Filled DEM Assessment and Inconsistencies in Multi‐Temporal Analysis

Void‐filled regions in each DEM were mapped to identify areas where external data sources or interpolation may
compromise elevation accuracy for multi‐temporal analysis. When elevation data from external sources are used
to fill voids caused by radar shadowing or cloud cover, two issues arise: temporal mismatches between void‐fill

Figure 4. Workflow for digital elevation model (DEM) selection and sediment‐volume estimation. Left: preprocessing and
evaluation applied to the global DEMs to identify the data set most suitable for sediment‐volume calculations. Right: steps
for quantifying sediment volume from the selected DEM, including co‐registration, vegetation bias correction, vertical
referencing, DEM differencing, and integration of erosion and deposition volumes. Bottom right: frequency‐domain analysis
(2‐D Fourier transform) used to detect high‐frequency artifacts and identify dominant wavelengths; the resulting low‐pass
surface approximates stable topography for vertical‐bias estimation prior to computing the final DEMs of difference.
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data and primary DEM acquisition dates, and accuracy variations from data sets of differing resolution and quality
(Marešová et al., 2024; Tachikawa et al., 2011).

To assess the void‐fill extent, product‐specific metadata layers were examined for each DEM. The SRTM and
NASADEMNUM layers indicate pixels filled using GMTED2010 or ASTER; Copernicus DEM and TanDEM‐X
provide confidence layers and height‐error maps; ASTER GDEM includes mask layers identifying interpolated
pixels (Gesch et al., 2016; Mesa‐Mingorance & Ariza‐López, 2020). Spatial distributions of void‐filled pixels
were mapped across the study area to compare reliance on external data sources among DEMs. To reduce the
likelihood of spurious elevation signals in the final DoD, DEMs with minimal void‐filling were prioritized for this
study.

3.2.3. DEM Quality Assessment in the Frequency Domain

Frequency domain analysis using the Fourier transformation was employed to evaluate how well each DEM
represented terrain features across multiple spatial scales, complementing conventional pixel‐wise differencing
for accuracy assessment. This analysis identified high‐frequency noise and processing artifacts in global DEMs
that could compromise change detection accuracy. Following established methodologies in DEM spectral
analysis (Booth et al., 2009; Perron et al., 2008; Purinton & Bookhagen, 2017), two‐dimensional Fast Fourier
Transformation (FFT) was applied to decompose each DEM into its constituent frequency components, allowing
identification of systematic distortions not apparent in pixel‐level comparisons (Arrell et al., 2008; Purinton &
Bookhagen, 2017, 2018). A 2‐D Discrete Fourier Transform was performed on each DEM subset, converting
spatial elevation data into the frequency domain (for details, see Kumar et al. (2024), Sect. 4.2). The resulting 2D
power spectra were then radially averaged, producing a one‐dimensional representation of wavelengths (or radial
frequencies) versus mean‐squared amplitude. This spectral decomposition enables a clear distinction between
long‐wavelength components (low‐frequency) corresponding to broad geomorphic structures such as major
ridgelines and valley networks, and short‐wavelength components (high‐frequency) revealing fine‐scale terrain
features, processing artifacts, or sensor‐related noise. Spectral peaks detected at high frequencies in the global
DEMs, which were not observed in the corresponding LiDAR data sets, were interpreted as processing artifacts or
surface features that do not accurately represent bare‐earth terrain conditions (Kumar et al., 2024).

DEM selection was based on the three complementary criteria derived from the preceding analyses, that is,
vertical accuracy in stable areas, void‐fill extent from product metadata, and spectral noise characteristics
evaluated via FFT analysis. The optimal DEM for multi‐temporal change detection was defined as having
minimal high‐frequency artifacts, limited external void‐filling, and low systematic bias relative to LiDAR. This
DEM was then used for DoD generation following the workflow in Figure 4. Application of these criteria
identified NASADEM as the optimal DEM (evaluation details in Section 4.2). The following sections describe
bias corrections specific to this data set prior to DoD generation.

3.3. Vegetation Bias and Vertical Bias Correction

The selected DEM required correction for two systematic biases to transform the global DSM into a bare‐earth
DEM suitable for change detection: (a) vegetation bias from canopy returns in SRTM C‐band radar, and (b)
vertical bias relative to LiDAR.

To derive a bare‐earth digital terrain model for the year 2000, we implemented the vegetation bias correction
model proposed by Pimenova et al. (2022). We first reconstructed a canopy height model for the year 2000
(CHM2000) by combining the Global Forest Canopy Height (GFCH2019) data set from 2019, the Hansen Global
Forest Change tree‐cover product for the year 2000, and the Forest Canopy Height Map from 2005. This
reconstruction was achieved through a rule‐based classification of pixels into clearing, growth, and no‐change
categories. Vegetation bias was then estimated using the equation VB = a × CHM2000 × ρ, where ρ repre-
sents the canopy density fraction and a = 0.585 represents an empirically derived scaling coefficient from
Pimenova et al. (2022) optimized for NASADEM correction, which incorporates the effects of C‐band radar
penetration characteristics. Further details regarding the vegetation bias correction workflow are provided in
Figures S2–S4 in Supporting Information S1. The resulting vegetation bias layer was subtracted from the original
NASADEM to produce a vegetation‐corrected, bare‐earth terrain surface suitable for geomorphic analysis.
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Following vegetation bias removal, systematic vertical offsets were corrected using frequency‐selective filtering.
This approach is particularly valuable in our study area because stable‐area based methods, while remaining the
established standard for DEM co‐registration and bias correction (Anderson, 2019; Besl &McKay, 1992; Chen &
Medioni, 1992; Hugonnet et al., 2022; Nuth & Kääb, 2011; Rosenholm & Torlegård, 1988; Shean et al., 2016)
face challenges in landscapes where stable ground is scarce or poorly distributed, a condition characteristic of
tectonically active, typhoon‐affected Taiwan. The theoretical foundation for this approach is established in
geomorphological spectral analysis, where Perron et al. (2008) demonstrated that characteristic wavelengths of
first‐order landscape organization can be objectively identified through power spectral scaling relationships.
Quasi‐periodic ridge‐valley structures emerging from uniform erosional processes produce distinct spectral
signatures at characteristic spatial wavelengths, providing a physical basis for frequency‐selective filtering. In
DEM analysis, low‐pass filtering suppresses short‐wavelength components while retaining long‐wavelength
components that describe broader topographic features (Grieve et al., 2016; Lindsay et al., 2019).

A Gaussian low‐pass filter was applied to the vegetation bias corrected NASADEM to extract broad‐scale ridge
and valley structures corresponding to dominant spectral peaks that reflect landscape components unchanged over
decadal timescales. An identically filtered LiDAR DEM served as the reference for differencing analysis, where
persistent discrepancies indicate systematic vertical biases, as these long‐wavelength topographic components
should remain consistent between DEMs over decadal timescales. The difference bias raster between filtered
surfaces represents systematic vertical bias, which was subtracted from the NASADEM to produce the final co‐
registered, bias‐corrected archival DEM.

3.4. Sediment Volume/Erosion Rate Estimation and Uncertainty Analysis

The corrected DoD map was calculated by subtracting the co‐registered and bias‐corrected NASADEM from the
LiDARDEM. Pixels with persistent vegetation cover in both DEMs were masked using the ESRI Sentinel‐2 10 m
Land Use/Land Cover data set to exclude high‐uncertainty areas from volumetric calculations. The effective
analysis area after masking comprises approximately 105 km2. We assume a negligible net change in the excluded
forested areas.

