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Abstract Estimating morphological change in braided gravel bed rivers is important to determine the
geometry of the active part of the braidplain, that is the width of the area where bed material is transported and
the number of active branches during a certain time interval. Repeated surveys and photogrammetry have been
used to measure morphological change with different spatial and temporal resolution but characterizing the
geometry of braided rivers remains a problem. Increased satellite coverage and frequency of revisiting times
motivated satellite-based studies of river dynamics. Here we present a procedure to estimate morphological
change in ephemeral, braided, gravel bed rivers from Differential Interferometry of Synthetic Aperture Radar
(DInSAR) data conducted on Sentinel-1 SAR images, that is information on areas where ground displacement
larger than 5-6 cm occurred. We hypothesize that such displacement is representative of bedload transport and
can be used to describe the morphologically active braidplain. The procedure is applied to the Trionto River in
Southern Italy. Results indicate that the proposed approach has the potential to capture different channel
dynamics related to lateral confinement and flood hydrographs. In agreement with field and laboratory
observations reported in the literature, narrower morphological active width and fewer active branches are
estimated where the valley is most confined. In response to a relatively frequent flood, active width remains
independent of lateral confinement and one or two active branches are predicted. Conversely, a large, less
frequent flood results in the reorganization of the channel network with comparatively larger active width and
more active branches in the widest portion of the braidplain.

Plain Language Summary Rivers can be described based on their planform shape, that is the shape
we see when we look at them from higher ground or from an airplane. Main feature of a braided river is the
presence of several channels (braids) that surround islands, which may or may not be vegetated. During floods
just one or two braids typically transport sediment at a given point in time (active braids). Sediment erosion and
deposition from and to the sides of an active braid channel may result in lateral displacement of the braid and/or
in the formation of a new active braid. Measuring the width of the active area and the number of braids that
transported sediment during a flood remains a problem. Here we illustrate how the analysis of satellite data
indicating ground movement has the potential to help estimate active width and number of channels in
ephemeral, braided, gravel bed rivers.

1. Introduction

Predicting the geometry of alluvial rivers is a long-standing problem with applications to flood protection, river
management and restoration (e.g., Bertoldi, Zanoni, & Tubino, 2009; Carbonari et al., 2020; Misset et al., 2020).
Regime-type relations and physics-based modeling have been widely used to describe at-a-station and down-
stream hydraulic geometry of single thread rivers in terms of bankfull width, depth and discharge (e.g., Czapiga
et al.,, 2019; Dunne et al., 2018; Dunne & Jerolmack, 2020; Leopold & Maddock, 1953; Li et al., 2015;
Parker, 1979; Parker et al., 2007; Trampush et al., 2014; Viparelli & Eke, 2021; Wilkerson & Parker, 2011).

Defining formative conditions and channel geometry in braided rivers is more difficult than in single thread rivers
due to the coexistence of multiple spatial scales and to the rapidly evolving geometry (Bertoldi et al., 2010; Egozi
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& Ashmore, 2009; Paola, 2001; Rhoads, 2020), which make measurement of channel topography and sediment
fluxes challenging (Ashmore & Church, 1998; Ashmore & Sauks, 2006; Carson & Griffiths, 1989; Fergu-
son, 1993). The geometry of a braided, gravel bed river is often described in terms of wetted and active geom-
etries. Wetted width and depth correspond to average values of the cross section occupied by water. Active width,
depth and band describe the average geometry of the cross section where bedload transport occurs (e.g., Ash-
more, 1991a, 1991b, 2013; Egozi & Ashmore, 2008; Garcia-Martinez & Rinaldi, 2022), which is typically
smaller than the wetted cross section in gravel bed rivers.

With the increase in satellite coverage and frequency of revisiting times, researchers have been exploring the use
of multispectral and Synthetic Aperture Radar, SAR, data to study river dynamics. In this paper we consider
research on braided, gravel bed rivers only. The pioneering work by Smith et al. (1996) illustrates how SAR
images collected by the First European Remote Sensing Satellite ERS 1 (25 m ground resolution) can be used to
estimate discharge and wetted geometry in ungauged rivers. Rossi et al. (2023) integrated publicly available
Sentinel-1 SAR images with measurements of flow rate on the perennial, gravel bed Tagliamento River, Italy, to
estimate wetted geometry and erosion of individual channel branches. Crivellaro et al. (2024) estimated active
channel geometries and lateral movement from Landsat and Sentinel-2 multi-spectral medium-resolution (10 m)
satellite images on the perennial Tagliamento, Skumbin and Vyosa rivers.

A common feature of these studies is the distinction between inundated and emergent portions of the braidplain,
which is effective for perennial rivers because satellite images capture both high and low flow periods. The
approach, however, is inadequate to study ephemeral streams, such as those in the Mediterranean basin, where
floods are rapid and short (C. Viparelli & Viparelli, 1979, Hassan, 1990, 2005, Laronne & Reid, 1993, Laronne
et al., 1994, Hassan et al., 2006, 2009, Cohen & Laronne, 2005, Calle et al., 2020, Conesa-Garcia et al., 2022).

In this paper, we propose to detect morphological change and estimate active width of ephemeral, braided, gravel
bed rivers from SAR data. We use Differential Interferometry of Synthetic Aperture Radar data (DInSAR)
(Gabriel et al., 1989), by processing C-band radar images from the European Space Agency SENTINEL-1
constellation, with a revisiting time of 6 days, acquired as part of the Copernicus Project. DInSAR is a tech-
nique to produce displacement rate maps and time series of displacements with sub-centimeter precision
(Colesanti & Wasowski, 2006). Typical targets of the analysis are buildings, structures and rocks, which maintain
a constant electromagnetic response (called phase) to the signals sent over time. In particular, DInSAR technique
can be of aid in monitoring target movements that do not exceed half the wavelength of the images, which in our
case is approximately 5—-6 cm because the images were processed in the C-band (Franceschetti et al., 1992). Shifts
greater than half the wavelength between two acquisitions (5—6 ¢cm) would cause a reduction in phase quality,
making it impossible to monitor these areas.

The proposed methodology uses the Permanent Scatter Technique, described in Colesanti et al. (2003), based on a
long temporal series of interferometric data. Only scatterers slightly affected by temporal and geometrical
decorrelation are selected (Ferretti et al., 2000). The stable targets, called Permanent Scatter (PS), are detected
based on a statistical analysis on the amplitudes of the electromagnetic returns. Approximately 20-30 images are
required to properly identify PSs with statistical indices and guarantee a correct application of the interferometric
technique (Colesanti & Wasowski, 2006). The minimum duration of the data collection period then depends on
the satellite visitation frequency of a given location.

We hypothesize that the lack of measurable displacement in a braidplain, combined with the absence of PSs,
indicates that ground movement between consecutive acquisitions was too large to be detected. Therefore, the
absence of PS is interpreted as evidence of significant morphological change (Ferretti et al., 2001). Conversely,
the presence of permanent scatters indicates absence of morphological change and the lack of significant gravel
movement. We test this hypothesis on a 5 km long reach of the ungauged Trionto River in Southern Italy. The
study site was chosen because it has a natural hydrologic regime and for the availability of a rainfall measuring
station and granulometric data (Viparelli, C. 1964). Moreover, braidplain width at this site varies considerably
over the relatively short distance providing the possibility to consider river segments subjected to very similar
hydrographs and different valley confinement (Carbonari et al., 2020; Garcia Lugo et al., 2015).

