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Abstract

Many dryland rivers are terminal systems, with small channels undergoing prominent
downstream size reductions before ending on channelless floodplains, in wetlands, or at
playa margins. Spaceborne Digital Elevation Models (DEMs) provide potential for assessing
subtle topographic and hydrodynamic changes in these low-gradient, low-relief settings, but
challenges are posed by limitations in vertical and horizontal accuracy. This study evaluates
the use of different spaceborne DEMs for topographic characterisation and flood flow
modelling of the low-gradient (<0.0006 m m) Rio Colorado terminal system, Bolivia. A
comparison between DEM and field dGPS elevation data (1290 measurement points) reveals
that the TanDEM-X DEM 12 m (TDX-12 m) has a RMSE of 0.47 m, far less than those of
other frequently used spaceborne DEMs such as ALOS RTC (4.58 m) and SRTM (6.02 m).
For hydrodynamic modelling, TDX-12 m data were smoothed (adaptive filter and feature-
preserving DEM smoothing) and upscaled. The smoothed TDX-12 m data were mosaiced
with a dGPS data-derived river path, surveyed along a reach (mean width <30 m) with a
prominent downstream size decrease. The methods enabled effective de-noising of the
TDX-12 m data (RMSE 0.29 m) and resulted in a high linear regression correlation coefficient
(0.75). HEC-RAS 2D modelling reveals that in the selected reach, overbank flooding starts
in the downstream part when discharge is <18 m3/s, with flow initially spreading through
crevasse channels and levee topographic lows. As discharge increases, flow spreads
farther across the floodplain, ultimately forming connected floodplain flow in distal
topographic lows. Satellite imagery and a derived water index indicate the same floodplain
flow patterns as the modelling (critical success index 0.77). Wider use of DEMs based on

TDX-12 m data for topographic characterization and flood flow modelling along relatively
2
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small, low-gradient terminal dryland rivers will result in many scientific and applied benefits.

Key words: bankfull discharge, Digital Elevation Model, dryland river termini, hydrodynamic
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1. Introduction
Sparsely or non-vegetated dryland river systems are receiving increasing research attention
since they provide excellent modern analogues for the study of ancient (especially pre-
vegetation) rock records and extraterrestrial surface environments (e.g. Grotzinger et al.,
2015; Dietrich et al., 2017; Li et al., 2014a, 2020a, b; Jacobsen and Burr, 2016; Ielpi, 2018;
Ielpi and Lapotre, 2019), and also may have significance for the management of ecosystem
services and flood hazards in otherwise moisture-stressed settings (Tooth, 2013; Li et al.,
2018). Many low-gradient dryland rivers are terminal systems that are characterised by
significant downstream decreases in cross-sectional areas and sediment transport capacity,
with defined channels commonly ending on channelless plains (floodouts), in wetlands, or
at playa margins (Tooth, 1999a; Tooth and McCarthy, 2007; Ralph and Hesse, 2010).
Widespread overbank flooding commonly occurs during peak floods, leading to marked
channel-floodplain interactions. Such interactions can have a profound influence on
topographic development and flood flow dynamics, including natural levee breaching,
crevasse splay development, chute cutoffs, and avulsion (e.g. Tooth, 2005; Li et al., 201443,
2020a; Li and Bristow, 2015; Jarihani et al.,, 2015a, 2015b), and can also lead to the
formation of less well-documented features such as topographic lobes, reforming channels,
and erosion cells (Tooth, 19993, b; Tooth et al., 2002, 2014; Li et al., 2019). In these low-
relief settings, formation of such geomorphological features to a large extent is driven by
subtle variations in local gradient, as this influences the distribution and rate of energy
expenditure by flowing water and thus erosional and depositional patterns.
Characterisation of these subtle, interrelated topographic and hydrodynamic changes is

thus essential but challenging. Relative to most research budgets, site-specific, ground-
4
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5

based topographic and hydrographic surveys are too time consuming and costly to constitute
viable approaches, a problem that is compounded by the commonly remote locations, access
problems during floods, and lack of flow gauges. Low-cost approaches to deriving DEMs
using Structure-from-Motion or Google Earth imagery may provide a partial solution in some
instances (e.g. Winde and Hoffmann, 2010; Prosdocimi et al., 2015) but for larger terminal
dryland systems, the development of remote sensing methods for topographic
characterisation and hydrodynamic modelling is typically the most practical approach, ideally
in combination with targeted fieldwork.

Accurate topographic data are fundamentally important for performing hydrological
modelling work, including catchment area (watershed) delineation, identification of drainage
net and flow pathways, and river flood simulation (Marks and Bates, 2000; Bates, 2004,
2012; Sampson et al., 2016). Consequently, the increasing availability of Digital Elevation
Model (DEM) datasets from spaceborne or airborne light detection and ranging (LiDAR) have
greatly enriched data pools. For an increasing number of rivers, hydrodynamic modelling
based on LiDAR data has been widely used to simulate flood patterns, flood hydrodynamics,
and flood hazards (Bates, 2012; Teng et al., 2017; Milan et al., 2018, 2020; Heritage et al.,
2019). Nevertheless, the expensive acquisition cost of high-resolution airborne LiDAR data
limits availability on a global scale and thus potential wider application (Schumann et al.,
2014; Hawker et al., 2018). As a consequence, freely available spaceborne DEMs are more
widely applied in hydrological modelling (Sampson et al., 2016), including the Shuttle Radar
Topography Mission (SRTM) DEM and SRTM-related products such as MERIT DEM.

