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Abstract 18 

Given rapid environmental change, the development of new, data-driven, interdisciplinary approaches is 19 

essential for improving assessment and management of river systems, especially with respect to 20 

flooding.  In the world’s extensive drylands, difficulties in obtaining field observations of major 21 

hydrological events mean that remote sensing techniques are commonly used to map river floods and 22 

assess flood impacts.  Such techniques, however, are dependent on available cloud-free imagery 23 

during or immediately after peak discharge, and single images may omit important flood-related 24 

hydrogeomorphological events.  Here, we combine multiple Landsat images from Google Earth Engine 25 

(GEE) with precipitation datasets and high-resolution (<0.65 m) satellite imagery to visualise flooding 26 

and assess the associated channel-floodplain dynamics along a 25 km reach of the unvegetated, 27 

ephemeral Río Colorado, Bolivia.  After cloud and shadow removal, Landsat surface reflectance data 28 

were used to calculate the Modified Normalized Difference Water Index (MNDWI) and map flood extents 29 

and patterns.  From 2004 through 2016, annual flooding area along the narrow (<30 m), shallow (<1.7 30 

m), fine-grained (dominantly silt/clay) channels was positively correlated (R2 = 0.83) with 2-day 31 

maximum precipitation totals.  Rapid meander bend migration, bank erosion, and frequent overbank 32 

flooding was associated with formation of crevasse channels, splays, and headward-eroding channels, 33 

and with avulsion (shifting of flow from one channel to another).  These processes demonstrate 34 

ongoing, widespread channel-floodplain dynamics despite low stream powers and cohesive sediments.  35 

Application of our study approaches to other dryland rivers will help generate comparative data on the 36 

controls, rates, patterns and timescales of channel-floodplain dynamics under scenarios of climate 37 

change and direct human impacts, with potential implications for improved river management. 38 

Keywords: channel dynamics, flood mapping, floodplain, Google Earth Engine, meandering river, 39 

unvegetated channel40 
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1. Introduction 41 

Despite modest progress in brokering international climate governance frameworks (e.g. Paris 42 

Agreement), concern is growing over the likelihood of a global average temperature rise of greater than 43 

1.5 °C by the end of the 21st century (IPCC, 2014; Hoegh-Guldberg et al., 2018).  Consequently, major 44 

changes to weather- and climate-related phenomena are likely to occur within the next few generations, 45 

which will pose considerable challenges for the maintenance or enhancement of environmental, 46 

economic and social resilience.  To meet these challenges, new, data-driven, interdisciplinary 47 

approaches to enable improved assessment of environmental system dynamics are urgently needed, 48 

particularly where there is potential for application in management contexts. 49 

 50 

Rivers are key environmental systems, playing a crucial role in fluxes and stores of water, sediment and 51 

nutrients on local, regional and global scales.  In many global regions, however, increased atmospheric 52 

warming and various human activities (e.g. land use changes, river damming, flow abstraction) are 53 

resulting in profound alterations to the hydrological cycle, including changes to precipitation intensities, 54 

river flow variability, and groundwater volumes (Gleeson et al., 2020).  Such profound hydrological 55 

alterations are commonly manifest in shifts in river flood frequency and magnitude (Woodward et al., 56 

2010), with potential consequences for wider river system structure and function.  For instance, 57 

within-channel and overbank flooding is a key control on river dynamics, including channel and 58 

floodplain stability and the distribution of transported sediment (Nicholas and Walling, 1997; Carroll et al., 59 

2004), and also influences many other aspects of ecosystem service delivery such as riparian 60 

biodiversity (Millennium Ecosystem Assessment, 2005).  Shifts in flood frequency and magnitude may 61 

also pose significant hazards, including by facilitating the spread of water-associated diseases and by 62 

impacting on human land use, infrastructure, property, and even life (e.g. Hooke, 2000, 2016; Foody et 63 
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al., 2004; Ashley and Ashley, 2008; Woodward et al., 2010; Smith et al., 2013; Heaney et al., 2019). 64 

 65 

The positive and negative impacts of flooding can affect perennial, humid or tropical region rivers as well 66 

as the more commonly intermittent (seasonal) or ephemeral, dryland rivers but accurate mapping and 67 

monitoring of flood extents, flood patterns, and associated channel-floodplain dynamics is challenging 68 

(Domeneghetti et al., 2019).  The challenges are particularly acute in remote, sparsely populated 69 

drylands where channel flow gauges are commonly absent or difficult to maintain, and/or field access is 70 

often limited during and immediately after the typically irregular flood events (Tooth, 2013; Heritage et al., 71 

