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Introduction  

River meander patterns arise from geomorphological processes influenced by climate, 
geology, terrain, and hydrology. These processes produce a wide spectrum of sinuous 
channel and meander forms, and understanding them is essential for land management 
practices, such as natural channel restoration (Dominguez et al., 2018), flood and 
erosion control, bank stabilization (U.S. Department of Interior, 2015), and riparian 
corridor and agricultural land management (Ran, et al., 2022; Yu, et al., 2023; Zhu et 
al., 2022). Studies of meander migration provide insight into sediment dynamics and 
river ecosystem health (Ielpi et al. 2023, Constantine et al., 2014). A river’s natural 
ability to clean itself, or reduce pollutants, through physical, chemical, and biological 
processes, also termed self-purification capacity, has been linked to river sinuosity 
(Xiao et al, 2019, 2025).  

Scale-specific sinuosity (S3) is an easily computed metric for characterizing planform 
meander bend geometry across a range of measurement scales (Stanislawski et al., 
2023). Unlike the traditional single summary value of sinuosity for a stream section, S3 
estimates the relative distribution of meander‑bend sizes, such as peak‑to‑trough 
lengths, within a planform linear representation of a stream section, along with the 
relative contributions of these bend sizes to its overall sinuosity. The aim of this study is 
to assess the potential of S3 as a diagnostic geomorphic metric with applications to 
process-based river and fluvial domain classification. 

Rivers vary widely in their sensitivity to change depending on sediment and bedload 
materials, landscape position, and hydroclimatic variability, including flooding or 
drought. River classification systems were developed to organize the diversity of river 
forms and processes in ways that support both scientific understanding and management 
needs. Classification provides a framework for geomorphological analyses related to 
resource assessment, habitat evaluation, and mitigation of natural or human-driven 
disturbances. Process-based classification systems help predict how channels respond to 
changes in flow or sediment regimes (Buffington and Montgomery, 2022), and also 



support resource exploration because ecological habitats, mineral deposits, and other 
natural resources often correspond to sediment characteristics that vary systematically 
across channel types (Rosgen, 1994; Wheaton et al., 2013; Wheaton et al., 2015). 
Planform-based metrics such as channel sinuosity have long been components of river 
classification systems (Rosgen, 1994; Wheaton et al., 2015; Buffington and 
Montgomery, 2022), where sinuosity is measured as a simple ratio of path length over 
end-to-end distance. 

A general model for stream sinuosity indicates that sinuosity is related to the ratio of 
terrain slope to substrate resistivity (Lazarus and Constantine, 2013), although low-
slope, valley, and flood plain environments exhibit a broader range of sinuosity values 
than high-slope conditions. Variability in channel pattern morphology is governed by 
the physics of fluvial processes and eight stream channel properties, which include 
channel width, depth, velocity, discharge, channel slope, roughness of channel 
materials, sediment load, and sediment size (Leopold et al., 1964).  Traditional planform 
meander-bend geometry metrics typically collapse complex meander patterns into one 
or more measures, such as sinuosity, meander wavelength, frequency, or amplitude 
(Tallar et al., 2023). However, rivers express meander patterns across a range of spatial 
scales, from high-frequency small bends in steep headwaters to low-frequency large 
meanders in low-relief floodplains. Consequently, this scale diversity means similar 
overall sinuosity values can arise from fundamentally different geomorphic settings, 
limiting the diagnostic power of conventional single summary sinuosity measures.  

Research by Costabile et al. (2024) applied a hydrodynamic hierarchical framework to 
identify inundation pattern domains (IPDs) within watersheds using digital elevation 
model (DEM)-derived two-dimensional shallow water models driven by rain-on-grid 
forcing. The IPDs delineate distinct hydrogeomorphic domains such as hillslope, 
unchanneled valleys, and flood plains within the 12-digit hydrologic unit (HU12) 
watersheds (U.S. Geological Survey, 2023) in the Kobuk River valley in northcentral 
Alaska. S3 can be aggregated to produce average meander distributions for IPDs, such 
as unchanneled secondary branches and low-relief floodplain valleys, enabling 
comparisons across domains. In this way, S3 provides an easily comparable metric for 
summarizing meander bend sinuosity patterns across hydrogeomorphic and broader 
geophysical contexts.  

In this work, we use S3 plots to assess channel sinuosity across IPDs within Alaskan 
watersheds using 1:24,000-scale vector hydrography and 5-meter (5-m) resolution 
DEMs derived from Interferometric Synthetic Aperture Radar (IfSAR) data. The 
objective of this study is to evaluate whether S3 meander signatures differ 
systematically across IPDs in Alaska watersheds and whether S3 can help distinguish 
geomorphic process environments at the watershed scale to support process-based river 
classification. 