Comparisons between different DEMs have been conducted in a variety of riverine

settings such as in mountain regions (e.g. Czubski et al., 2013; Wang et al., 2012), tropical
5
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rainforests (Baugh et al.,, 2013), and deserts (e.g. Rexer and Hirt, 2014; Jarihani et al.,
2015a). For example, Jarihani et al. (2015a) assessed the accuracy of three DEMs (SRTM,
GDEM and the Ice, Cloud, and land Elevation Satellite (ICESat) DEM) prior to hydrodynamic
modelling of a dryland river, and concluded that SRTM DEM data have higher accuracy
(RMSE 3.25 m). However, the elevation change along Jarihani et al.'s (2015a) study river is
up to 10 m in about 2 km (slope ~0.005 m m), which is at least one order of magnitude
higher than in many terminal dryland river systems. In these lower gradient, low relief
terminal systems, high vertical and horizontal errors introduced by striping and absolute bias
mean that the characterisation of subtle topographic features using commonly available
DEMs remains particularly challenging (Rodriguez et al., 2006; Sampson et al., 2016;
Yamazaki et al., 2012, 2017).

A potential solution to these challenges is presented by the data products from the
TanDEM-X mission. Hawker et al. (2019) undertook an accuracy assessment of the freely
available TanDEM-X 90 DEM for floodplain sites worldwide and concluded that it compared
favourably against other spaceborne DEMs, except in forested areas (>5 m tall canopy).
Careful vegetation removal and de-noising of TanDEM-X 90 m data, similar to the correction
of SRTM in the MERIT DEM product, has the potential to make TanDEM-X 90 m the
benchmark global DEM for floodplains. At the time of writing (mid 2020), the 12 m version
of TanDEM-X (TDX-12 m) is not yet freely available, but already has proven to be
advantageous for hydrodynamic modelling (Gei3 et al., 2015; Schreyer et al., 2016; Archer
etal,, 2018). Nevertheless, although used in various settings such as mountainous (Erasmi
et al., 2014; Pipaud et al., 2015), urban (Avtar et al., 2015) and estuarine (Archer et al.,

2018; Pasquetti et al., 2019) areas, the application of TDX-12 m data for topographic
6
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characterisation and hydrodynamic modelling in low-gradient, low-relief, terminal dryland
river systems has yet to be examined rigorously.

As a contribution to this research challenge, this study compares the utility of different
spaceborne DEMs (including TDX-12 m) for topographic characterisation and flood flow
modelling using HEC-RAS along the lower Rio Colorado, Bolivia. The ephemeral Rio
Colorado terminates on the southeastern margin of Salar de Uyuni, Bolivia, the world’s
largest salt lake, and is subject to regular, spatially-extensive flooding. The objectives of
this study are to: 1) compare the accuracy of different spaceborne DEMs in characterising
the topography of this low-gradient (<0.0006 m m), non-vegetated, terminal dryland river
system; 2) develop methods to smooth and upscale the TDX-12 m data for use in
hydrodynamic modelling using HEC-RAS; 3) use the hydrodynamic model results to provide
insights into the spatial and temporal patterns of flooding, especially overbank flow; and 4)
discuss the potential wider use of DEMs based on TDX-12 m data for improving our
knowledge of the natural dynamics of low-gradient, terminal dryland rivers more generally,

and the scientific and applied benefits that may accrue.

2. Study area

The Rio Colorado catchment lies within the southern part of the intra-continental Altiplano
basin (Fig. 1A, B), which formed as part of the Andean oceanic-continental convergent
margin. The Altiplano basin is filled with Tertiary to Quaternary fluvial and lacustrine
sediments and volcaniclastic deposits (Horton and Decelles, 2001; Elger et al., 2005). The

Rio Colorado catchment comprises upper Ordivician to Tertiary clastic sedimentary and
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igneous rocks, with Quaternary sediments widespread (Marshall et al., 1992; Horton and
Decelles, 2001). Despite some prominent fault escarpments in the catchment (Bills et al.,
1994; Baucom and Rigsby, 1999; Rigsby et al., 2005; Donselaar et al., 2013), the region has
been tectonically quiescent in the late Pleistocene and Holocene.

The Altiplano has a dryland climate, with a prominent decrease in aridity index (United
Nations Environment Programme, 1992) from ~0.5 in the north (dry subhumid/semiarid) to
~0.12 (arid) in the south (Lenters and Cook, 1999). The region is subject to the influence
of the El Nifio Southern Oscillation (ENSO) and annual precipitation totals are highly variable.
In the Rio Colorado catchment, annual precipitation averages ~185 mm and the 24 hour
maximum daily precipitation only rarely exceeds 40 mm (Li, 2014; Li and Bristow, 2015).
Annual precipitation is greatly exceeded by the annual potential evapotranspiration of 1500
mm. As a consequence, the Rio Colorado is ephemeral, with river flow occurring mainly in
response to thunderstorms in the austral summer (December through March) (Li et al.,
2014a).

The Rio Colorado flows roughly south-north, terminating on the southeastern margin of
Salar de Uyuni (Fig. 1B-C). Previous studies have integrated remote sensing imagery and
field observations in investigations of the channel-floodplain morphodynamics of the middle
reaches and the fan-shaped lower reaches approaching the terminus (Donselaar et al., 2013;
Li et al., 2014a, b, 2015, 2018, 2019, 20204, b; Li and Bristow, 2015; van Toorenenburg et
al., 2018). These studies have shown that the lower reaches of the main (trunk) channel
are characterised by a prominent downstream decrease in cross-sectional area (Fig. 1D-F)
and frequent (usually at least once per year) channel and overbank flood events. Field

data on river sediment loads are limited, but grain-size analyses indicate that the lower Rio
8
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9

Colorado system is dominated by silt and clay with subordinate very fine sand (Li et al.,
2015, 2020q, b). In the lowermost reaches near the terminus, channel-belt sediments are
prograding over older (pre-late Holocene) lacustrine muds (Donselaar et al., 2013; Li et al.,,
2019). These fine-grained sediments, coupled with local salt cementation, contribute to
the cohesion of bed, bank and floodplain surfaces. Normalized Difference Vegetation Index
(NDVI) analysis and field observations indicate that the middle to lower reaches and
terminus of the Rio Colorado are essentially non-vegetated owing to the characteristically

dry and saline environment (Li et al., 2015).