This manuscript is organized as follows. We describe the study area in Section 2, present materials and methods in
Section 3. The application to the Trionto River is presented in Section 4 and results are discussed in Section 5.
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Figure 1. Description of the study site (a) Google Map image with location of the study site (area in the green perimeter), the
Cropalati bridge (red dot) and the catchment upstream of the bridge (area in blue perimeter). (b) Picture of the unarmored
gravel bed taken in June 2024. (c) Grain size distribution of the Trionto bed material.

2. Study Area

The Trionto is an ephemeral River located in Calabria, a region in Southern Italy (Figure 1a). Trionto headwaters
are in Sila mountains and the river flows into the Gulf of Taranto. The 5 km long study reach (green in Figure 1a)
corresponds to a mostly undisturbed portion of the braidplain (Figure 1b). The upstream section is located at the
national road SS531 bridge (Cropalati bridge, red dot in Figure 1a), immediately downstream of the confluence
with Laurenzana Creek, and the downstream end is immediately upstream of the town of Crosia. Catchment area
A at the Cropalati bridge is 262 km>.

Braidplain width varies between 200 m and 1.3 km. This change in channel confinement is common to gravel bed
rivers in the region, and it is typically associated with changes in channel morphology and slope. In particular,
planform configuration can transition from single thread with alternate bars in the narrowest reaches to braided
where the valley widens (C. Viparelli, 1972). Braidplain slope is estimated from a Digital Terrain Model (DTM)
with a resolution of 5 m X 5 m generated by the Calabria flight in 2007-2008 and resampled with the bicubic
interpolation method. Slope at the study site ranges between 0.7% in the upstream narrow section to 1.5% in the
wide downstream part.

Sediment in the study domain originates from a gravel source area immediately upstream of the Cropalati bridge
(marked with a red dot in Figure 1a) and consists of a mixture of gravel and sand shown in Figures 1b and 1¢ with
geometric mean grain size D, equal to 11 mm. Mean grain size therefore corresponds to twice the maximum
displacement measurable from DInSAR data. Median grain size is D5y = 20 mm and 84% and 90% of the
sediment is finer than Dg4 = 80 mm and Dy, = 130 mm, respectively (Figure 1c). The volume fraction content of
sand is 25% (C. Viparelli, 1964). Flows that can transport bedload and cause morphological change are initiated
by rainfall events (Versace et al., 1989). As spring contribution to the Trionto River is minimal (C. Viparelli &
Viparelli, 1979), the Trionto River is unarmored, similar to other ephemeral streams in the Mediterranean basin
(e.g., Hassan, 2005; Laronne & Reid, 1993).

Continuous measurement of flow discharge in braided rivers is difficult because of the unstable nature of the
channel network (Ashmore & Sauks, 2006). For this reason, the regional agency collecting water data, ARPA-
CAL, does not measure stage or discharge on the Trionto River. The agency maintains, however, a rain gage close
to the Cropalati bridge (red dot in Figure 1a) that we use to identify rainfall events that may generate floods and
morphological change in the study reach.
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Figure 2. (a) Rainfall data at the Cropalati rain gage for the hydrological year October 2016—-September 2017. (b) Daily data
for September—October 2016 and January 2017. Areas shaded in gray indicate the rainfall events of October 27-28, 2016,
and January 23-25, 2017. The light blue area indicates the record cold event of January 2017. (c) Hourly data recorded on
October 27-27, 2016, and January 23-25, 2017.

The selected events have duration of at least 6 hr, exceeding the time of concentration #, at the Cropalati bridge
(C. Viparelli & Viparelli, 1979), and an intensity matching one of the largest measured over one or few years
(Bertoldi et al., 2010). The time of concentration is estimated as (Giandotti, 1934)

_ A +15L

= 1
0.8\H, — H, M

c

where A is catchment area (262 km?), L is river length upstream of the study section (28 km), H,, is average
catchment elevation above mean sea level (810.4 m) and H,, is elevation of the study section above mean sea level
(136 m) (Versace et al., 1989). We further exclude all events that cannot be isolated over the time interval
necessary to acquire 20-30 consecutive SAR images (approximately 5 months if the revising time is 6/8 days)
because long rainy periods do not generate a well-defined flood wave.

Figure 2 reports daily and hourly rainfall data measured at the Cropalati rain gage. Two successive isolated events
with similar characteristics, duration of approximately two days and 48-hr rainfall depth of approximately
180 mm, are considered in this study. They occurred on October 27-28, 2016, and January 23-25, 2017, and were
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respectively associated with moderate and maximum flood warning levels. Average rainfall intensity over a time
interval equal to the time of concentration (6 hr) is 9.5 mm/hr in October 2016 and 11.5 mm/hr in January 2017.
These values are relatively frequent in the area with a return period smaller than 6-7 years (C. Viparelli &
Viparelli, 1979).

Hourly rainfall is presented in the bottom panels of Figure 2c to highlight an important difference between the
events. The maximum intensity in October 2016 was recorded at the beginning of the rainfall, while it occurred
during the second day of the January 2017 flood. Thus, runoff generated in the 6-hr-long interval with average
rainfall intensity equal to 11.5 mm/hr (January) was larger than in October due to higher intensity and because
more rainfall was lost due to infiltration in October than in January.

A closer look at the data further highlights differences between the two events. October 2016 was relatively warm
(average temperature around 20°C) and the rainfall of October 27-28 happened after 45 predominantly sunny
days (left panel of Figure 2b). The January event, on the contrary, was characterized by moderate winds from the
South with average temperature around 8°C. It followed the record cold week of January 7 with winds from the
Northeast, an average temperature around 0°C and record snowfall (13.2 mm at Cropalati gage). Under these
conditions, the rainfall contributed to formation of a flood wave that increased discharge compared to the October
2016 flood. In short, the January 23-25 rainfall closely resembles a rain-on-snow event, so it is expected to
generate a flood with significant geomorphic impacts (D. Li et al., 2019).

3. Material and Methods
3.1. Active Width: Instantaneous Versus Morphological

Detailed field campaigns on gravel bed braided rivers indicate that water depth is predominantly shallow with
deep areas occupying only 10%—20% of the wetted section over a wide range of discharges (Mosley, 1982, 1983).
As discharge increases, flow depth increases in previously wet channels, and new shallow areas form as previ-
ously dry channels are inundated. Consequently, depth distribution remains practically unchanged over a wide
range of discharges (Mosley, 1982, 1983). The velocity distribution resembles the depth distribution, with high
velocity occurring in the deepest part of the wetted section. A significant increase in the fraction of the cross
section with high depth and velocity occurs at very high discharges, which on the Ohau River, New Zealand,
correspond to the 50-year flood (Mosley, 1982).