The total erosional and depositional volumes were computed by summing the product of pixel area and elevation
differences for all negative and positive pixels in the DoD map, respectively. The exported volume was deter-
mined as the difference between erosion and deposition volumes:

Vex = Ve − Vd = A(∑
N

i=1
ΔZi) (1)

where Vex is exported volume, Ve is eroded volume, Vd is deposited volume, A is pixel area, and ΔZi represents the
elevation change of the ith pixel across all n pixels with elevation changes. To derive sediment erosion rates, the
exported volume was normalized by the catchment area and time interval between DEM acquisitions:

dz
dt

=
Vex

AbΔT
(2)

where dz/dt is the erosion rate (mm/year), Vex is the total exported volume, Ab is the basin area, and ΔT is the time
interval between DEMs.

We incorporate error modeling for volumetric uncertainty following Anderson (2019) and Schwat et al. (2023),
with an additional term to account for uncertainty in vegetation bias correction. Following Anderson (2019), who
demonstrated that random errors systematically bias gross change estimates but cancel in net change calculations,
we report thresholded gross erosion and deposition alongside unthresholded net change. Gross values include
only pixels exceeding a level of detection threshold of±1.82 m (95% confidence interval, 1.96 × σ_rms; Table 2),
while net change and associated uncertainties are computed for all analyzable pixels using error propagation
methods to define uncertainty bounds.

The total volumetric uncertainty combines four independent error sources and is expressed as:
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σ{v{total}} =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

{σ2
{v,R} + σ2

{v,sc} + σ2
{v,sys} + σ2

{v,veg}}
√

(3)

Where σ{v,R}, σ{v,sc},σ{v,sys} and σ{v,veg} represent volumetric uncertainties
arising from uncorrelated random errors, spatially correlated random errors,
systematic errors, and vegetation bias correction, respectively. The first three
components are calculated as

σv,R =
̅̅̅
n

√
L2σrms (4)

σv,sc = 0.79 ai
̅̅̅
n

√
L σsc (5)

σv,sys = n L2σsys (6)

where, n is the number of DoD cells excluding persistently vegetated pixels, L
is the cell dimension, σrms is the root mean square of vertical errors, ai is the

range of the semi‐variogram describing spatial correlation, σsc is the standard deviation of spatially correlated
errors (estimated from the square root of semi‐variance at the sill), and σsys is the systematic vertical error.
Random samples from identified stable areas were used to compute the root mean square error (RMSE) and the
mean for uncorrelated random error and systematic error estimation, respectively. To determine the spatially
correlated error, we employed the methodology outlined by Anderson (2019) and East et al. (2021). The spatially
correlated error was estimated using semivariogram analysis, performed via the kriging tool in ESRI ArcMap's
Geostatistical Analyst extension. A spherical semivariogram model with no nugget was fitted to the empirical
semivariogram of DoD values over stable areas, following Anderson (2019) and Rolstad et al. (2009).

The vegetation bias correction introduces an additional source of uncertainty through the empirically derived
scaling coefficient (a = 0.585) in the formulation VB = a × CHM × ρ. While this coefficient falls within the
established range of 0.5–0.6 supported across diverse forest environments (Carabajal & Harding, 2005;
O'Loughlin et al., 2016; Su et al., 2015), the uncertainty associated with this parameter must be propagated
through the volumetric calculations. The vegetation‐related volumetric uncertainty is calculated as

σv,veg = nveg L2σVB (7)

where nveg is the number of pixels requiring vegetation bias correction and σVB is the per‐pixel uncertainty in
vegetation bias, estimated as:

σVB = Δa × CHM × ρ (8)

Here, Δa = 0.1 represents the range of plausible correction coefficients (0.5–0.6), and CHM × ρ is the mean
product of canopy height and canopy density fraction across corrected vegetated pixels. Vegetation cover in 2,000
was identified using the Hansen Global Forest Change tree cover data set (Hansen et al., 2013), classifying pixels
as vegetated where fractional tree cover exceeded a threshold of 0.25 (Tyukavina et al., 2015). Only these pixels,
which received vegetation bias correction, were included in the nveg count for Equation 7. By propagating un-
certainties from each independent error source through the volume calculation, this framework provides quan-
titative confidence bounds on the net sediment volume estimates reported in Section 4.3.

3.5. Suspended‐Sediment Derived Erosion Rates From Rating‐Curve Analysis

Suspended sediment concentration and discharge data were obtained from the WRA, Ministry of Economic
Affairs, Taiwan. The WRA conducts routine and event‐based sediment sampling at more than 250 hydrological
stations across Taiwan, providing dense sediment monitoring networks in the region (Kao & Milliman, 2008).
Suspended sediment concentration is determined using DH‐48 depth‐integrated samplers at gauging stations (Kao
et al., 2005). These data have been widely employed in previous sediment budget and denudation studies in
Taiwan (Dadson et al., 2003, 2004; Kao & Milliman, 2008; Li et al., 2005; Ruetenik et al., 2024).

Table 2
Estimation of Different Error Components for the Corrected and
Uncorrected Digital Elevation Models of Difference, Followed After
Anderson, 2019; Schwat et al., 2023

Parameter Uncorrected DoD Corrected DoD

σrms (m) 2.49 0.93

σsc (m) 0.97 0.86

ai (m) 114.25 107.88

σsys (m) 1.78 0.11

σVB (m) – 1.26

σ{v{total}} (m
3) 186,799,624.30 43,951,185.60

Note. After correcting for the vegetation bias and vertical bias in the Fourier
domain, there is a significant reduction in all the error components.
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Suspended‐sediment derived erosion rates were estimated following the rating‐curve methodology commonly
applied to rivers in Taiwan (Li et al., 2005). This approach relates suspended sediment concentration to water
discharge through an empirical power‐law relationship, enabling reconstruction of continuous sediment flux time
series from discrete sampling data.

Suspended sediment concentration C (mg L− 1) is related to water discharge Q (m3 s− 1) by a power‐law rela-
tionship (Asselman, 2000; Ferguson, 1986):

C = a · Qb (9)

where a and b are empirically derived coefficients. Instantaneous suspended sediment load Qs (t day
− 1) is

calculated as

Qs = k · C · Q (10)

where k = 0.0864 is the unit‐conversion factor. Combining Equations 9 and 10 yields the suspended sediment
rating curve:

Qs = A · QB (11)

where A = k · a and B = b + 1. For each gauging station, coefficients were estimated by ordinary least‐squares
regression in log‐log space using paired spot measurements of suspended sediment concentration and discharge
(Li et al., 2005).