3. Materials and methods

For this study, a range of spaceborne satellite-derived DEMs were acquired, including freely
available, frequently used DEM datasets, as well as TanDEM-X DEM (TDX-12 m) data (Table
1). These datasets were combined with high-resolution satellite imagery available from
Google Earth and medium-resolution Landsat imagery (Table 2), and with differential Global

Positioning System (dGPS) field surveys from the Rio Colorado terminus system (Figure 1C).

3.1 Materials

3.1.1 Digital Elevation Model (DEM) data

Global or quasi-global DEMs that are freely available include Advanced Land Observing
Satellite (ALOS) Radiometric Terrain Correction (ALOS RTC) (Tadono et al., 2016), ASTER
GDEM (Tachikawa et al., 2011), and Shuttle Radar Topography Mission (SRTM, Farr et al.,

2007). ALOS RTC is a geometrically and radiometrically terrain corrected data product
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derived from ALOS Phased Array type L-band Synthetic Aperture Radar (PALSAR).
Addressing the effects of the side-looking geometry of SAR imagery, RTC offers RT1
products with a pixel size of 12.5 m generated from high-resolution and medium-
resolution Digital Elevation Models (DEMs), as well as RT2 products generated at a 30 m
resolution for all available DEMs. With its higher spatial resolution, RT1 was used in this
study. The Advanced Space borne Thermal Emission and Reflection Radiometer (ASTER)
global DEM (GDEM) is derived from photogrammetric processing of optical satellite
imagery with artifacts and voids owing to cloud cover in the original images. SRTM is the
most widely used DEM for flood modelling studies. The MERIT dataset, an error-reduced
SRTM product, has been significantly improved in terms of vertical accuracy (error <2 m)
(Yamazaki et al., 2017). The Land Processes Distributed Active Archive Center (LP DAAC)
recently released NASADEM datasets, which were derived from original telemetry data

from the Shuttle Radar Topography Mission (SRTM) (https://Ipdaac.usgs.gov/news/release-

nasadem-data-products/). This study includes the DEM data in the NASADEM_NC data

product.

The TanDEM-X mission carried out by German AeroSpace Centre and Airbus deployed
TerraSAR-X and TerraSAR-X equipped with Synthetic Aperture Radar (SAR) for Digital
Elevation Measurement (TanDEM) on a global scale (Zink et al., 2014; Wessel, 2016). The
mission launched a product of the global, 12-m TanDEM-X product, which covered all land
surfaces with a spatial resolution of 0.4 arc seconds (~12 m). By comparison with other
datasets (GNSS GCPs), the absolute vertical accuracy of TDX-12 m could be up to 2 m

(Zink et al., 2014; Wessel et al., 2018; Hawker et al., 2019).

10
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3.1.2 Satellite imagery

High-resolution (~0.5 m) satellite imagery was used to visualise the geomorphic features
along the lower Rio Colorado (Table 2). Two datasets (WorldView-02 and Pléiades) were
used in this study. Along with other optical satellite imagery (e.g. Sentinel-2), Landsat 8
OLI imagery was used to map flooding extent. The selected Landsat imagery (05 February
2018) was based on the availability of cloud-free scenes during the rainy season (December

through March).

3.1.3 dGPS data

Field dGPS data were derived from published data in van Toorenenburg et al. (2018) and
van Toorenenburg (2018). The measurement system was within a <5 km radius for
crevasse splays along the main channel and the accuracy was sub-centimetre (van
Toorenenburg et al., 2018). High accuracy dGPS data along 8 measurement paths (see red
lines in Fig. 1C) were variously oriented to characterise the longitudinal profiles and cross
profiles of four crevasse splays (mean length of 1195 m, maximum length of 3080 m,
minimum length of 170 m). For long-distance (up to 33-km long) measurements along the
river, a vehicle-borne setup using a Trimble 5700 GNSS receiver was used (see blue line in

Fig. 1C).

3.2 Methods
3.2.1 DEM accuracy assessment

High-resolution satellite imagery (Table 2) was used to evaluate the capability of spaceborne

11



224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

12

DEM datasets to visualise some of the key geomorphological features in the study reach
(e.g. channels, crevasse splays, floodplain topographic lows). We also compared the
spaceborne DEMs with the field dGPS measurements. All satellite and dGPS data were
registered to the same references (XY coordinate system: WGS-1984, UTM Zone 19S;
vertical coordinate system: EGM2008 geoid) and were used to extract elevation data along
all dGPS measurement paths. Mean error (ME), mean absolute error (MAE), and root mean
square error (RMSE) have been widely used to evaluate the accuracy between dGPS values
and satellite DEM datasets (Pasquetti et al., 2019; Gonzalez-Moradas and Viveen, 2020) and

were used in this study.
ME = YL (H; —H)/m (1)

MAE = Yi,(IHf —HD/n  (2)

RMSE = /@ (3)

LE90% = RMSE *90% (4)

where H; is satellite DEM elevation value, H; is dGPS measurement value and n is the
number of measurements. Based on this evaluation, the longitudinal long-distance dGPS

data were resampled to 10 m intervals as ground-truth validation (Fig. 1C, 1290 points).