The distributions of water depth and velocity described by Mosley (1982, 1983) are key to explain braided river
dynamics. They indicate that at a given point in time and over a wide range of discharges, a large portion of the
flow (50%-95%) is conveyed in one or few main, active branches where bedload transport occurs (Ash-
more, 1991a; Egozi & Ashmore, 2009; Mosley, 1982). Individual branches migrate laterally, exchange water and
sediment at bifurcations and confluences, experience cutoffs and avulsions that cause major changes in braided
network configuration. As sediment is exchanged between individual branches and with the braidplain, some
branches are reactivated, and others become inactive (Ashmore, 2001).

Braided rivers adjust to increasing discharge by increasing wetted width and number of branches while water
depth and velocity (i.e., bed shear stress) remain mostly unchanged (Ashmore & Sauks, 2006). Consequently,
bedload transport is more sensitive to changes in active width than to changes in depth, which primarily control
bedload transport in single-thread rivers (Peirce et al., 2018, 2019). Indeed, if wetted width and depth are used in
bedload transport calculations, transport rates are systematically underestimated because the transverse variability
of local hydraulics must be accounted for in presence of complex morphologies (Bertoldi, Ashmore, &
Tubino, 2009; Francalanci et al., 2012; Paola, 1996; Recking et al., 2016, 2024). Thus, determining active width
and number of active branches is fundamental to quantify sediment fluxes and river dynamics in general, as well
as to respond to recent regulatory needs to improve river management practices, such as the European Water
Framework Directive EC 2000/60 and Flood Directive EC 2007/60 (Ashmore et al., 2011; Rossi et al., 2023).

Active width is typically estimated with two distinct approaches, the instantaneous and the morphological
approach. The former is related to quantification of instantaneous bed material flux, and the latter to the quan-
tification of morphological change caused by bed material transport in a specified time interval (Ashmore
et al., 2011). Instantaneous active width can be imagined as the width of a cross section where bed material is in
transport at a given point in time. Estimating this width may not be straightforward for the difficulty in observing
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particle motion but can be done with numerical models using measured cross sections and different flow con-
ditions (Bertoldi, Ashmore, & Tubino, 2009).

Quantitative estimates of morphological active width are obtained by identifying areas of erosion and deposition,
that is areas where morphological change occurs, from repeated surveys (Ashmore & Church, 1998). Morpho-
logical estimates vary with survey type and frequency, with longer time intervals resulting in smaller morpho-
logical sediment fluxes due to compensation mechanisms such as lateral movement of individual channels and
bedform migration (Lindsay & Ashmore, 2002). Morphological active width and bedload transport estimates
have relied on aerial photos, time-lapse photography, repeated surveys to measure ground movement and, more
recently, on the analysis of satellite data (Calle et al., 2020; Carson & Griffith, 1989; Ferguson, 1993; Ferguson
et al., 1992).

Survey technique, frequency and spatial resolution vary with river size (e.g., topographic vs. bathymetric sur-
veys), data source (satellite visiting time, frequency of aerial surveys) and time scales of interests. For example,
surveys can be repeated with specified frequency because of study needs (Calle et al., 2020; Goff & Ash-
more, 1994) or technology constraints such as satellite revisiting time (Crivellaro et al., 2024). In other studies,
field data are collected before and after floods (Bertoldi et al., 2010; Misset et al., 2020; Rossi et al., 2023), and
publicly available data are used to estimate morphological change over longer time intervals (Lauer et al., 2017;
Luchi et al., 2007).

The satellite-based studies mentioned above (Rossi et al., 2023; Smith et al., 1996) used instantanecous mea-
surements of wetted width and braided channel network to estimate discharge and flood dynamics, respectively.
In addition, Crivellaro et al. (2024) used instantaneous measurements of wetted width to estimate morphological
active widths over seasonal and annual time scales. This approach, however, is inadequate for ephemeral streams,
because wetted areas cannot be delineated when the river is not in flood.

The proposed approach is based on the analysis of information on ground movement (DInSAR data) to identify
the morphologically active part of a braidplain. It does not rely on the delineation of the wetted area, and this
makes it appropriate for applications to ephemeral streams. Noting that in ephemeral streams months long dry
periods may separate successive floods, satellite images to perform a statistically meaningful DInSAR analysis
may be recorded between one flood and the next. For this reason, the proposed procedure has the potential to
provide event-based estimates of active channel width, that is a level of detail typically obtained with field surveys
(see e.g. Bertoldi et al., 2010; Ferguson et al., 1992; Goff & Ashmore, 1994).

3.2. The Proposed Methodology: Analysis of DInSAR Data

DInSAR data are analyzed in subsequent steps to estimate morphological change of the braidplain in terms of
morphological active width and morphological number of active branches. Morphological number of active
branches indicates the number of branches that might have been active during the study period. It does not
indicate the number of branches that transported bed material at the same point in time, that is the active braiding
intensity defined by Egozi and Ashmore (2009), that corresponds to an instantaneous description of the active
river.

The proposed methodology consists of data preprocessing (Section 3.3) and a main procedure for image analysis
and connectivity-based channel extraction to estimate the morphological number of active branches and active
width.

Preprocessing starts with mapping braidplain areas that are covered by vegetation at the end of the study period
using optical images. These areas are assumed to represent parts of the braidplain where significant morpho-
logical change did not occur (e.g., Bertoldi et al., 2014; Calvani et al., 2019; Stecca et al., 2023). Maps containing
vegetated areas and PS locations are integrated to transfer information from the satellite grid to the study area. The
area is divided into a regular cartesian grid oriented downvalley and the total number of PSs inside a circular
buffer distance from the cell centroid is assigned to each grid cell.

The Stability Index (SI) is the PS count of each cell for a given buffer size divided by the maximum number of PSs
detected with that buffer size in the study area. SI ranges from O to 1 and allows us to compare results obtained
with buffers differing in size. Morphological change is unlikely to occur in areas with many PSs (SI near 1), while
change is possible where no or few PSs are present (SI near 0). Vegetated areas are assumed to be very stable and
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assigned a value of SI = 1. It is important to note that the proposed interpretation of SI maps is based on the
assumption that morphological change, and thus bedload transport, did not occur in some unvegetated parts of the
braidplain, so that the highest spatial density of PSs (SI near 1) is representative of areas that remained inactive in
the study period. The proposed method should not be adequate for applications when the entire braidplain is
reworked, for example in relatively narrow braidplains or in case of very large floods.

Stability Index (SI) maps identify areas where morphological changes may have occurred, but they require further
interpretation to estimate the morphological number of active channels and the active channel width. This is
achieved by transforming the continuous SI variable (range 0-1) into binary maps via the Stability Threshold
(ST). Cells with SI values lower than ST are classified as potentially active (SI < ST, SI = 1), whereas those with
values higher than ST are considered inactive (SI > ST, SI = 0). In the analysis presented below, ST ranges
between a minimum value below which the entire study area is considered inactive, and a maximum value
corresponding to the condition above which the entire area is classified as potentially active. Several binary SI-ST
maps are created by co-varying buffer size and ST threshold value.