The fitted rating curves were applied to daily discharge records to reconstruct a daily time series of suspended
sediment load for the period 2000–2020, with station‐specific sub‐periods determined by data availability. Daily
suspended loads were summed to obtain annual suspended sediment mass My (t yr

− 1), and the mean annual
suspended sediment mass M̄ was calculated by averaging annual totals across the available years. Mean annual
sediment mass was converted to volumetric sediment transport rate V (Mm3 yr− 1) assuming a bulk sediment
density ρ = 2.6 × 103 kg m− 3 (Fuller et al., 2003):

V = (M × 1000)/(ρ × 106) (12)

Basin‐averaged suspended‐sediment erosion (denudation) rate E (mm yr− 1) was then calculated by normalizing
sediment volume by upstream drainage area Ab (km

2):

E = (V/Ab) × 1000 (13)

4. Results
4.1. DEM Quality Assessment

4.1.1. Accuracy Results Based on Spatial Analysis of Stable Areas

The stable‐area vertical accuracy assessment revealed distinct performance differences among the global DEMs
(Figure 5). FABDEM demonstrated the smallest bias (median error ≈ − 0.40 m) (Figure 5c), while AW3D30
showed the lowest variability (STD ≈ 1.09 m) (Figure 5b) despite a slightly higher positive bias (≈0.94 m)
(Figure 5a). Copernicus DEM and TanDEM‐X consistently overestimated elevations (median errors >2.5 m) but
exhibited narrow interquartile ranges (Figure 5c), indicating systematic rather than random bias. ASTER
exhibited the poorest performance (Figures 5a–5d) with significant underestimation (median error ≈ − 1.4 m) and
the highest variability (STD ≈ 2.91 m). SRTM and NASADEM showed intermediate performance with moderate
bias and variability. All statistical metrics (ME, MedE, IQR, LE90) showed agreement in ranking DEM per-
formance and are summarized in Figure 5.
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4.1.2. Void Artifacts Assessment

Void‐filled pixel distribution varies systematically with terrain and land cover (Figure 6). Radar‐derived DEMs
show concentrated void‐filling in upstream forested areas and steep terrain where radar shadowing limits
coverage (Figures 6d–6f). TanDEM‐X EDEM exhibits extensive corrections, primarily in upper watershed re-
gions associated with systematic drift adjustment (Figure 6e). In contrast, optically derived DEMs (ASTER
GDEM, ALOS World 3D) show minimal external void‐filling but rely on multi‐temporal aggregation that may
introduce temporal inconsistencies (Figures 6a and 6b). Across all DEMs, upstream and heavily forested portions
show the highest void‐fill concentrations, reflecting persistent acquisition challenges in these environments.

4.1.3. Spectral Analysis of DEMs in the Frequency Domain

Power spectral density analysis reveals fundamental differences in terrain representation between optical and
radar‐derived DEMs (Figures 7 and 8). Optical DEMs exhibit pronounced high‐frequency noise contamination,
with ALOS World 3D displaying spectral peaks around 60 m, corresponding to 2‐pixel steps and extending
through wavelengths up to 240 m (Figure 7). This broad spectral contamination indicates vulnerability to sensor
noise, stereo‐matching errors, and downsampling effects, overlapping with characteristic dimensions of hillslope
processes including shallow landslides, debris flows, and gully systems (Marc & Hovius, 2015; Roering
et al., 1999). ASTER GDEM demonstrates similar but less pronounced spectral peaks at ∼60 m, suggesting
vertical inaccuracies arising from inconsistencies in multi‐stereo image pair fusion (Gesch et al., 2016). Radar‐
derived DEMs demonstrate superior spectral characteristics with smoother power spectra and substantially
reduced high‐frequency noise (Figure 8). Copernicus DEM and NASADEM exhibit smooth spectral curves

Figure 5. Box plot representation summarizing vertical accuracy metrics for each digital elevation model (DEM) across 55
stable reference polygons. Each box illustrates the distribution of mean error, median error, standard deviation, and LE90
values calculated individually from polygon‐based differences against the reference LiDARDEM. The horizontal line inside
each box indicates the median value, while the boxes represent values within the interquartile range (from the 25th to the 75th
percentiles). Whiskers extend to values within 1.5 times the interquartile range from the box edges, and data points beyond
this range, marked by red plus signs, represent outliers. ASTER GDEM notably exhibits large variability across all metrics,
indicating its lower reliability and consistency compared to the other DEMs evaluated.
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effectively suppressing short‐wavelength artifacts through improved interferometric processing chains and high‐
quality void‐filling procedures (Crippen et al., 2016; Guth & Geoffroy, 2021). TanDEM‐X shows minimal
spectral power increases at short wavelengths, reflecting effective speckle suppression through rigorous cali-
bration and multi‐baseline averaging (Wessel, 2018). SRTM displays subtle high‐frequency noise increases
consistent with known orbital striping errors from mast vibration and baseline fluctuations (Purinton & Book-
hagen, 2021; Van Zyl, 2001), while FABDEM contains distinct artifacts at similar wavelengths likely due to
interpolation and external data set fusion processes.

Power spectral analysis identified two dominant topographic wavelengths in the study area, that is, 2.8 and 1.3 km
(Figures 7 and 8). Band‐pass filtering of frequency components associated with these wavelengths and inverse
Fourier transformation to the spatial domain confirmed that the 2.8 km wavelength corresponds to the major
ridge‐valley structure, while the 1.3 km wavelength represents tributary valley spacing orthogonal to the primary
drainage network. These dominant peaks confirm that spectral analysis effectively captures natural landscape
spatial organization, validating the frequency domain approach for terrain characterization. Low‐pass filtering at
the 2.8 km threshold preserves large‐scale topographic features while enabling quantitative assessment of vertical
biases through comparison with similarly filtered LiDAR reference data.

Figure 6. Spatial distribution of void‐filled pixels and auxiliary data sourced from external digital elevation models (DEMs), overlaid on a hillshade background, for
(a) ASTER GDEM, (b) ALOS DEM, (c) NASADEM, (d) Copernicus DEM, (e) TanDEM‐X EDEM, and (f) SRTM DEM. Highlighted pixels represent areas where
original elevation data gaps were filled using secondary sources, indicating regions of potential uncertainty and reduced vertical accuracy. Despite its excellent vertical
accuracy, (d) Copernicus DEM is less suitable for multitemporal analysis in the study area due to extensive void‐filling from external data sets. Conversely, (a)–(c)
ASTER GDEM, ALOS DEM, and NASADEM exhibit significantly less reliance on external void‐filling.
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Among the evaluated DEMs, Copernicus DEM and NASADEM exhibited the smoothest spectral profiles with
minimal high‐frequency artifacts, while optical DEMs, particularly ALOS World 3D, showed broad spectral
contamination that would compromise the detection of geomorphic changes at hillslope scales.

4.2. Selection of NASADEM as Optimal DEM for Sediment Volume Analysis

Based on the three primary analyses, that is, spectral analysis, void‐filled assessment, and spatial analysis of stable
areas, NASADEM emerged as the most suitable global DEM for sediment volume calculations in the study area.
In stable regions, where no significant topographic changes occurred over time, NASADEM exhibited one of the
lowest median errors and standard deviations compared to the LiDAR reference DEM, unlike optical DEMs such
as ASTERGDEM, which exhibited high variability across all metrics (Figure 5) due to inconsistencies introduced
by variations in atmospheric conditions, sensor calibration, and processing methods over its long acquisition
period (Arefi & Reinartz, 2011), or TanDEM‐X EDEM, which had higher mean, median, and LE90 values that
could potentially overestimate elevations, NASADEM maintained a more balanced elevation representation.