3.2.2 River construction and hydrodynamic modelling (HEC-RAS)
Deriving accurate river bathymetric depth from spaceborne DEMs for hydrodynamic
modelling is challenging (Durand et al., 2008, 2010). Consequently, this study integrated

dGPS data and TDX-12 m data to create accurate bathymetry for two-dimensional (2D)

12
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hydrodynamic modelling. Owing to the low gradients and the noise generated by data
acquisition (Table 1), smoothing was needed to de-noise the TDX-12 m data before use in
hydrodynamic modelling. Adaptive filter and feature-preserving DEM smoothing by Lindsay
et al. (2019) has proven to be useful for smoothing high-resolution DEM data while still
preserving crucial topographic features, and so was used to remove noise in this study.
Additionally, upscaling has been used to smooth DEM data with random noise. For the
TDX-12 m data, upscaling of one or two times from the original resolution was deemed
suitable for further smoothing the DEM data. These effects of these combined methods on
the TDX-12 m data were examined by comparing with the field dGPS data.

Based on the river parameters (river bed and banktop elevations) derived from dGPS
along the main channel, a 9-km long reach with a prominent downstream decrease in cross-
sectional area was selected for flood modelling. Along with the dGPS data, the river path
was digitised based on high-resolution WorldView imagery (09 December 2010, WorldView-
2 imagery), which was acquired for the date closest to the TDX-12 m acquisition date (Table
1). The dGPS data for the river bed were subsequently interpolated with bilinear
resampling (linear across a straight line connecting two consecutive points) within the river
path to create a raster with a resolution of 12 m (the same as the highest resolution of TDX-
12 m). The reconstructed river path was mosaiced with the already-smoothed DEM data,
and was subsequently used for 2D hydrodynamic modelling.

The HEC-RAS model developed by the US Army Corps of Engineers has proven useful
for various flood inundation simulations (Brunner, 2016; Zainalfikry et al., 2020). HEC-RAS
solves either the full 2D Saint Venant (eq. (5)) or 2D diffusive wave equations (egs. (6) and

(7) (Brunner, 2016).
13
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Owing to the complex numerical schemes, 2D diffusive wave equations (egs. (6) and (7))
have faster calculation times and greater stability (Martins et al., 2017), and therefore were
used in this study to simulate flood flows.

Meshes of 2D flow areas were established with a refined grid of 5 m x 5 m in the river
and on the natural levees, and a coarse grid of 40 m x 40 m (approximately three times the
resolution of the TDX data) on the floodplain. In order to conduct unsteady flow simulation,
upstream and downstream boundaries were set at both ends of the selected reach. Owing
to the lack of suitable gauged data, for the upstream boundary conditions, discharge was
set to start at 1 m3/s and peak at 50 m3/s, the latter calculated from the river width-based

bankfull discharge estimate model of Bjerklie (2007).

Q = 0.24W1064 (8)

where Q is bankfull discharge and W is river bank width. According to daily precipitation
data for the period 1980-2017 and satellite imagery in the study area, flow duration was set
for eleven days with a rising period of 4 days and a decreasing period of 7 days. Normal
depth with a slope of 0.0006 m m™ was set for the downstream boundary condition, as
based on the dGPS data. Manning’s roughness coefficient (‘Manning’s n") was set at 0.03
for the whole model domain in accordance with the non-vegetated, fine sediment
characteristics (Geleynse et al., 2010; Li et al.,, 2020a, b). To test model sensitivity to

different Manning's roughness coefficients, we also set values of 0.02, 0.04 and 0.05.
14
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3.2.3 Model evaluation

The hydrodynamic modelling enabled visualisation of flood flow patterns, including overbank
flow paths on the more distal floodplain. In previous studies, the modified normalized
difference water index (MNDWI, eq. 9) has proven useful for mapping flooding areas (Li et
al., 2018), and so was used to extract flooded areas from Landsat-8 OLI imagery acquired

during a rainy season (Table 2).

MNDWI = (pgreen — Pswir)/(Pereen + Pswir) (9)

where pgr.en @Nd pgyr refer to the surface reflectance values of Band 3 and Band 6 in
the Landsat-8 OLI. A critical success index (CSI, eq. 10) has proven useful for evaluation
of flood inundation models (see details in Stephens et al., 2014).

A
A+B+C

CSI =

(10)

where A is correct flooded area (hits), B is overprediction (false alarms) and C is
underprediction (misses). Therefore, CSI was used to compare the modelling results of

maximum flood extent with the MNDW!I-derived results.

4. Results

Accurately quantifying topography in low-gradient river systems is fundamentally important
for simulating within-channel and overbank flooding processes. Our new analyses based on
comparing spaceborne DEMs with field dGPS data reveal the potential provided by such

datasets for enhancing topographic characterisation and flood flow modelling.

15
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4.1 Geomorphic feature visualisation and comparison of DEM and dGPS datasets

Spaceborne DEMs have variable capabilities for visualising geomorphic features along the
lower Rio Colorado. Figure 3 provides an example, showing that in comparison to high-
resolution satellite imagery, only TDX-12 m enables visualisation of the main channel and a
crevasse channel. COPDEM also enables visualisation of the main channel but in other
datasets (ALOS RTC, SRTM, MERIT, NASADEM, GDEM), these key features could barely be
observed (Fig. 3). Further analysis of the DEM and dGPS data along the 8 crevasse splay
measurement paths (Fig. 1C, letters a through h) shows that TDX-12 m has the smallest
difference when compared with the dGPS data, with a mean value of 0.47 m for RMSE and
0.43 for LE90% (Table 3, Fig. 4). COPDEM has a mean value of 2.5 m for RMSE and
NASADEM and GDEM have a similar RMSE difference (~3 m) when compared with dGPS
data (Table 3, Fig. 4). ALOS RTC data (RMSE 4.58 m) and SRTM data (RMSE 6.02 m) have
the greatest differences when compared with dGPS data (Table 3, Fig. 4).