The binary maps are input to a connectivity algorithm to identify spatially continuous paths of potentially active
cells linking the upstream and downstream ends of the study area. In other words, when potentially active cells are
spatially connected across an entire specified reach, they are part of a spatially continuous path. If the connected
path does not cross the entire reach, the potentially active cells cannot be classified as active.

A simple algorithm to identify spatially continuous paths of potentially active cells is illustrated herein. It was
developed to manually identify spatially continuous paths following specific rules depending on: (a) the minimum
number of adjacent cells to define a channel, (b) the maximum number of consecutive rows that can be skipped
before re-identifying the next cluster of adjacent cells, and (c) the degree of overlap between two successive rows
of active cells needed for the path to be considered valid. This algorithm will be replaced by more efficient and
robust computational approaches in future applications.

The network of spatially continuous paths of active cells obtained from the connectivity algorithm is used to
estimate the morphological number of active branches and the morphological active width for different combi-
nation of SI map (buffer radius) and ST values. Cross-sections showing the transverse variability of SI are
extracted from the SI maps. Spatially continuous paths of active cells where SI < ST are considered morpho-
logically active branches. The morphological active width is defined as the sum of the widths of cross section
areas surrounding active branches with SI < ST. A continuous path of potentially active cells surrounded by
inactive cells are considered inactive for that combination of SI map and ST.

These calculations provide different estimates of morphological active width and number of active channels in the
same study period for all SI-ST combinations. Minimum, maximum and average values are compared to
determine the variability of estimated morphological active width and number of active channels around the
mean. This is illustrated and discussed with the application to the Trionto River in Section 4.

3.3. Available Data and Preprocessing

Optical images of the study site are used to identify the braidplain areas that are covered by vegetation, considered
parts where without morphological change. Differential Interferometry of Synthetic Aperture Radar data (DIn-
SAR) (Gabriel et al., 1989) is conducted on Sentinel-1 SAR images with a resolution of 20 m X 4 m and 6 days of
revisiting time. As 20-30 images are required, the duration of data collection is of several (4—6) months. Images
are selected to estimate morphological change caused by each flood, as well as the combined effect of the two
events.

Satellite data are processed using SUBSIDENCE v.28, software based on Coherent Pixels Technique (CPT) to
measure ground deformation (Mora et al., 2003), which is based on the principle of Multitemporal Interferometry
SAR (MT-InSAR) using stacks of images covering large periods. CPT involves the following processing steps:

e Data selection: SAR images must be acquired in interferometric configuration, that is with specified incidence
angles and orbits (Mora et al., 2003). In particular, CPT uses Single Look Complex (SLC) data that includes
phase information of the received signal.

o Coregistration: SLC images must have the same sampling grid to perform multi-temporal analysis of ground
displacement. Coregistration is therefore necessary to align acquisitions so that the same point on the ground
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corresponds to the same pixel in all images of the interferometric stack. It is important to note that coregis-
tration does not introduce errors that can propagate in the analysis, as the image registration occurs one time to
align all images with a reference image.

o Generation of interferograms and coherence maps: Coregistered images are compared with a master image to
generate interferograms representing the phase difference between individual acquisitions and the master
image. Interferograms are analyzed with coherence maps. Interferometric coherence is an index of target
stability that is particularly relevant for this application because in case of gravel braidplains only areas with
high coherence values can be considered reliable for ground displacement estimation.

e Pixel selection to identify PSs: A Permanent Scatterers (PS) represents an element that has a relatively constant
electromagnetic response. PS coherence varies between 0 and 1, with 1 representing perfect stability over time
(no movement), and 0 lack of coherence. The lack of coherence indicates large target movement, presence of a
poorly reflective surface such as water, or movable targets such as vegetation leaves.

o Generation of maps and time series of displacement is required to study temporal evolution of ground
deformation. In particular, differential interferograms (comparison of successive acquisitions) are used to
quantify ground movement.

* Geocoding is the final step to project ground movement from the radar reference system to the projected
reference system WGS84-UTM.

The last two steps are performed to measure displacement. Recalling that we are using DInSAR to identify areas
of the braidplain where displacement cannot be measured, the last two steps of the typical DInSAR analysis are
unnecessary for the procedure presented below.

4. Application to the Trionto River

Rainfall data at the Cropalati gage reported in Figure 2 indicates that the only periods of possible morphological
change in the 2017 hydrologic year (from October 2016 to September 2017) were the October 2016 and January
2017 floods. In particular, we identified the following study periods: 22 September 2016-22 January 2017
(21 images; prior to January 2017 flood) to isolate the October 2016 flood; 3 November 2016-30 August 2017
(51 images) to isolate the January 2017 flood, and 16 October 2016-29 September 2017 (56 images) including
both floods. Start and end dates of the study periods differ (e.g., the first and the third intervals could have started
on the same day) because we refined the analysis as research progressed. It is important to recall that exact start
and end dates of the study periods are not relevant, as long as a sufficient number of images collected in a time
interval including the storm events in question is available.

4.1. Identification of Active Cells

Maps containing vegetated areas and PSs location are illustrated in Figure 3a, where PSs of the October 2016-
September 2017 period are represented with green dots and vegetated areas with solid light brown. Vegetated
areas of Figure 3 are from a December 2017 image downloaded from Google Earth and used as background of
most figures of the paper. DInSAR data at the Trionto River study site are composed of 18,000 PSs with
coherence values no less than 0.75 for the 16 October 201629 September 2017 period; 25,000 of such PSs for the
October 2016 event (22 September 2016-22 January 2017) and 20,000 PSs with coherence greater than 0.75 for
January 2017 event (3 November 2016-30 August 2017). The larger number of PSs suggests less braidplain
movement in October 2016 than in January 2017.

DInSAR results are transferred from the 20 m X 4 m satellite grid to a 4 m X 4 m local grid oriented downvalley
(Figure 3a). A coarser local grid would have caused loss of relevant information because data pertaining to more
than one satellite grid cell would have been averaged. Conversely, a finer local grid would have increased
computational costs without adding useful information to the analysis.

Figure 3a illustrates circular buffers used to evaluate the number of PSs to each grid cell. As shown in the inset of
Figure 3a, larger buffers likely contain more PSs on average than smaller ones and the probability of not finding
PSs in a buffer increases as buffer radius decreases. Five values of buffer size (8, 10, 12, 14, and 16 m) are used to
generate SI maps (Figures 3b and 3c). The values range is selected considering that a buffer equal to the cell size
(4 m) would have provided redundant information. Starting with a buffer radius equal to 8 m (twice the cell size)
ensures that additional spatial information is integrated, while preserving local variability. Buffers larger than
16 m excessively reduce the level of detail.
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Figure 3. (a) Map with permanent scatterers (PSs) in green, vegetated areas in December 2017 in solid light brown. The inset
illustrates how information on the spatial density of PSs is transferred from the satellite grid to the local grid. (b) Map
showing stability index (SI) index for the 8 m buffer radius. (c) Map showing SI index for the 16 m buffer radius. Data
pertains to the October 2016—September 2017 period.