Figure 7. Normalized one‐dimensional power spectra envelope for different optical digital elevation models (DEMs)
evaluated in the study. Each envelope represents the 99.99th percentile of normalized spectral power computed from 2D
FFTs of DEM tiles that were radially averaged into 1D spectra. Spectra were normalized by a fitted power‐law background to
highlight dominant terrain wavelengths. The percentile envelopes were derived from 20 logarithmically spaced wavelength
bins to isolate low‐frequency (long‐wavelength) terrain components (after Purinton & Bookhagen, 2017). High‐frequency
peaks were observed at 2–8 pixel intervals in the optical DEMs, with similar artifacts previously reported in the AW3D5 and
ALOS 3D DEMs by Purinton and Bookhagen (2017) and Kumar et al. (2024), respectively.

Figure 8. Normalized one‐dimensional power spectra envelopes for various radar‐based digital elevation models (DEMs)
evaluated in this study. Similar dominant wavelengths were observed in both optical and radar‐based data sets; however,
radar‐based DEMs generally exhibit smoother spectra and fewer high‐frequency artifacts. Notably, the Copernicus and
NASADEM display exceptionally smooth spectral curves with no significant high‐frequency peaks, highlighting the
enhanced reliability of radar DEMs over their optical counterparts.
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While FABDEM and Copernicus DEM performed well in some stable areas, they exhibited higher regional
variability due to their void‐filling dependencies (Figure 6d).

The void‐filled assessment reinforced NASADEM's reliability. Many global DEMs suffer from inconsistencies
due to void‐filling procedures, where missing data are interpolated or replaced using external data sets of varying
resolution and acquisition times. This issue is particularly evident in Copernicus DEM and TanDEM‐X EDEM,
where voids were predominantly filled using older data sets such as ASTER GDEM, ALOSWorld 3D, or SRTM,
leading to elevation inconsistencies. By contrast, NASADEM was developed as an enhanced version of SRTM,
incorporating improved algorithms and additional data sources while maintaining internal consistency. The fact
that NASADEM remains largely self‐contained with fewer dependencies on external DEMs for void‐filling
makes it a more suitable choice for sediment volume analysis, as it minimizes potential biases introduced by
mixed‐source elevation corrections (Figure 6c).

Unlike ASTER GDEM and ALOS World 3D, which exhibited significant noise at small spatial scales,
NASADEM maintained a smooth spectral profile comparable to TanDEM‐X but without excessive localized
distortions (Figure 8). The reduced noise levels in NASADEM ensure that sediment volume estimates are not
artificially influenced by spurious short‐wavelength artifacts, which can distort elevation differences over time.

Another key factor for selectingNASADEMwas the temporal gap between the available global DEMand the 2020
LiDARDEM.NASADEMprovides an extended time interval of nearly two decades, ensuring the accumulation of
measurable geomorphological signals resulting from extreme events, such as erosion, sedimentation, and
landslide‐driven changes, thereby surpassing the detection limits associated with DEM uncertainties (Wheaton
et al., 2010). Shorter intervals between surveys often fail to detect significant geomorphic changes or underestimate
sediment flux as the time period is insufficient to capture the full range of erosion processes operating at different
rates (Daley et al., 2024; Fryirs et al., 2012). Thus, longer intervals, as provided by NASADEM, are essential to
reliably capture meaningful geomorphic changes (Daley et al., 2024; James et al., 2012). Given these results,
NASADEMwas selected as the preferredDEM for sediment volume calculations because of its low spectral noise,
minimal void‐filling distortions, high vertical accuracy in stable terrain, and appropriate temporal spacing. These
characteristics ensure that elevation differences computed from NASADEM reflect true geomorphic changes
rather than sensor‐induced artifacts or inconsistencies in DEM construction.

4.3. Sediment Volume and Uncertainty Analysis Using NASADEM

The sediment volume and denudation rate analysis revealed substantial sediment fluxes, with thresholded gross
erosion of 854.09 Mm3 and gross deposition of 748.53 Mm3. The unthresholded net exported volume is
139 ± 44 Mm3, corresponding to a basin‐wide denudation rate of 5.06 ± 1.60 mm/yr. Uncertainty in total
sediment volume estimates can arise from a range of factors, including limitations of the instruments used to
acquire DEMs, co‐registration errors, and systematic or random noise (e.g., sensor drift). The effectiveness of
vegetation and vertical bias correction used in our study for reducing uncertainty was demonstrated (Figure 9),
with substantial improvements shown by reduced error metrics in stable areas. Without these corrections, the
error magnitude would exceed the geomorphic signal in many areas. Vegetation biases alone can exceed 30 m in
densely forested regions (Figure S3e in Supporting Information S1), comparable to or exceeding the erosion/
depositional signals in many areas, making correction fundamental for change detection. Table 2 highlights the
significant reduction in uncertainty after applying vegetation and vertical bias correction. The corrected DoD
results in lower random error (σrms), spatially correlated error (σsc), and systematic error (σsys).

For quantifying uncertainty related to vegetation bias correction, we identified pixels requiring vegetation
correction, yielding a volumetric uncertainty of 42.41 Mm3 (Table 3). This vegetation coefficient uncertainty
represents the dominant component of the total volumetric uncertainty (43.95 Mm3), reflecting the inherent
challenge of correcting radar‐derived elevations for forest canopy effects.

4.4. Spatial Patterns of Erosion and Deposition

The corrected DoD map reveals sediment routing and storage patterns across the Laonong River Basin
(Figure 10). Erosional hotspots concentrate in upstream and midstream mountainous regions, where steep slopes
and frequent landslides, both riverbank failures and hillslope landslides from tributaries, drive substantial sedi-
ment removal. A notable riverbank landslide near the Baolai region (Figure 10c) exemplifies lateral erosion
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contributing to trunk channel sediment flux. Midstream reaches show extensive aggradation from tributary
sediment influx. Among the most significant features influencing sediment redistribution is the Putanpunas
landslide (Figure 11), a catchment‐scale (∼6 km2) feature within the Laonong River system. Its debris formed a
55 m thick alluvial fan at the tributary junction (Figure 11d), visible as a depositional hotspot in the DoD map.

Analysis of 34 tributary sub‐catchments within the Laonong Basin reveals pronounced spatial heterogeneity
in decadal erosion rates (Figure 12d; Table S1 in Supporting Information S1). Sub‐catchment erosion rates
range over three orders of magnitude, from net aggradation (+0.81 mm/yr in sub‐catchment 8) to extreme
erosion (− 550.92 mm/yr in sub‐catchment 12, Putanpunas). The sub‐catchment mean erosion rate
(− 15.3 mm/yr, excluding the Putanpunas outlier) and median (− 11.4 mm/yr) both exceed the basin‐wide
average of − 5.06 mm/yr by factors of approximately three and two, respectively. Of the 34 sub‐
catchments, 25 (74%) exhibit erosion rates exceeding the basin average, 6 (18%) show rates at or below
the basin average, and 3 (9%, sub‐catchments 8, 29, and 32) display net deposition.

The 34 sub‐catchments collectively occupy 1,161 km2 and produce a net sediment export of − 367.32 Mm3 over
the 20‐year study period. The midstream sub‐catchments between Baolai and Taoyuan (11–17) concentrate one of
the highest erosion rates within the Laonong River, with six sub‐catchments exceeding 15 mm/yr. The down-

stream sub‐catchments (particularly western sub‐catchments 26, 29, and 32)
exhibit low to moderate sediment erosion, contributing relatively less to the
main channel's aggradation.