Figure 5 provides a further comparison between the TDX-12 m data and the dGPS data
along the 8 crevasse splay measurement paths. The plot of the mean elevation of each path
with standard deviations shows that the TDX-12 m data tend to slightly overestimate
elevations compared to the dGPS data but both datasets show a prominent downvalley
decrease in elevation, as would be expected (Fig. 5: profiles h, ¢, b, a). For a single
crevasse splay, the elevations of different cross profiles decrease from the proximal to the
distal part, as also would be expected (Fig. 5: profiles d, e, f, g).

In addition, TDX-12 m and dGPS data (674 measurement points) from the 33-km long

longitudinal profile along the main channel were compared (Table 3, Fig. 6A). Along the
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main channel, TDX-12 m data have a RMSE of 0.49 m. Based on the dGPS measurements
of the river, the reach at 15-24 km downstream from the bridge is characterised by a
prominent downstream reduction in width (~40 m to a maximum of ~15 m) and depth
(~2.05 m to ~1.20 m) (Fig. 6B). This middle reach was selected for the reconstruction of
the river path and thereafter incorporation into the hydrodynamic modelling domain (Fig.

6). Notably, this reach is free from human modification (e.g. no bridges or bank protection).

4.2 Smoothing and upscaling of TDX-12 m data and modelling domain construction

To remove noise from to TDX-12 m data, smoothing and upscaling were applied. The
effects of these combined methods on TDX-12 m data near the main river were examined
by comparing with the dGPS measurement data. The results show that these methods had
a variable smoothing effect (Fig. 7A). Compared with the original TDX-12 m data,
combined filters effectively removed noise (Fig. 8, Table 4). Additionally, the results of two-
and three-times upscaling from the initial resolution showed that three-times upscaling
enabled removal of outliers (Fig. 8C-D) while upscaling of more than three times would
damage the integrity of the data. To avoid removal of elevation information by comparison
with dGPS data, a combination of AF-MEC3-36 m show the lowest RMSE (0.29 m), which is
38% higher than the RMSE (0.47 m) of the original TDX-12 m data, and so this method was
selected for smoothing the TDX-12 m data except outliers (Figs. 7B and 8D). Linear
regression also shows that the correlation coefficient (R?) of AF-MEC3-36 m is 0.75,

compared with the R? of 0.26 for the original TDX-12 m data (Fig. 7A).

Smoothed TDX-12 m data mosaiced with river bathymetric data show the consistency
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of geomorphological characteristics in comparison with high-resolution satellite data (Fig.
9). As would be expected, a decrease in elevation is shown from the upstream to the
downstream part of the reach, as well as with increased distance from the river (Fig. 9A).
Also, the river decreases in width and depth from upstream to downstream (Fig. 9B: cross
profiles a-b and c-d). More specifically, geomorphological features including crevasse
channels, and topographic lows between crevasse splays and on the more distal floodplain

can be visualised using the smoothed TDX-12 m data (Fig. 9A-C: cross profiles e-f and g-h).

4.3 Flood flow modéelling

HEC-RAS model results using a Manning’s roughness coefficient of 0.03 show that overbank
flooding starts in the downstream part of the selected river reach at a discharge of <16 m3/s
(Table 5, Fig. 10A), with flow initially spreading through crevasse channels and topographic
lows on levees. As discharge increases, the channel banks are also widely overtopped at
discharges of <22 m3/s (Table 5, Fig. 10B). As discharge increases yet further, overbank
flow extends farther across the floodplain (Fig. 10C) and ultimately converges into several
main flow paths in floodplain topographic lows to form connected floodplain flow (Fig. 10D).
The sensitivity tests using different Manning’s roughness coefficients revealed the same
pattern. Regardless of the roughness coefficient, overbank flooding starts through
crevasse channels and levee topographic lows when bankfull discharges are <18 m3/s in the
downstream reach and wider bank overtopping occurs at discharges <25 m3/s (Table 5).
The modelling results are validated by satellite imagery, with both Landsat OLI imagery and

the MNDWI index for a February 2018 flood showing the same pattern of connected
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floodplain flow (Fig. 10E-F). Using quantitative assessment for the modelled results, CSI
was 0.77 with low false rate (0.12), indicative of high matching with the MNDWI-derived

results.

5. Interpretation and discussion

Previous studies of the Rio Colorado and other low-gradient, low-energy, terminal dryland
rivers have shown how local topographic and other environmental factors (e.g. soil
properties) can be a key influence on erosional and depositional patterns, with spatial
variations in water and sediment movement leading to a multiplicity of landforms of diverse
origin, substrate type, and hydroperiod (e.g. Tooth, 1999a, b, 2005; Tooth et al., 2002; Li
et al., 2019). Along the lower Rio Colorado, for instance, aerial image interpretation and
limited local field dGPS surveys have shown how the locations, and the rates and timescales
of development of features such as crevasse splays, chute cutoffs, and erosion cells are
strongly linked with local gradient changes that influence erosion and deposition during
floods (Li et al., 2019, 2020a). Despite recognition of their significance, characterising such
topographic and hydrodynamic changes over large areas in typically remote settings with
limited access during floods has remained a major challenge. Consequently, the more
widespread development of spaceborne DEMs offers considerable potential for improving
our knowledge of the natural dynamics of these dryland river types, with many scientific

and applied benefits, as discussed below.