Panels b and c of Figure 3 illustrate SI maps obtained with 8§ and 16 m buffers. In the figure, the color scale
indicates likely mobile parts in violet (SI < 0.13), vegetated and likely immobile areas in yellow (SI > 0.38) and
areas with intermediate SI value in green. Maps with large buffer radius present a less pronounced spatial
variability of SI than maps obtained with a small buffer radius because they average over a larger area, so the local
variability of PS patches is smoothed out of the SI data (Figure 3a).

Stability Thresholds ST equal to 0.05, 0.1, 0.15 and 0.2 are used to binarize the SI maps. A threshold lower than
0.05 would show a grid composed of almost all inactive cells, on the contrary a threshold greater than 0.20 would
show a grid composed of almost all active cells obtaining little significant information. Active cells of the binary
maps are represented in Figure 4 for buffer radius equal to 12 m and ST equal to 0.05 and 0.2 (Figures 4a and 4b)
and for buffer radii equal to 8 and 16 m and ST = 0.15 (Figures 4c and 4d). Figure 4 illustrates how the number of
active cells increases for increasing ST values for a fixed buffer radius (panels a and b) and decreases with buffer
size for a fixed ST value (panels ¢ and d). A connected path of active cells is visible in hydraulic left (yellow box)
for all combinations of buffer radius and ST suggesting that the left part of the braidplain might have been
morphologically active. Binary maps obtained for all combinations of buffer radius and ST for the three study
periods are reported in Figures S1-S3 in Supporting Information S1.

The average number of active cells per row is computed over 45 rows (all combinations are shown in Figures S4
in Supporting Information S1), corresponding to a downstream distance of approximately 200 m (Figure 5a), to
identify the binary maps with similar downstream distribution of active cells for different buffer radii (Figure 5b).
These maps are presented in Figure 5, where the streamwise change of average number of active cells in the boxes
(a) and (b) are present in the panels.
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Figure 4. Areas of potentially active cells identified for different combination of buffer radius and stability threshold (ST)
values. Blue and green denote cells with stability index smaller than the ST (potentially active). The yellow box highlighted
the presence of an area of connected potentially active cells close to the left bank. Data pertains to the October 2016—
September 2017 study period. (a) Buffer radius equal to 12 m ST equal to 0.05; (b) Buffer radius equal to 12 m, ST equal to
0.20. (c) Buffer radius equal 8 m, ST equal to 0.15; (d) Buffer radius equal to 16 m, ST equal to 0.15.
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Figure 5. Combination of buffer radius and stability threshold (ST) resulting in similar average number of potentially active
cells per row. (a) Division of the study area in 29 strips composed of 45 rows of the local grid. (b) Variability of the average
number of potentially active cells for five combinations of buffer radius and ST values providing similar results. All
combinations are shown in Figures S4 in Supporting Information S1. The green line indicates braidplain width.
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Figure 6. Connectivity algorithm for the identification of spatially continuous paths of potentially active cells in the upstream
part of the study area. (a) identification of path elements from the maps of Figure 5. (b) identification of new path elements
using buffer radius equal to 12 m and ST equal to 0.10. (c) elements that are not part of a spatially continuous path are deleted
(the binary matrix at the base is the one corresponding to the Buffer 10 m ST = 0.10 combination). (d) The network of
continuous paths overlaid on the matrices in panel (a).

To identify spatially continuous paths of active cells, the binary maps of Figure 5 are overlaid, as shown in
Figure 6a for the upstream part of the study area, where common active cells (value = 0) to all five matrices are
indicated in gray.

The connectivity algorithm considers unit paths defined by three or more neighboring active cells in a row
(=12 m) that are adjacent to three or more active cells in the next downstream row with an overlap of at least two
cells, as illustrated in the top-right panel of Figure 6. In Figure 6a, spatially continuous segments composed of
connected unit paths, that is unit paths with an overlap between rows of at least two cells, are represented with
blue lines. The result is a fragmented network of unconnected segments. Additional binary maps are used to
connect these segments (see Figures S1-S3 in Supporting Information S1). In Figure 6b, a binary map with a
buffer radius of 12 m and ST = 0.10 is superimposed to the map of Figure 6a: red lines show new connections
between previously fragmented segments. The process is repeated with other binary maps until one or more
spatially continuous paths connect the upstream and downstream sections of the study site. Segments that remain
unconnected are identified (green circles in Figure 6¢) and subsequently removed. The final network of spatially
continuous paths is shown in Figure 6d. Lower buffer radius values (8 m) and ST values (0.05) did not provide
additional connectivity information. Networks for the three study periods are presented in Figure 7, where the red
dot represents the Cropalati bridge.

The study reach is further divided into five, 1 km long portions progressively numbered downstream with
relatively uniform braidplain width and slope. In addition, cross sections are drawn 250 m apart (thin lines in
Figures 7a —7c) to compare estimated morphological change qualitatively and quantitatively. Networks of
spatially continuous paths of potentially active cells of the January 2017 flood (panel b) and the October 2016—
January 2017 period (panel c) are practically the same in the upstream, narrow part of the study area (portions 1
and 2). Three continuous paths are identified downstream of the Cropalati bridge, two paths are close to the left
bank and one to the right bank. The continuous path by the right bank is absent in the network of the October 2016
flood (panel a). Differences between networks are most evident in the widest part of the braidplain (portions 3 and
4). The October 2016 channel network (Figure 7a) has the smallest number of spatially continuous paths with one
path in the center of the braidplain in portion 3 and all paths close to the left bank further downstream. The January
2017 channel network is noticeably more complex in the widest part of the braidplain with paths intersecting one
another and occupying both the left and right parts of the braidplain. Finally, the network of Figure 7c extracted
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Figure 7. Network of spatially continuous paths of potentially active cells for (a) October 2016 event (b) January 2017 event
and (c) Sum of both events October 2016 plus January 2017. Red dots indicate the Cropalati bridge. Thin gray segments are
cross sections where the number of continuous paths is computed. Thick blue lines denote 1 km long sections of the study
area where indexes of Table 1 are computed, and dash purple lines at the midpoint of each section.

from October 2016—September 2017 data covering both events is even more intricate than the network of
Figure 7b particularly where the braidplain is widest (portions 3 and 4).

4.2. Estimates of Morphological Active Width and Number of Active Branches

The steps to estimate morphological active width and number of active branches for all combinations of buffer
radius (SI map) and ST are illustrated in Figure 8 for the October 2016—September 2017 period and buffer radius
equal to 12 m. These steps are repeated for all buffer radii and all study periods. The objective is to determine, for
each study period, the variability of different estimates around a local average value, and how this local average
changes downstream during a study period and from one study period to the other.

The network of spatially continuous paths of potentially active cells (Figure 8a) is superimposed to the SI map
(Figure 8b) to identify possible locations of active branches in the 23 cross sections spaced of approximately
250 m downvalley (thin lines in Figures 8a and 8b). Red lines in Figure 8 indicate cross Sections 4, 15 and 22
represented in Figures 8c—8e, where continuous blue lines show the transverse variability of SI. Red dots mark the
intersection points between the spatially continuous paths (Figure 8a) and each cross section.