To quantify sediment storage partitioning, the DoD was classified into three
process zones. Zone 1 comprises the tributary sub‐catchments excluding
valley floor deposits. Zone 2 encompasses valley floor deposits, subdivided
into deposits within sub‐catchment boundaries (Zone 2a) and main channel
corridor deposits (Zone 2b), and Zone 3 represents residual interstitial areas
outside Zones 1 and 2. The zone‐partitioned sediment budget (Table S2 in
Supporting Information S1) shows that of the 854.09 Mm3 of thresholded
basin‐wide gross erosion, 194.61 Mm3 was re‐deposited locally on hillslopes
and in small channels (Zone 1), 525.57 Mm3 was captured by valley floor
deposits (Zone 2), and 28.35 Mm3 accumulated in residual interstitial areas
(Zone 3), yielding a basin‐wide storage total of 748.53 Mm3.

4.5. Longitudinal Cumulative Sediment Flux Profile

To examine the spatial organization of sediment production and storage along
the Laonong River system, we computed cumulative erosion, deposition, and

Figure 9. Histograms of the DEMs of difference (DoD) raster for NASADEM before and after corrections. (a) Original DoD relative to the airborne LiDAR reference.
(b) After vegetation‐bias correction of NASADEM. (c) After residual vertical‐bias referencing to LiDAR. The progressive shift of the peak toward zero and the reduced
spread indicate the removal of mean vertical bias and decreased variability.

Table 3
Parameters Used to Estimate Volumetric Uncertainty Associated With
Vegetation Bias Correction

nveg 84,155 pixels

Mean CHM 17.30 m

Mean ρ 0.73

Mean(CHM × ρ) 17.30 × 0.73 = 12.63 m

Δa 0.1

σVB 0.1 × 12.63 = 1.26 m

σv,veg 42.41 Mm3

Note. Vegetated pixels in 2,000 were identified using the Hansen Global
Forest Change tree cover data set, with a fractional tree cover threshold of
0.25 (Hansen et al., 2013; Tyukavina et al., 2015). The vegetation coefficient
uncertainty (Δa = 0.1) reflects the established range (0.5–0.6) of empirically
derived scaling coefficients for C‐band radar vegetation correction (Car-
abajal & Harding, 2005; O'Loughlin et al., 2016).
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net sediment export as functions of downstream distance along the main channel (Figure 13). This analysis
encompasses 998 km2 of the basin before the Zhoukou tributary joins the main stream.

The longitudinal profile reveals a systematic downstream increase in cumulative erosion, reaching approximately
620 Mm3 before joining the Zhoukou Tributary (Figure 13a). Cumulative deposition follows a strikingly parallel
trajectory, attaining 575 Mm3 over the same distance. The close correspondence between these curves with
deposition consistently tracking cumulative erosion in the lower basin provides direct evidence for efficient
sediment buffering within the basin. Net sediment export totals approximately 51 Mm3 (unthresholded), con-
firming that the vast majority of eroded material is stored within the basin.

The cumulative denudation rate (Figure 13b) exhibits pronounced spatial structure. Headwater reaches (0–20 km)
show relatively modest rates of 2–4 mm/yr, reflecting the predominance of persistently forested terrain with
limited landslide activity. Between 20 and 35 km, rates increase sharply to a maximum of 12.9 mm/yr, coinciding
with the entry of several high‐yield tributary systems, including sub‐catchment 1 (177 km2, 6.6 mm/yr) and sub‐
catchment 5 (105 km2, 20.5 mm/yr). The mid‐basin zone (35–60 km) sustains elevated rates of 8–11 mm/yr,

Figure 10. (a) DEMs of difference Map of the Laonong River Basin for the period 2000–2020 illustrating the elevation
difference map for the entire basin, showing sediment deposition (blue) in landslide toes and river channels, and sediment
erosion (red) in landslide scars and along eroding riverbanks. (b) Putanpunas tributary, the largest landslide complex in the
catchment, showing erosional volume (92.74 Mm3) and depositional volume (24.61 Mm3). (c) Riverbank landslide near
Baolai illustrating lateral erosion and associated channel deposition. (d) Main channel corridor from Baolai to Maolin
showing aggradation intensity decreasing downstream of Liouguei.
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encompassing the confluence of sub‐catchments characterized by active mass wasting, including the Putanpunas
landslide complex (sub‐catchment 12; 6.5 km2, 550.92 mm/yr).

A distinctive inflection occurs near 59 km, where a single step contributes 116 Mm3 of cumulative erosion, the
largest discrete sediment input along the profile. This zone corresponds to the Putanpunas tributary junction,
where catastrophic landsliding during Typhoon Morakot generated massive debris flows that deposited the thick
alluvial fan at the confluence with the trunk channel (Figure 11). The concurrent increase in cumulative deposition
demonstrates that substantial proportions of this sediment pulse were immediately sequestered within the valley
fill rather than exported downstream.

Downstream of the Putanpunas zone (>75 km), cumulative denudation rates decline progressively from 7 mm/yr
to 2.6 mm/yr at the profile terminus. This attenuation reflects both the incorporation of lower‐yield tributary
catchments and the dominance of depositional processes in the widening valley floor.

Figure 11. Top panel (a–b): Satellite images of Putanpunas catchment 20 years apart. An extreme event such as Typhoon
Morakot significantly altered the topography, and its impact remains evident in the catchment. The bottom‐left panel
(c) illustrates elevation changes over the past two decades, highlighting massive aggradation in the main channel of the
Laonong River due to a deep‐seated landslide. Additionally, the formation of a debris fan at the tributary‐main channel
junction is notable, with elevation changes reaching nearly 55 m. The aggraded main channel and the debris fan at the
tributary‐main channel junction acted as primary sediment buffer zones within the basin, delaying downstream sediment
evacuation, as evident from the DEMs of difference map. The bottom‐right panel (d) presents the elevation profile of cross‐
section AA', clearly showing the main channel aggradation and debris fan accumulation. Notably, the profile line also passes
through one of the stable polygons, which has been used for spatial stable area analysis. This stable polygon, located on a
high flat terrace away from landslides and active channels, has remained relatively stable over the past two decades with no
significant geomorphological changes. Credit: satellite images, SPOT © CSRSR, NCU, Taiwan.
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4.6. Erosion Rates Derived From Gauge‐Station Based Rating Curve Method

Suspended‐sediment derived erosion rates estimated using the gauge‐station based rating curve method are
consistently lower than erosion rates derived from DoD for the common study period (2000–2020). Rating‐curve
based erosion rates were calculated at three hydrological stations within the Laonong River Basin and ranged
from 0.57 to 4.39 mm yr− 1 over the study interval (Table 4).

The lowest erosion rates were obtained at stations representing longer multi‐year records, whereas the highest
value corresponds to a short observation window dominated by elevated discharge conditions. Station coverage
within the basin reflects changes in monitoring infrastructure following major extreme events. The original outlet

Figure 12. Sub‐catchment erosion rate variability in the Laonong River Basin. (a) Index map overlaid on DEMs of difference
map with 34 numbered tributary sub‐catchments showing erosion (red) and deposition (blue). Insets show (b) lateral channel
erosion example and (c) segment of tributary channel showing incision (d) Sub‐catchment erosion rates (mm/yr) by category;
note extreme value in sub‐catchment 12 (Putanpunas, − 550.9 mm/yr). (e) Erosion rates for all sub‐catchments; dashed line
indicates basin‐wide average (− 5.06 mm/yr).
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gauge station (1730H039) was destroyed during the 2009 TyphoonMorakot, temporarily replaced by an upstream
station (1730H060), and subsequently re‐established at the same location as station 1730H070, resulting in
temporally segmented sediment and discharge records.