5.1 Use of spaceborne DEMs for investigations of low-gradient, terminal dryland rivers
19
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In this study of a low-gradient, non-vegetated, terminal dryland river, the comparison of
different spaceborne DEMs has clearly indicated that TDX-12 m data have considerable
advantages. The TDX-12 m data enable visualisation of key geomorphic features (e.g.
main channel, crevasse channels) that cannot be detected using many other spaceborne
DEMs (Fig. 3), and have the highest accuracy when compared with elevation data from
dGPS field surveys (Fig. 4, Table 3). While the data are noisy, filtering, smoothing and
upscaling techniques can improve data quality without compromising data integrity.

The Rio Colorado is unusual with respect to its non-vegetated characteristics, although
not unique (e.g. Ielpi, 2018; Ielpi and Lap6tre, 2019). Many other terminal dryland systems,
even those located in hyperarid and arid settings, have greater (albeit patchy) riparian
vegetation assemblages of grasses, shrubs, and/or trees (e.g. Tooth, 1999b, 2000), which
might influence the potential wider applicability of TDX-12 m data. Comparison of TDX
data between regions with different vegetation cover indicates a difference in DEM accuracy
between non-vegetated and vegetated regions (Martone et al., 2018). For example, in
non-vegetated Argentinian estuaries, the same level of RMSE as in this study was reported,
and RMSE with dGPS data are mostly <1 m with a mean of 0.73 m (Pasquetti et al., 2019).
In vegetated or sparsely vegetated regions, however, RMSE is mostly >1 m (e.g. see Table
4 in Wessel et al., 2018; Table 3 in Gonzalez-Moradas and Viveen, 2020). Also, other DEMs
(e.g. GDEM, SRTM) have low accuracy (RMSE up to ~20 m) in vegetated areas compared
to non-vegetated terminal river systems (RMSE up to ~6 m). Even using relatively low
resolution TDX-90 m data, TDX DEM data have revealed high accuracy in many landcover
categories (shrubland and sparse vegetation), albeit with slightly less accuracy in short

vegetation and tree covered areas (Hawker et al., 2019). Although GDEM may have low
20
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vertical errors in flat areas (Hawker et al., 2019), for the Rio Colorado terminus with gradient
of <0.0006 m mt, TDX-12 m data have a higher potential for characterising the topography
(Table 3, Fig. 3). The accuracy differences among these DEMs indicate that TDX-12 m data
are suitable for visualisation of non-vegetated or sparsely vegetated regions and applicable

to hydrodynamic modelling along low-gradient, terminal dryland rivers.

5.2 Estimating bankfull discharge along small, ungauged dryland rivers

Using remote sensing approaches to estimate bankfull discharge along ungauged
dryland rivers is challenging, particularly for small rivers with width <50 m (e.g. Bjerklie et
al., 2005; Alsdorf et al., 2007; Tang et al., 2009). The key issue in using satellite data-
derived discharge is establishing the bathymetric depth of the river channel (Birkinshaw et
al., 2014). In this study, we integrated field dGPS and TDX-12 m data to construct a
hydrodynamic modelling domain comprising a small river (width <50 m and depth <2 m,
with both dimensions decreasing downstream) and adjacent floodplain. This modelling
domain was subsequently used for estimating bankfull discharge and modelling overbank
flooding. Modelling results using a Manning’s roughness coefficient of 0.03 indicate that
overbank flooding starts at a discharge of <16 m3/s in the downstream reaches (river width
<20 m) with flow initially dispersing through crevasse channels and low points in levees
(Table 5, Fig. 10A), and that with higher discharges, overbank flooding extends farther
upstream as banks are more widely overtopped (Fig. 10B-D). The sensitivity tests for
different Manning’s roughness coefficients revealed no essential difference in results (Table
5). The estimation of bankfull discharge at ~18 m3/s in the downstream reaches is similar

to the estimate of ~20 m3/s using Bjerklie’s (2007) model. For the river reach as a whole,
21
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widespread overbank flow occurs at a discharge of <22 m3/s, which is >50% lower than
estimates of ~50 m3/s based on river parameters including depth and slope or width, slope
and velocity (Bjerklie, 2007). These results suggest that while the Bjerklie (2007) method
can still provide useful upper bound estimates of bankfull discharge in small, ungauged
dryland rivers where other data do not exist (e.g. Larkin et al.,, 2017), there may be a
tendency to overestimate bankfull discharges, especially where crevasse splays and other

low points in banks or levees are widespread.

5.3 Visualising overbank flow patterns
Besides estimation of bankfull discharge, the model results are also invaluable for helping
to visualise overbank flow patterns. Approaching peak flow (50 m3/s), areas of fully
connected floodplain flow with depths up to ~0.54 m become established in topographic
lows distal from the main channel (Fig. 10D). Without modelling or capture of high-
resolution satellite imagery around peak flow, such overbank flow patterns may be hard to
recognise and appreciate, but likely have significant implications for short-term patterns of
sediment and nutrient transfer and potential longer-term development of regional avulsions
involving abandonment of the main channel in favour of a new course (Donselaar et al.,
2013; Li et al., 2014a, 2019). Although the Rio Colorado flows through a sparsely
populated region, along more populated or cultivated dryland river systems, such insights
may have significant implications for flood hazard assessment and floodplain zoning.
Greater insights into flood flow patterns, associated sediment transfer, and longer term
channel-floodplain changes also have relevance for improved knowledge of the stratigraphy

and sedimentary architecture of terminal dryland rivers. Sparsely or non-vegetated
22