The continuous paths falling within areas with SI < ST are considered morphologically active for that combi-
nation of buffer radius and ST. This is illustrated in Figures 8c—8e, for the same ST values used to generate the
binary maps of Figure 4 and Figures S1-S3 in Supporting Information S1 (i.e., ST = 0.05, 0.10, 0.15 and 0.20). In
general, the analysis can be done for any value of ST that is reasonable for a specific application. Pink lines in
Figure 8 identify parts of the cross section surrounding continuous paths (red dots) with SI < 0.05. The active
width estimate for this buffer radius ST combination is equal to the total length of the pink segments. Similarly,
green, light blue and orange lines identify the cross section surrounding continuous paths with SI < 0.10,
SI < 0.15 and SI < 0.20 respectively.

Interestingly, in the narrow upstream part of the study reach, Section 4 and Figure 8c, the morphological active
part of the cross section is located close to the left bank for all ST values. In other words, the continuous path close
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Figure 8. (a) Study area with networks of spatially continuous paths of potentially active cells for the October 2016—September 2017 period. Gray lines indicate 23 cross
sections at approximately 250 m apart. The red lines are cross sections 4, 15 and 22. (b) network of panel (a) superimposed to the stability index map obtained using
buffer radius equal to 12 m. (c—e) estimate of the number of active channels (red dots) and of the active width in cross ections 4 (c), 15 (d) and 22 (e).

to the right bank is not considered active for a buffer radius is equal to 12 m. In this cross section and for buffer
radius equal to 12 m, active width only moderately increases with ST.

The analysis at cross section 15, which is in the widest part of the braidplain, is not as straightforward. As ST
increases from 0.05 to 0.2, the number of morphological active branches increases from two to five. For ST =0.15
(light blue lines) three morphologically active branches are located close to the left bank. When ST increases to
0.2 (yellow lines), two more spatially continuous paths are classified as active. One of these paths is in the central
part of the cross section and the other is close to the vegetated island by the right bank. Consequently, in this cross
section active width estimates noticeably increase when ST varies from 0.15 to 0.2. It is important to note that two
continuous paths at distance of approximately 600 and 1,000 m from the left bank remain inactive for all ST
values.

In the downstream part of the study reach (Figure 8e) there is no morphological active path for buffer size equal to
12 m and ST = 0.05, as indicated by the absence of pink lines. For ST > 0.05, two active areas are separated by
relatively high SI values at approximately 150 m from the left bank. The area close to the left bank contains one
active continuous path. The area on the right contains at least two spatially continuous paths. These paths,
however, are not separated by zones with SI > ST and for this reason, number of estimated active branches is
equal to two.

Figure 9 illustrates how the spatial distribution of morphologically active branches varies with ST values for the
October 2016 (panels a and b) and January 2017 (panels ¢ and d) floods using a buffer value equal to 12 m. The
analysis is conducted in the same cross sections of Figure 8. Light blue lines in Figure 9 represent the network of
spatially continuous paths of potentially active cells (Figures 7a and 7b), black dots identify active branches in
each cross section, dashed black lines connect black dots that are found on the same continuous path and in
successive cross sections downstream. As ST increases, the number of active branches per cross section increases
and more paths are classified as active. For the October 2016 event (panel a and panel b) the presence of active
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Figure 9. Comparison between the network of spatially continuous paths of potentially active cells and the networks obtained
for different buffer and threshold combination (black dots and dashed lines). (a) October 2016 event with 12 m buffer and
ST =0.10. (b) October 2016 event with 12 m buffer and ST = 0.20. (c) January 2017 event with 12 m buffer and ST = 0.10.
(d) January 2017 event with 12m buffer and ST = 0.20.

channels is evident close to the left bank and in the center of the riverbed for ST = 0.1 and 0.2. For the January
2017 event (panel ¢ and panel d), at ST = 0.1 active branches are primarily predicted close to the left bank. As ST
increases to 0.2, the procedure identifies morphologically active branches also close to the right bank in portions 1
and 2 and in the central part of the wide portions 3 and 4.

Figure 10 shows how the estimated number of morphologically active branches varies downstream for the three
study periods. Results are presented in terms of minimum and maximum (gray line marker) and average (yellow
triangle) number of branches. Black dots indicate values estimated with and all combinations of buffer radius and
ST. For the October 2016 flood, up to two morphologically active branches are predicted everywhere in the
braidplain. The estimated number of morphologically active branches in the upstream narrow portions 1 and 2 of
the braidplain for the January 2017 flood is larger than for October 2016 because morphological change is also
estimated close to the right bank (Figures 7 and 10). Estimated morphological change for the January 2017 flood
is also larger than for the October 2016 flood in the wide part of the braidplain (portions 3 and 4) with up to five
morphologically active branches estimated.

The average number of active branches estimated for the October 2016—September 2017 period is similar to that
of the January 2017 flood in the narrow upstream part of the braidplain (portions 1 and 2), but it is highest in the
wide part of the braidplain (portions 3 and 4) suggesting that the two floods may have reworked different parts of
the braidplain where the braidplain is widest.

Similar results are presented in Figure 11 in terms of estimated morphological active width (pink, green, light blue
and yellow lines in Figure 8) equal, on average, to 50 m for the October 2016 flood everywhere at the study site. In
the narrow upstream part of the braidplain (portions 1 and 2) average morphological active width for the January
2017 flood and the October 2016—September 2017 period remains equal to 50 m. Data, however, indicate larger
variability around the average value for the January 2017 flood than for the October 2016 flood due to the
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Figure 10. Number of active branches for different combinations of buffer radius and stability threshold values: minimum,
maximum (gray lines) and average (yellow triangle) number of active channels for (a) October 2016 flood, (b) January 2017
flood, (c) September 2016—October 2017 period.

presence of an active branch close to the right bank. Active width estimates in this narrow braidplain, however,
rarely exceed 100 m.

In the wide part of the braidplain (portions 3 and 4), as well as in the narrow convergent portion 5, the
morphological active width estimated for the January 2017 flood is much larger (150 m on average) than that of
the October 2016 flood indicating widespread morphological change. The narrow section approximately 4 km
downstream of the Cropalati bridge is due to the presence of vegetated islands that increase the lateral
confinement of the flow.

Estimates of morphological active width for the October 2016—September 2017 period in portions 3-5 of the
braidplain show lager variability around the average value (150 m) than those of the January 2017 flood further
suggesting that the October 2016 and the January 2017 floods might have reworked two somewhat distinct parts
of the braidplain.
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Figure 11. Active width estimates for different combinations of buffer radius and stability threshold value. B, (braidplain
width) is listed in picture. The orange line denotes the average value. (a) October 2016 event, (b) January 2017 event,
(c) October 2016—September 2017 period.

5. Discussion

The estimate of morphological change from DInSAR data on the Trionto River indicates that the proposed
approach has the potential to capture features of braided rivers that have been documented with laboratory ex-
periments and field data.