Methods 

In this work, HU12 watersheds are subdivided into riverbed and hillslope (or mountain) 
domains using the last (rightmost) scale break identified for the unit discharge to 
watershed drainage density (WDD) curve derived by methods described by Costabile et 
al. (2024), with scale breaks found by Feldmann et al. (2026) methods.  Figure 1 
demonstrates the use of the unit discharge value of 0.5 square meters per second 
(m2/sec) as a threshold to subdivide HU12 watershed 190503021109 into the well-



defined main channel reaches within the flood plain from the more ephemeral and 
peripheral channel segments and the surrounding hillslope domain. Figure 1b shows this  
0.5 m2/sec threshold value on the WDD to unit discharge curve. 

Figure 1: a) Main channels within the flood plain of 12-digit hydrologic unit (HU12) 
watershed 190503021109 overlaid on grey hill-shaded digital elevation model. The blue 
area has flow discharge greater than or equal to 0.5 m2/sec. The index map at the right 
shows the location of the watershed in red. b) The watershed drainage density to unit 
discharge curve, with the 0.5 minimum discharge threshold (marked with a red triangle) 
that separates the main channels and hillslope domains.  

Using custom Python and open-source tools, S3 analysis is applied to 1:24,000-scale 
elevation-derived hydrography (EDH) generated from 2012-2013 IfSAR data compiled 
for the U.S. Geological Survey (USGS) 3D Hydrography Program (USGS, 2026). The 
IfSAR dataset includes 5-m resolution DEMs from the USGS 3D Elevation Program 
(USGS, 2017). Vector channel features in the EDH drainage network are assembled 
into connected flow paths, ordered from longest to shortest within each HU12 
watershed. These connected paths form the basis for S3 computations.  

For each path, an average S3 plot is computed from a sliding window that covers about 
10 meters less than the window that encompasses the entire path. Window start 
locations are randomly selected. The stride range of the window is subdivided into a 
number of bins that depends on the window size. A fixed bin size is selected based on 
the lengths of the paths in the dataset. A random sample of stride lengths is selected for 
each bin. For each window, strides lengths are sorted in increasing order, and an S3 plot 
is generated by incrementally computing the slope of the Richardson plot across 
successively increasing stride lengths, where the Richardson plot represents path length 
measured using progressively larger stride lengths (see Stanislawski et al., 2023 for 

b 

a 



details). Average and standard deviation S3 values are compiled for all stride bins in all 
windows, possibly excluding the largest stride bins if the minimum number of 
observations is not found. A 95 percent confidence interval is computed for each bin. 
Figure 2a shows the S3 plot for the longest path in HU12 190503021109, which lies 
within the floodplain IPD, while Figure 2b shows an S3 plot for a hillslope path. 

Subsequent analysis compares S3 signatures aggregated by IPD and by watershed. The 
fixed bin size allows statistical summaries of S3 values to be computed and compared 
both by bin and by complete S3 signature. However, differing ranges of path lengths 
between domains limit comparisons to the common bin ranges. 

Figure 2: Multi-colored paths delineated for the elevation-derived hydrography channel 
network collected for 12-digit hydrologic unit (HU12) watershed 190503021109, a) 
main path #1 (bold red) within the flood-plain domain and the associated multi-window 
average scale-specific sinuosity (S3) plot for path #1, and b) path #19 (bold red) from 
the hillslope domain and the associated multi-window average S3 plot. 95 percent 
confidence intervals for each average are shaded in light blue. S3 signatures quantify 
variations in meander patterns and sinuosity across different fluvial domains. 

Discussion 

S3 analysis provides a new way to evaluate stream meander patterns by quantifying 
how sinuosity varies across multiple spatial scales. This multi‑scale perspective enables 
comparisons of meander geometry across different fluvial environments and 
geophysical settings. This work demonstrates how S3 metrics and signatures differ 
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between a more sinuous main channel and a straighter secondary channelization 
associated with an unchanneled mountain valley. This comparison highlights the 
potential of S3 to characterize and distinguish different hydrogeomorphic configurations 
within the channel domain. S3 signatures in Figure 2 indicate that meander bends 
ranging in length from approximately 100 to 10,000 m contribute to relatively higher 
sinuosity in the main-channel path, whereas smaller bends, ranging from approximately 
10 to 500 m, characterize the straighter secondary channelization within the 
unchanneled valley.  

One focus of this work assesses the statistical variability of watershed-based S3 
meander signatures and whether differences in S3 distributions can be linked to terrain 
conditions, including variations in fluvial processes, permafrost influence, or underlying 
geology. As the analysis expands to additional watersheds, we expect to refine the 
statistical characterization of S3 signatures and evaluate their potential for supporting 
process‑based river classification. 

Disclaimer: Any use of trade, firm, or product names is for descriptive purposes only 
and does not imply endorsement by the U.S. Government. 
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