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

23

terminal dryland river systems like the Rio Colorado are increasingly being cited as modern
analogues to help interpret ancient (especially pre-vegetation) fluvial successions (Ielpi et
al.,, 2018) and other fluvial sedimentary environments such as thin-bedded hydrocarbon
reservoirs (van Toorenenburg et al., 2016), and also help to provide insight into
extraterrestrial sedimentary environments (Matsubara et al., 2015). Although details are
limited, over timescales of decades to millennia, channel-floodplain topographic and
hydrodynamic changes along terminal dryland rivers likely are associated with the
generation of considerable sub-surface stratigraphic complexity (Tooth, 1999b; Tooth et al.,
2002; Donselaar et al.,, 2013). To date, most attention has focused on the impact of
channel and proximal floodplain changes such as chute cutoff formation and crevasse splay
development on fluvial stratigraphy and sedimentary architecture (Tooth, 2005; Li and
Bristow, 2015; Li et al., 2014a, 2020a, b) but along with studies of floodplain features such
as erosion cells (Li et al.,, 2019), the potential impact of connected floodplain flow on
sediment reworking is also worthy of greater investigation. Collectively, such studies might
help to provide generic, more widely applicable insights into fluvial landscape and

sedimentary dynamics in low-gradient, terminal dryland rivers.

6. Conclusion

This study compared different spaceborne DEMs for topographic characterization and flood
flow modelling of the low-gradient Rio Colorado terminal system. The comparison between
DEM and dGPS elevation data (1290 measurement points) revealed that the TanDEM-X DEM
12 m (TDX-12 m) RMSE is 0.47 m, far less than the RMSE of other frequently used DEMs

such as those derived from ALOS RTC and SRTM data. As a basis for hydrodynamic
23
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modelling using HEC-RAS, TDX-12 m data were smoothed using a combination of filters
(adaptive filter and feature-preserving DEM smoothing) and upscaling. The combined
smoothed methods enabled effective de-noising of the TDX-12 m data (RMSE 0.29 m). The
smoothed TDX-12 m data were then mosaiced with the dGPS data-derived river reach, which
is characterised by a prominent downstream decrease in cross-sectional area. HEC-RAS
modelling using different Manning’s roughness coefficients (0.02-0.05) revealed that
overbank flooding starts when discharge is <18 m3/s in the narrower downstream reach,
and occurs more widely throughout the reach at discharges <22 m3/s. These discharges
are lower than river width-based estimates of bankfull discharge, probably owing to the
abundant crevasse splays and other low points in levees and bank tops. As discharge
increases, comparison with satellite imagery and derived water index indicates similar
overbank flow patterns, with areas of fully connected floodplain flow developing in distal
topographic lows around peak stage.

This study has demonstrated the feasibility and value of using DEMs based on TDX-12
m data for enhancing knowledge of the low-gradient Rio Colorado terminal system. A
future research agenda should be to test the wider application of TDX-12 m data on terminal
dryland systems with different hydrological, geomorphic, vegetation and soil characteristics.
Demonstration of wider applicability will help to contribute to improved scientific and applied
understanding, with benefits for geomorphological, hydrological, and sedimentological
investigations. In an era of rapid environmental change, characterised in many dryland
catchments by greater hydrological extremes and increasing human modification of hillslope,
floodplain and channel characteristics, such approaches may also have benefits for improved

measurement, monitoring and assessment of changes to ecosystem services and flood
24
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Figure captions

Fig. 1 Location and characteristics of the lower Rio Colorado catchment and study reach: (A)
the Altiplano region in South America (modified after Placzek et al., 2011); (B) map of the
Altiplano showing the location of Salar de Uyuni and the Rio Colorado in the southeast
(modified after Placzek et al., 2011); (C) the lower reaches of the Rio Colorado approaching
the southeastern margin of Salar de Uyuni. The blue line is the main (trunk) channel of
the Rio Colorado and the dGPS measurement path along the trunk channel, while the red
lines (a-h) indicate the paths of dGPS measurements along crevasse splays (see Figures 5
and 7). The asterisks with capital letters indicate the locations of the photos in parts E and
F. The rectangle and polygon indicate the areas of Figures 4 and 8, respectively, with the
polygon indicating the river reach and adjacent floodplain selected for hydrodynamic
modelling; (D) downstream reduction in cross-sectional area along the Rio Colorado (blue
line in C, red dot indicating the starting point at the bridge crossing; modified from Donselaar
et al., 2013); (E) photograph of the upstream reach of the Rio Colorado (~50 m wide); (F)

photograph of the downstream reach of the Rio Colorado (~15 m wide).

Fig. 2 Flow chart showing the data processing steps undertaken in this study.

Fig. 3 Comparison of geomorphic feature detection using high-resolution satellite imagery

(Pléiades, from Google Earth) and spaceborne DEMs.

Fig. 4 Histograms of difference in elevation between DEM datasets and dGPS data. (A) TDX-
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12 m; (B) COPDEM; (C) ALOS RTC; (D) SRTM; (E) MERIT:; (F) NASADEM:; (G) GDEM.

Fig. 5 Comparison of TDX-12 m and dGPS data from eight measurement paths along
crevasse splays adjacent to the main channel (see Fig. 1C, a through h). Pathsa, band h
were undertaken along the splay channel beds, while paths c-g are cross-channel transects.

The dotted line is the 1:1 correspondence line.

Fig. 6 (A) Comparison of TDX-12 m data and dGPS measurements of river bed and bank
elevations along the lower Rio Colorado (see the blue line in Fig. 1C for the river bed); (B)
detail of the dGPS measurements of river width and depth in a selected reach from 15-24

km downstream.