Estimated average morphological active width remains spatially unchanged for the relatively small flood of
October 2016 (Figure 11a) while it increases in the wide part of the braidplain for the larger January 2017 event
(Figure 11b) suggesting that the method proposed herein can capture the increase of morphological active width
and active braided intensity with flow discharge (Ashmore et al., 2011; Peirce et al., 2019).

Morphological change during the October 2016 flood is estimated close to the left bank and in the upstream
central part of the cross section with one or two channels being active in the upstream portions 1-3 and one
channel being active close the left bank in portions 3-5 (Figures 9a and 9b). The morphological active width does
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not vary downstream indicating that changes in braidplain width have very little influence on sediment transport
processes for this flood event.

The number of active branches and active width estimated in the upstream narrow portions 1 and 2 are similar for
both flood events (Figures 10 and 11), where only one to three active branches form with an average active width
on the order of 50 m. In the wide portions of the braidplain, however, the estimated morphological number of
active branches and active width are considerably larger after the larger flood (January 2017), indicating that the
flow reworked a wide portion of the braidplain. The increase in active braided intensity (number of active
channels at a given point in time) and active width with flow discharge has been documented in laboratory ex-
periments with model braided rivers (Egozi & Ashmore, 2009; Peirce et al., 2018, 2019). Further, the increased
complexity of braided rivers with increased braidplain width has also been shown in laboratory experiments
specifically designed to study the effect of lateral confinement on braided river morphodynamics (Carbonari
et al., 2020; Garcia Lugo et al., 2015).

The different morphological response of a braided river to different types of floods has been documented in
Alpine, gravel bed braided rivers (Bertoldi et al., 2010; Misset et al., 2020). In particular, Bertoldi et al. (2010)
note that flow and flood pulses generate different morphological change in the perennial Tagliamento River, Italy.
Flow pulses are small frequent floods that cause morphological change in just one or two branches and in a limited
portion of the braidplain. Flood pulses, conversely, are less frequent and cause change in network geometry with
more than two channels being active during the event. The morphological change estimated with our procedure
suggests that the smaller October 2016 flood caused morphological change in a limited portion of the braidplain
and could thus be considered a flow pulse. The larger January 2017 flood, on the contrary, caused widespread
morphological change and network reorganization (up to 5 active branches during the event) and can thus be
considered a flood pulse.

5.1. Comparison With Optical and Multispectral Images

Landsat images downloaded from Google Earth and a SPOT?7 satellite 6 m resolution multispectral image are
used to further investigate if the proposed procedure may have captured the different response of the Trionto River
to flow and flood pulses. This comparison represents a qualitative attempt to evaluate the results of the analysis
presented above. Landsat images were taken in June 2015 (Figure 12a) and July 2017 (Figure 12e) and the
multispectral image is dated 13 April 2017 (Figure 12d). The June 2015 image was collected at low flow and a
wetted channel is visible in the central, upstream part of the braidplain and is indicated with the red oval in
Figure 12a. The location of this channel roughly corresponds to the location of the spatially continuous path of
active cells located in the central part of the braidplain for the October 2016 flood (Figure 12b).

Rainfall data at the Cropalati gage indicate that five rainfall events that might have generated morphological
change occurred between June 2015 and October 2016. These events, however, had average smaller rainfall
intensity over a 6-hr time interval (i.e. the time of concentration at the Cropalati bridge) than the October 2016
rainfall. Noting that unusually wet periods were not recorded between June 2015 and October 2016, these events
likely resulted in flow pulses that caused localized change but did not alter braided network geometry.

The Normalized Difference Vegetation Index (NDVI) (Rousse et al., 1973) is used to identify wetted areas in the
SPOT7 image. The NDVI is computed in each pixel using red (RED) and near-infrared (NIR) bands as follows:

NIR — RED
NDVI=—— @)
NIR + RED

NDVI ranges between —1 and 1 and is used to classify different parts of an image. Pixels with NDVI between —1
and 0 are primarily occupied by water. NDVI values just above zero indicate rocks, values above 0.2 correspond
to vegetation (Huang et al., 2021). This is indicated in Figure 12d, where green indicates vegetation, yellow and
orange gravel (i.e., unvegetated braidplain) and dark orange/red water on 13 April 2017.

The comparison between the images of Figure 12 indicates a clear change in network geometry between October
2016 and April 2017 with the formation of a bifurcation right downstream of the Cropalati bridge. Two channels
conveyed water in April 2017, one close to the left bank and the other close to the right bank in the upstream
portions 1-3 of the braidplain. The location of the active branches in Figure 12c and of the path corresponding to
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Figure 12. (a) Google Earth image of the study area captured in June 2015. (b) Potentially active and active branches (blue and dashed lines respectively) obtained for
October 2016 flood with a 12 m buffer radius and stability threshold (ST) equal to 0.20. (c) Potentially active and active branches obtained for January 2017 flood with a
12 m buffer radius and ST equal to 0.20. (d) NDVI map for the SPOT7 satellite 6 m resolution image dated 13 April 2017. (e) Google Earth image of the study area

captured in July 2017.

water of NDVI image (Figure 12d) are similar to the location of channels highlighted in Figure 12e, suggesting
that the discharge at low flow was conveyed by branches that were active during the January 2017 flood. In the
central and downstream portions 3-5 of the braidplain, the flow in July 2017 was conveyed in a channel close to
the left bank and in another channel in the central-right part of the braidplain between vegetated islands. These
channels are in areas of the braidplain where morphological change is estimated in for the January 2017 flood, and
where the NDVI image of Figure 12d suggests presence of water.

The comparison between the April 2017 multispectral image (Figure 12d) and the Landsat image dated July 2017
(Figure 12e) suggests minimum change of the braided network. Rainfall data at the Cropalati gage for this time
interval indicate that three rainfall events that might have caused morphological change had 6-hr rainfall intensity
smaller than the October 2016 rainfall, and unusually wet periods were not recorded. Thus, these events likely
generated flow pulses and did not cause a major reorganization of the braided network, in agreement with the
insight of the proposed procedure to estimate morphological change in braided, gravel bed rivers.

5.2. Quantification of Network Complexity

Different indices and parameters have been defined to quantify and synthetically describe the complexity of
braided channel networks (Egozi & Ashmore, 2008). For example, braiding intensity synthetically describes the
complexity of the network of wetted or active branches over a relatively long distance downstream. Bar indices
based on bar and island dimensions are used to quantify spatial distribution of confluences and bifurcations.
Channel counts are another measure of network complexity, and sinuosity provides information on how chan-
nelized a braidplain is (Egozi & Ashmore, 2008; Howard et al., 1970). Cross section averaged parameters
describing at-a-station or downstream hydraulic geometry such as width, depth and number of branches are also
defined for both wetted and the active sections of braided rivers (e.g., Ashmore et al., 2011).