Daily water discharge records were used to reconstruct suspended sediment fluxes via station‐specific rating
curves (Figure 14). The rating curve exponent decreased from 1.54–1.63 (before and immediately after Typhoon
Morakot) to 1.09 (during the recovery period), while the coefficient increased from 3.9 to 29. The elevated
coefficient reflects greater sediment availability at all discharges, while the near‐unity exponent indicates that
suspended sediment concentrations increase roughly proportionally with discharge, a signature of transport‐
limited conditions where abundant channel‐stored sediment from Morakot‐triggered landslides is readily
entrained even during moderate flows. This contrasts with the pre‐Morakot regime (b > 1.5), when sediment
concentrations increased nonlinearly with discharge, requiring higher flows to access additional sediment
sources. All three periods show strong Qs–Q correlations (R

2 = 0.76–0.86). However, substantial temporal gaps

Figure 13. Longitudinal cumulative sediment flux profile along the Laonong River main channel (2000–2020) computed
upstream of the Zhoukou tributary confluence and encompassing approximately 998 km2 of the 1,373 km2 basin.
(a) Cumulative gross erosion (red), gross deposition (blue), and net export (dashed black) volumes as functions of
downstream distance. Vertical dashed lines mark the confluences of tributary sub‐catchments, labeled by the ID number.
Gross erosion and deposition are thresholded (LoD = ±1.82 m; Anderson, 2019); net export is unthresholded and therefore
does not equal the arithmetic difference between the two gross curves. The close parallelism between gross erosion and
deposition curves demonstrates pervasive sediment buffering, with deposition consistently tracking erosion throughout the
lower basin. (b) Cumulative basin‐averaged denudation rate showing peak values of 10–13 mm/yr in the mid‐basin zone
(35–60 km), declining to approximately 2.5 mm/yr at the downstream end of the profile. The rate decline reflects progressive
sediment storage along the channel network rather than diminishing erosion intensity.

Table 4
Suspended‐Sediment Derived Erosion Rates From Rating‐Curve Analysis (2000–2020)

Gauge
station
number

Drainage
area (km2)

Years in
record

Number of sediment
observations

Mean water
discharge (CMS)

Mean sediment
concentration (ppm)

Mean suspended
load (103 kg/day)

Sediment transport
rate (Mm3/yr)

Erosion rate
(mm/yr)

H039 885 2000–2009 311 57.4 813.7 4,035.66 0.53 0.59

H060 870 2010 30 69.5 4,531.8 27,223.2 3.82 4.39

H070 885 2011–2020 299 85.4 546.8 4,033.2 0.50 0.57

Note. Suspended sediment loads were reconstructed using station‐specific rating curves (Qs = AQB) applied to available daily discharge records. The number of
sediment observations reflects spot measurements available within the period reported for each gauge station. Sediment transport rate is converted assuming a bulk rock
density of 2.6 × 103 kg m− 3 (Fuller et al., 2003).
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are present in the discharge time series (Figure 3a), particularly during periods immediately before and after
extreme rainfall events. These gaps coincide with intervals when high‐magnitude floods are most likely to occur,
indicating that some extreme flow conditions were not captured in the gauge records. Because extreme events in
Taiwan's mountain rivers can account for more than ∼75% of total sediment export (Kao et al., 2005), missing
high‐flow data introduce uncertainty and likely lead to an underestimation of suspended‐sediment derived erosion
rates.

5. Discussion
5.1. Sediment Storage and Buffering: Evidence From DoD Analysis

The spatial patterns documented in Sections 4.4–4.5 provide clear evidence for a significant sediment buffering
effect within the Laonong River Basin. Despite tributary erosion rates ranging from 2 to 100 times the basin
average, 87.6% of thresholded gross erosion was stored within the basin (Table S2 in Supporting Information S1),
partitioned among local hillslope re‐deposition (22.8%), major valley floor deposits (61.5%), and residual
interstitial areas (3.3%). This internal sediment sequestration, manifesting as tributary alluvial fans, landslide
deposits, valley fills, and sediment blankets in the trunk channel, acts as a buffering mechanism, dampening the
expression of high local erosion rates at the catchment outlet. This behavior aligns with studies reporting that
sediment delivery ratios tend to decrease with increasing catchment area due to internal storage (Dedkov, 2004;
Walling, 1983).

The parallelism between cumulative erosion and deposition curves (Figure 13) demonstrates that buffering
operates as a distributed process along the entire fluvial network and is not confined to isolated depositional
nodes. At each downstream increment, newly eroded sediment is substantially offset by concurrent deposition,
maintaining a relatively constant net export flux despite large variations in local erosion intensity. The down-
stream attenuation of cumulative denudation rates, from peak values of 12.9 mm/yr in the mid‐basin to 2.7 mm/yr
upstream of the Zhoukou confluence, reflects the cumulative integration of both erosional sources and deposi-
tional sinks along the channel network.

Research on large continental basins (area ≳105–106 km2) such as the Amazon (Wittmann et al., 2011), Indus
(Clift & Giosan, 2014), and global‐scale analyses (Ben‐Israel et al., 2022; Covault et al., 2013) demonstrates that
sediment residence times can span thousands to millions of years, muting and delaying sediment flux out of the
basin. Our results demonstrating the observed difference between high local erosion rates and lower outlet
sediment flux in the Laonong Basin reinforces the idea that buffering can be substantial even in relatively small
meso‐basin scales of the Laonong (1,373 km2), high‐relief catchments, filtering erosional signals and controlling
sediment delivery over decadal timescales.

Figure 14. Suspended sediment load (Qs) versus water discharge (Q) rating curves for Laonong River gauge stations: (a) H039, pre‐Morakot (2000–2009) (b) H060,
immediate post‐Morakot (2010) and (c) H070, post‐Morakot recovery (2011–2022). The rating curve exponent decreased from 1.54–1.63 (before and immediately after
TyphoonMorakot) to 1.09 (during the recovery period), while the coefficient increased from 3.9 to 29. All three periods show strongQs–Q correlations (R

2= 0.76–0.86)
within the sampled discharge range.
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The DoD reveals substantial net aggradation across the basin, with up to 48 m of deposition in the main trunk
channel at major tributary junctions (Figure 11d). The sediment retention documented in valley floor deposits
(Table S2 in Supporting Information S1; 61.5% of gross erosion) indicates that the basin remained in a storage‐
dominated phase throughout the 2000–2020 study period. These patterns parallel post‐cyclone responses docu-
mented in New Zealand, where tributary‐junction fans act as temporary sediment buffers with aggradation
reaching tens of meters (Leenman & Tunnicliffe, 2019; Tunnicliffe et al., 2018). The overall positive sediment
budget (erosional volume exceeding exported volume) reflects incomplete evacuation of sediment mobilized
during extreme events within the study period.