Fig. 7 Example of various smoothing methods applied to the longitudinal profile of a crevasse
splay (see Fig. 1C, path a): (A) comparison of a combination of smoothing methods for path
a. Smoothing methods include: AF = adaptive filter; FP = feature-preserving DEM smoothing
with default settings; MEC3 = maximum elevation change of 3 for feature preservation filter.
12 m, 24 m and 36 m are upscaling values. Dashed lines of linear regression indicate the
original TDX-12 m data and the selected method (AF-MEC3-36m); (B) statistics of RMSE

values between smoothed results and dGPS data.

Fig. 8 Original data and post-processing TDX-12 m data: (A) original data; (B) adaptive filter;

(C) AD-MEC3; (D) AD-MEC3-36m.
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Fig. 9 Reconstructed hydrodynamic modelling domain: (A) selected reach of the river.
Gridded areas are the modelling domain for this study, with lines indicating the upstream
and downstream boundaries. Lines labelled a through j indicate the locations of profiles in
B-D; (B) elevation profiles within the reconstructed modelling domain (see A for locations);
(C) location of profile across a crevasse channel adjacent to the trunk channel; (D) location
of a profile across a topographic low adjacent to the trunk channel and between two active

crevasse splays.

Fig. 10 Overbank flow patterns along the selected reach of Rio Colorado with its marked
downstream reduction in channel cross-sectional area: (A)-(D): modelling results at four
different discharges; (E) false-color composite (Bands 7, 5 and 1 of Landsat 8 on 05 Feb
2018). CS = crevasse splay; TL = topographic low; (F) modified normalized difference water

index (MNDWI) results, with the white areas indicating flooded areas.

Table captions

Table 1 Spaceborne DEM datasets used in this study (ALOS RTC refers to Radiometric Terrain

Correction).

Table 2 Information regarding the high- and medium-resolution satellite imagery used in

this study

Table 3 Statistics of difference between dGPS data and DEM datasets for 8 overbank
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measurement paths (ME is mean error, MAE is mean absolute error, RMSE is root mean

square error, and LES0% is 90% of RMSE).

Table 4 Settings of DEM smoothing methods.

Table 5 Bankfull discharges in the upstream and downstream parts of the selected river with

different Manning’s roughness coefficients.
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Table 1
Horizontal Acauisition
Data CatalogID  resolution qd VYertical error
ate
[m]
ZZmforlow slope areas
TDM;—E?EE;D‘L 2 OSio1zaT [¢20)
TO=-12 m 4 m far high slope areas
[» 205 Rizzali et al., 2017);
TOM1_DEM_0Od_ . 0% linear errar < 2 m [Weszel
52165 12 Teizizam et al., 2013)
DEM1_SAR_DGE
. _80_20710105T0 . - _
':DSF'SI'E'?\',I':” S5417_2014082  “90m osiozon | Dered E‘jE"r}I‘j'c_ﬁ:"" TOx
2Ti00340_a05_
00o0o0_5335
AP_ZT3Z_FB3 125 Bcouracies are reparted anly
aLos _FEVEO_RT1 501 for the 5m dataset as an BMSE
RTCIRT) AP 27132 FBS of 5m far horizontal and
FE?T"UZ_FIT'I 125 vertical [Takaku et al., 2014).
S21W0ET_dem 16 m [mizzion specification]
. Raodriguez et al., 2006]; <10m
SRTM a0 2000 {Forret sl 2007) 3.6 m (Berry
S21W'063_dem et al 2007)
Derived from ariginal telemety
data from the Shuttle Radar
MERIT 25w 070_dem “30 2000 Topography Mizsion [SETM)
S8k <Zm¥amazakietal.,
20171
MASADEM_MC, .
- 30 Derived from ariginal telemetr
2w 0ET 9 e
NASADE | =2l 2000 data from the Shuttle Fiadar
MASADEM_MC_ ‘o Topography Mission [SRTM)
=2Tw 063
ASTGTM_S21w - 30
067_dem A glabal average vertical
GOEM w3 2000 PFMSE and S0 af <12 m
ASTGTM Szt Lo (Tachikawa et al., 2017,
0B5_dem
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910 Table 2
Spatial Avag. off Avag.
Type Catalog ID Acqg. date resolution nadir target Sensor
{m) angle azimuth
Worldview-02 10300100034D5600 09-Dec-10 0.49 13= 173= Wz
DS_PHR1E_ 2013071
Pléiades 'LEIID???.;EEQII__D%EIID__?EE 13-Jul-13 0.5 16® 33= PHR.1B
91
Landsat & LCSEE%?;SISMEL 05-Feb-18 30 MADIR aye OLI_TIRS
911
912
913 Table 3
Crevasse splays Main channel
TDX-12m COPDEM ALOSRTC  SRTM MERIT  NASADEM GDEM TDX-12 m
ME 0.38 2.492 432 5.05 3.43 2.62 -0.13 0.00
MAE 0.4 2.492 432 5.95 3.43 2.67 2.5 033
RMSE 0.47 2.5 4558 6.02 3.44 3.01 3.03 0.49
LES0% 0.43 2.25 411 5.41 3.1 2.71 2.72 0.44
914
915
916 Table 4
Adaptive . .
ﬂrtper Feature-preserving DEM smoaothing
: . Maximum .
Filter Filter difference Number Maximum i
kernel kernel . of allowable absolute conversion
. . in normal . . _
gize Size iterations elevation change factor
vectors
11=11 11=11 15 3 3 1
917
918
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919 Table 5
Manning's 0.02 0.03 0.04 0.05
roughness
Upstream Downstream Upstream Downstream Upstream Downstream Upstream Downstream
Bankfull reach reach reach reach reach reach reach reach
discharge
(/)
24.05 17.72 21.88 15.21 20 12.5 19.06 11.56
920
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