The networks of Figure 7 are compared using indices that resemble those that describe braided river networks.
The number of paths per cross section (every 250 m) is presented in Figure 13 and is analogous to the number of
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Figure 13. Streamwise variation of the number of spatially continuous paths of active channels in the 23 cross sections
starting from Cropalati bridge. Purple diamonds represent the results considering both events (October 2016 plus January
2017), light blue dots represent the result for January 2017 event and red dots represent the result for October 2016 event.

active channels per cross section proposed by Egozi and Ashmore (2008). Red and light blue dots in Figure 13 are
respectively representative of the networks of Figures 7a and 7b (October 2016 and January 2017 floods), pink
diamonds describe the network of Figure 7c (October 2016—-September 2017). The number of spatially contin-
uous paths is always largest where the braidplain is widest (portions 3 and 4). The number of paths extracted for
the October 2016 flood is smaller than that of the January 2017 flood and the largest number of paths is extracted
for the October 2016-January 2017 period including both floods.

Total sinuosity S, excess segment index E and number of channels per kilometer N (Egozi & Ashmore, 2008;
Howard et al., 1970) are used to describe network complexity over the one-kilometer-long portions of the
braidplain of Figure 7. Total sinuosity S is defined as total path length per unit downvalley distance in each portion
of the braidplain, E is the average number of paths bisected by cross sections at the boundaries and in the center of
each portion of the braidplain (blue and purple lines of Figure 7, respectively), and N is total number of paths
entering and entirely contained within each portion of the braidplain (Howard et al., 1970).

Downvalley changes in braided indices are summarized in Table 1. The table

also reports slope and average width By of each portion of the braidplain.

Slope at the study site is highest in the widest sections, in agreement with

Table 1 results of laboratory experiments showing higher sediment transport capac-
Complexity of Networks of Spatially Continuous Paths of Potentially Active ities in narrow braidplains for the same flow discharge and braidplain slope
Cells in Terms of Total Sinuosity S, Excess Segment Index E and Number of  (Garcia Lugo et al., 2015; Warburton, 1996). In agreement with the results of
Channels per Kilometer N Figure 13, all braided indices increase with valley width reinforcing the
January  October 2016-  finding that the analysis reasonably indicates the presence of a more complex

October 2016 2017 January 2017 network in the widest part of the braidplain (Ashmore, 2013; Carbonari

Portion Slope (=) By (m) S E N S EN S E N et al., 2020; Garcia Lugo et al., 2015).

0.007 360m 1.84 1.67 256 2 4 256 2 4 Indices describing morphological change caused by two floods (October
0.010 720 m 2.31 2.33 4.07

1

2 10 421 3 8 2016-September 2017) are the largest. Further, indices pertaining to the
0.015 1,140m 279 2.67 6 5.78

2

3

72 6 17 January 2017 flood are larger than those describing the network of the
October 2016 flood, providing additional evidence that most morphological
change occurred during the largest flood, in agreement with results of labo-

W W W
—
(=)

0.011 1,100 m 1.61 1.67 593 12 8.82 6.33 26
0.015 610m 1.96 1.33 472 4 11 495 433 15

[ U S

ratory experiments and field observations (e.g., Ashmore, 2001; Egozi &
Note. Braidplain slope and width By are also reported for the five portions of Ashmore, 2009; Hundey & Ashmore, 2009; Peirce et al., 2019; Ragno
i sty Sife. et al., 2022; Robertson-Rintoul & Richards, 1993).
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Table 2
Complexity of Morphologically Active Networks for Buffer Size Equal to 12 m and Different ST Values in Terms of Total
Sinuosity S and Excess Segment Index E

ST = 0.05 ST =0.10 ST =0.15 ST =0.20

Portion Slope (—) B (m) S E S E N E S E
(a) October 2016 Buffer 12 m

1 0.007 360 m 0.50 0.67 0.75 0.67 0.75 0.67 0.75 0.67
2 0.010 720 m 0.40 0.67 1.60 1.33 1.60 1.33 1.60 1.33
3 0.015 1,140 m 0.78 1.00 1.33 1.00 1.56 1.67 1.56 1.67
4 0.011 1100 m 0.78 1.00 1.33 1.33 1.56 1.67 1.56 1.67
5 0.015 610 m 0.75 0.67 0.75 0.67 1.00 1.00 1.00 1.00
(b) January 2017 Buffer 12 m

1 0.007 360 m 1.00 0.67 1.50 1.67 1.75 2.00 2.50 2.00
2 0.010 720 m 1.00 1.00 1.30 2.00 2.40 2.33 2.30 2.33
3 0.015 1,140 m 1.78 2.00 1.89 2.67 222 2.33 3.22 3.33
4 0.011 1,100 m 1.56 3.00 2.89 3.33 422 3.33 4.22 433
5 0.015 610 m 3.50 3.33 3.75 3.33 4.25 3.67 1.25 3.67

Note. Braidplain slope and width B are also reported for reference.

A quantitative comparison between the networks of Figure 9 and the network of spatially continuous paths
(Figure 7) is presented in Table 2 in terms of total sinuosity S and excess segment index E. The values of S and E,
as expected, grow as the threshold increases, remaining below the values characterizing the continuous paths of
active cells (Table 1). Further, S and E are smallest for the October 2016 flood, which is expected to have caused
the least morphological change, and they only modestly increase with braidplain width. Estimates of S and E for
the active network of the January 2017 flood show are larger in portions 3 and 4 than in the upstream part of the
study site and, interestingly, remain large in the relatively narrow confluence zone (portion 5) downstream,
suggesting that more complex network of branches might have been active in the downstream part of the study
site, where upstream influence likely plays a prime morphological control.

6. Conclusions

Notwithstanding recent research efforts to understand braided river dynamics, estimating the active geometry of
braided, gravel bed rivers remains challenging due to the rapidly evolving geometry during floods and to the
coexistence of multiple spatial scales (Paola, 2001). Building on recent advances in remote sensing technology,
we propose a methodology to estimate morphological change of a braidplain from Differential Interferometry of
Synthetic Aperture Radar data (DInSAR). Strength of the proposed approach is the absence of algorithms to
distinguish between wet and dry areas of the braidplain, which makes it appropriate for applications to ephemeral
streams.

The methodology is applied to identify morphological change on a 5 km long reach of the ephemeral Trionto
River caused by two floods. The application demonstrates that the proposed approach has the potential to predict
morphological change that varies with river confinement and discharge magnitude in agreement with results of
laboratory experiments and field observations (e.g., Ashmore, 2013; Ashmore et al., 2011; Bertoldi et al., 2010;
Garcia Lugo et al., 2015; Peirce et al., 2018, 2019).

The comparison between estimates of morphological change integrated with rainfall information, optical and
high-resolution multispectral images indicates that the procedure can reasonably detect the position of channels in
the braidplain, as well as the different morphological response of a braided river to different types of floods. In
particular, the estimated response of the Trionto River to relatively small and frequent floods (flow pulses) consist
of localized change around one or two active branches. In response to relatively large and rare floods (flood
pulses), the morphological change is widespread with changes in braided network geometry. It is important to
note that the comparison with Google and satellite images (Figure 12) represents only a qualitative comparison
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