Several factors contribute to this prolonged storage phase. Continued hillslope supply from active features such as
the Putanpunas landslide maintains sediment input (Tseng et al., 2019), while insufficient flood magnitudes have
failed to mobilize thick sediment armor layers (Kumar et al., 2024; Sklar & Dietrich, 2004). The DoDmap reveals
thick, coarse sediment layers blanketing midstream riverbeds, which would inhibit bedrock incision under typical
flow conditions. While localized incision occurs in some tributary segments (Figure 12c), the majority of the main
channel remains in a non‐incising state, consistent with decadal‐scale sediment persistence following major
disturbances (DeLisle et al., 2022; Ruetenik et al., 2024). The watershed's landslide ratio has not yet returned to
pre‐Morakot levels (Tseng et al., 2020), indicating incomplete geomorphic recovery more than a decade after the
event.

Critically, sediment evacuation from mountain river systems is fundamentally event‐driven. Coarse channel fill
and fan deposits require threshold‐exceeding floods for remobilization (Hassan et al., 2005; Lisle et al., 2001).
The 2011–2020 period was hydrologically quiescent relative to preceding decades, with no events approaching
Morakot's magnitude (Kumar et al., 2024). Without such threshold‐exceeding floods, substantial valley storage
persists regardless of the elapsed time since the initial disturbance. This interpretation aligns with global ob-
servations that coarse sediment pulses from extreme events persist for decades to centuries awaiting evacuation.
In California's Sierra Nevada, hydraulic mining sediment (1853–1884) continues to be reworked more than
100 years later (James, 1999; Singer et al., 2013), while in New Zealand, sediments deposited by the 1988
Cyclone Bola remain identifiable in the Waipaoa River system after more than three decades (Tunnicliffe
et al., 2018). At the global scale, coarse sediment residence times in mountain basins range from 102 to 104 years
depending on storage dynamics and disturbance frequency (Carretier et al., 2020; Hoffmann, 2015). The 87.6%
storage efficiency observed in the Laonong Basin is consistent with these global patterns, representing early‐stage
sequestration of a sediment pulse that may require decades to centuries for complete evacuation.

While quantifying evacuation timescales as a function of future event frequency and magnitude requires further
research, the current distribution of stored sediment has immediate implications for hazard assessment. Prolonged
sediment storage could set the stage for devastating impacts similar to Nepal's Melamchi Valley during the 2021
flood, where remobilization of stored sediment caused severe downstream damage (Chen et al., 2025). The
longitudinal profile identifies specific zones of heightened remobilization potential. The 48‐m aggradational
package adjacent to the Putanpunas confluence represents approximately 49 Mm3 of readily mobilizable sedi-
ment, while distributed valley‐fill deposits between 40 and 80 km constitute a continuous sediment reservoir
whose stability depends on maintenance of channel armor layers. The DoD‐derived spatial mapping of these
storage zones provides essential baseline data for forecasting the potential impacts of future extreme events on
downstream infrastructure.

5.2. Comparison of Erosion Rates Across Spatial and Temporal Scales in the Basin

Erosion rates derived from the Laonong River Basin (∼5 mm/yr) contrast markedly with rates observed in smaller
tributaries, which extend up to 550 mm/yr. This difference reflects how erosion rates from larger basins incor-
porate a wider array of geomorphic processes, averaging localized high‐intensity erosion episodes over broader
spatial scales. In contrast, smaller tributary catchments are particularly sensitive to episodic catastrophic events
such as landslides triggered by extreme precipitation or seismic activity, temporarily inflating their apparent
sediment yields (Dadson et al., 2003, 2004). Sub‐catchment analysis reveals that 74% of tributary catchments
erode faster than the basin‐wide average, with mean sub‐catchment erosion rates (15.3 mm/yr) approximately
three times higher than the integrated basin rate (5.06 mm/yr).

The extreme rate in Putanpunas (550.92 mm/yr) highlights the heavy‐tailed distribution characteristic of
landslide‐dominated sediment production (Hovius et al., 1997; Stark & Guzzetti, 2009). This sub‐catchment
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represents the legacy of the 2009 TyphoonMorakot, which triggered a catastrophic deep‐seated landslide eroding
∼93 Mm3 of material. Despite comprising only 0.5% of the total basin area, Putanpunas accounts for approxi-
mately 12% of the total sub‐catchment erosion volume, demonstrating how episodic mass‐wasting events
dominate decadal sediment budgets in tectonically active orogens. Similarly, the Zhoukou tributary (sub‐
catchments 34, 11.76 mm/yr) erodes at approximately twice the basin‐wide average despite its large area
(374 km2), consistent with DoD analysis documenting widespread hillslope erosion throughout this tributary
system (Kumar et al., 2024).

The divergence between sub‐catchment and basin‐wide erosion rates highlights the limitations of conventional
monitoring approaches. Gauge station sediment flux data, typically limited to catchment outlets, integrate all
upstream inputs and inherently capture a buffered signal rather than the hillslope source signal. These estimates
are also subject to systematic biases. Basin gauge stations averaged only ∼30 sediment concentration mea-
surements per year during 2000–2020 (Figure 3b), requiring rating curve extrapolation across the majority of the
hydrographs. Moreover, instrumentation failure during extreme events creates critical data gaps precisely when
sediment flux and water discharge are at their peaks. TheWRA record contains no measurements during Typhoon
Morakot (Figure 3), likely resulting in substantial underestimation of decadal sediment export (Kao et al., 2005;
Kao & Milliman, 2008).

DoD analysis overcomes these limitations by resolving internal spatial heterogeneity and identifying concentrated
geohazard zones invisible in outlet‐integrated measurements. Sub‐catchments 6, 12, 17, and 22, for example,
erode at rates 7–110 times the basin average. However, the main channel corridor intercepts the majority of this
material, functioning as a capacitor that smooths erosional signals across space and explains the coexistence of
localized extreme erosion with moderate basin‐outlet sediment flux.

To enable direct comparison with Dadson et al. (2003), we calculated a DoD‐derived lowering rate for the area
draining to the gauge location (∼812 km2, station 1730H031), yielding ∼5.03 mm/yr. This is consistent with their
suspended sediment‐derived estimate of 6.4 ± 1.5 mm/yr for 1970–1999 at the same location. These two esti-
mates are derived from fundamentally different measurement approaches, volumetric elevation change versus
suspended sediment flux and cover different time periods, yet fall within each other's uncertainty envelopes. This
convergence is particularly significant because the 2000–2020 period encompasses the 2009 Typhoon Morakot,
which triggered widespread catastrophic landsliding and debris flows that mobilized substantial volumes of
sediment across the basin. Despite this, the basin‐scale DoD rate does not exceed the pre‐Morakot (1970–1999)
suspended sediment estimate, consistent with the sediment buffering documented in Section 5.1. By contrast,
gauge‐derived rates for 2000–2020 (0.57–4.39 mm/yr) are lower, illustrating the systematic underestimation that
results when monitoring records are truncated by the very events that dominate sediment transport. Beyond the
decadal timescale, the basin‐wide DoD rate of 5.06 ± 1.60 mm/yr aligns with independent estimates across
multiple temporal scales (Table 5): cosmogenic nuclide‐derived (10Be) denudation rates of ∼2.5 ± 0.5 mm/yr for
the Laonong River (Derrieux et al., 2014), magnitude‐frequency based estimates of ∼2.7–5.2 mm/yr for the
broader Kaoping watershed over 1957–2009 (Chen et al., 2014), and the general understanding that erosion rates
within Taiwan's mountain belts typically range between 3 and 6 mm/yr across all timescales (Dadson et al., 2003).
The consistency between our decadal volumetric measurement and these millennial‐to‐million‐year estimates
suggests that, when integrated over sufficient catchment area, the Laonong Basin operates near a long‐term
erosional steady state in which extreme events, though locally devastating, are absorbed into a rate that re-
mains broadly stable across measurement timescales.

This apparent temporal consistency of erosion rates in the Laonong River Basin is consistent with the time‐scale
invariance of denudation rates documented by Sadler and Jerolmack (2015). Their global compilation demon-
strates that upland denudation rates, when determined from specific sediment yield integrated over whole catch-
ments, show little or no dependence on measurement intervals from annual to million‐year timescales. This time‐
invariance emerges because spatial averaging across catchment areas captures active and inactive erosional patches
in representative proportions, eliminating the noise introduced by intermittent processes such as landsliding (Sadler
& Jerolmack, 2015). Our basin‐wide DoD‐derived rate represents precisely this kind of spatially integrated
measurement, which explains its alignment with longer‐term estimates despite capturing extreme events such as
Typhoon Morakot (Figure 3). Recent work by Halsted et al. (2025) supports this mechanism, documenting
widespread sediment storage and burial signatures in basins >1,000 km2 globally. Thus, apparent steady‐state
conditions in the LaonongBasin represent “pseudo‐equilibrium”where bufferingmasks true landscape transience.
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While erosion measurements from large basins are significant for interpreting mountain‐building processes and
landscape evolution, exclusive reliance on outlet‐integrated data overlooks critical localized hazard potentials.
Smaller tributary catchments generate high sediment fluxes with severe downstream consequences including
floods and extensive channel aggradation. In the Laonong Basin, aggradation patterns identified through DoD
analysis indicate potential for future slope instability, as demonstrated in the nearby Xinwulü River where cyclical
erosion and aggradation destabilized slopes (Lo et al., 2021). Severe sedimentation in the Laonong River has
already triggered major disruptions, including suspension of the Tseng‐Wen Reservoir Transbasin Diversion
Project (Hsieh & Capart, 2013). DoD analyses thus provide essential spatial distribution for identifying sediment
source areas and prioritizing hazard mitigation, information unavailable from conventional gauging approaches
that capture only sediment outflux at catchment outlets.

5.3. Limitations and Future Directions

Pixels with persistent vegetation cover in both the DEMs, where reliable elevation change cannot be resolved,
were masked out and excluded from both the volume calculation and uncertainty analysis. We assume a negligible
net change in these masked areas. However, this exclusion may result in an underestimation of the true basin‐wide
uncertainty.

Another likely limitation in the study relates to water‐covered surfaces, which may introduce localized un-
certainties. However, these active water surface features are typically sub‐pixel in width (often <1 pixel at the
30 m resolution), making their overall contribution to volumetric estimates negligible at the basin scale. The
observations from the ESRI 2020 Land Use/Land Cover (LULC)map at 10‐m resolution (Figure S5 in Supporting
Information S1) clearly indicate that water pixels only occupy a small fraction of the valley corridor and are
spatially discontinuous.

The selection of NASADEM in this study may be limited by site‐specific factors such as acquisition timing,
limited void filling, and reduced high‐frequency noise. Nonetheless, its C‐band system, with ∼40–60% canopy
penetration, provides a more representative ground approximation than X‐band DEMs (Becek, 2008; Kenyi
et al., 2009), making it particularly suitable for densely vegetated, high‐relief terrain. Importantly, its short
acquisition window in February 2000 offers a temporally coherent baseline for change detection, minimizing
uncertainties associated with multi‐temporal mosaics. Reprocessing improvements, including advanced phase
unwrapping and integration of ICESat control points, reduce vertical RMSE relative to SRTM (Crippen
et al., 2016), while comparative studies confirm its superior performance in forested mountains globally (Li
et al., 2022; Okolie et al., 2024). Remaining limitations stemming from spatial variability in canopy structure and
residual vegetation biases could be further constrained by integrating NASADEM with contemporary canopy
height models.

For future geomorphic applications, NASADEM provides an increasingly valuable baseline; its discrete 11‐day
capture in 2000 and growing temporal separation ensure that genuine surface changes progressively exceed
measurement noise in active mountain regions. Broader use of NASADEM in tropical and subtropical envi-
ronments, where dense vegetation and relief limit conventional DEM differencing, could advance long‐term
sediment budgeting and hazard assessment. Future work could further develop and benchmark frequency‐
based correction workflows, particularly in geomorphologically dynamic regions where traditional stable‐area
approaches are constrained. A hybrid framework, combining sparse stable patches with frequency‐domain
filtering, may ultimately expand the applicability of DEM differencing to regions previously considered chal-
lenging for robust change detection.

6. Conclusion
This study demonstrated that decadal erosion rates in Taiwan's Laonong River Basin align with millennial av-
erages, even after decades marked by extreme rainfall events. We attribute this consistency to sediment buffering,
which moderates basin‐scale erosion signals through internal storage. Our analysis identifies NASADEM as the
most suitable global DEM for quantifying geomorphic change, owing to its vertical consistency, minimal void
filling, and fewer high‐frequency artifacts, making it particularly well‐suited for decadal‐scale sediment moni-
toring in mountainous regions. Vegetation and vertical bias corrections further improved DEM differencing,
reducing volumetric uncertainty from∼187 to∼44Mm3 and allowing more reliable estimates of sediment export.
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At the basin scale, the estimated erosion rate of 5.06 ± 1.60 mm/yr represents a regionally integrated measure of
decadal denudation. In contrast, sub‐catchment erosion rates range up to 550.92 mm/yr (Putanpunas), with a mean
of 15.30 mm/yr across the remaining tributaries, illustrating the intensity of localized disturbance. These contrasts
show why traditional gauging‐station networks, typically confined to basin outlets due to economic constraints,
may underrepresent erosional variability within mountain basins. The DoD‐derived rate is independently
corroborated by the suspended sediment‐derived estimate of 6.4± 1.5 mm/yr reported by Dadson et al. (2003) for
1970–1999 at the common gauge station location, demonstrating convergence across measurement approaches
despite encompassing Typhoon Morakot within the DoD measurement period. The patterns observed here point
to the importance of internal sediment storage, including hillslope re‐deposition, valley‐fill deposits, tributary‐
junction fans, and channel aggradation zones, which collectively retain 87.6% of mobilized sediment within
the basin and delay export to the outlet. Evidence of ongoing aggradation and limited incision suggests that the
Laonong River remains in a storage phase, with future adjustments dependent on the magnitude of events capable
of mobilizing coarse channel deposits. Such episodic aggradation‐incision cycles complicate sediment budgets
and must be considered when linking short‐term changes to long‐term landscape evolution. Taken together, these
results emphasize the dual importance of sediment storage and scale in shaping erosional signals. The results also
highlight the importance of legacy global DEMs such as NASADEM, which, once corrected, remain valuable for
reconstructing geomorphic responses to extreme events and enabling sediment budgeting and hazard analysis in
data‐sparse mountainous terrain.
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