2019). 72 

 73 

Owing to the difficulties of obtaining field measurements or observations of large or extreme hydrological 74 

events in drylands, particular interest has been turning to the use of remote sensing techniques to 75 

visualise flooding extent, flooding patterns, and channel-floodplain dynamics along dryland rivers (e.g. 76 

Gumbricht et al., 2004; Ip et al., 2006; Milzow et al., 2009; Rowberry et al., 2011; Li et al., 2014a, b, 2018; 77 

Thito et al., 2016; Milan et al., 2018; Heritage et al., 2019).  Many previous studies have focused on 78 

flood mapping from one or a few satellite images captured during or after floods, but these images may 79 

contain limited information due to low spectral and temporal resolution (e.g. acquisition dates of satellite 80 

imagery long after peak flood events - Ticehurst et al., 2014).  In addition, in some dryland regions, 81 

obtaining cloud-free imagery during or immediately following peak flood events is notoriously difficult (e.g. 82 

Rowberry et al., 2011; Li et al., 2018), and this problem is compounded when attempting to undertake 83 

multiple-year mapping and monitoring.  Therefore, visualisations of flood extents and patterns remain 84 

particularly poorly developed in many drylands.  Here, we investigate possible solutions to this problem 85 

by using the Google Earth Engine (GEE) platform.  The cloud-based GEE platform provides access to 86 
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worldwide Landsat satellite imagery and has proven computationally efficient for processing large 87 

volumes of remote sensing data (Gorelick et al., 2017).  In particular, GEE enables all available imagery 88 

for a given rainy season to be integrated into one composite, thereby maximizing the accuracy of flood 89 

mapping.  A number of studies have used GEE to compile composite images and undertake time series 90 

analyses, including mapping global water body occurrence and dynamics (Pekel et al., 2016) and 91 

assessing monthly changes to water body surface areas (Yang et al., 2020a).  Other studies have 92 

demonstrated how composite images from GEE enable robust flood monitoring and increased accuracy 93 

of flood mapping (Clement et al., 2018; Uddin et al., 2019; DeVries et al., 2020). 94 

 95 

In this study, we focus on a 25 km long reach of the unvegetated, ephemeral Río Colorado approaching 96 

its terminus on the margins of Salar de Uyuni, Bolivia, the world’s largest salt lake (Fig. 1).  We 97 

generate time-series maps (2004 through 2016) of flood extent and flood patterns.  We then combine 98 

these maps with other datasets (precipitation measurements, higher resolution satellite imagery) to 99 

investigate the controls and consequences of flooding over this time period, especially the associated 100 

channel-floodplain dynamics.  While the value of GEE-based visualisation and quantification of global 101 

water bodies and flooding has been amply demonstrated (Pekel et al., 2016; Yang et al., 2002a; 102 

Clement et al., 2018; Uddin et al., 2019; DeVries et al., 2020), until now the approach has not been 103 

widely applied for detailed flood mapping and associated analyses of channel-floodplain dynamics along 104 

unvegetated, ephemeral rivers. 105 

 106 

Reaches of the middle and lower Río Colorado, as well as the neighbouring Río Capilla, have been 107 

subject to previous hydrological, geomorphological and sedimentological investigations (e.g. Donselaar 108 

et al., 2013; Li et al., 2014a, 2014b, 2015, 2018, 2019, 2020, 2021; Li and Bristow, 2015; van 109 
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Toorenenburg et al., 2018).  Similar to some other dryland river systems worldwide (e.g. Ielpi, 2018; 110 

Ielpi and Lapôtre, 2019), the net moisture deficit and highly saline setting means that these middle and 111 

lower reaches are essentially devoid of vegetation cover.  Frequent rainfall-flooding events have been 112 

shown to be triggers for widespread, pronounced and rapid cascades of channel and floodplain 113 

dynamics on (sub-)decadal timescales (e.g. Li et al., 2019, 2020), including meander bend migration and 114 

cutoff, crevasse channel and splay formation, and avulsion (defined as the shifting of flow from one 115 

channel to another).  These previous studies, however, have not generated multi-year flood 116 

visualisations or comprehensively investigated the consequences of this flooding for channel-floodplain 117 

dynamics. 118 

 119 

The specific objectives of this paper thus are to: 1) integrate Landsat data (cloud cover <10%) available 120 

for the rainy season of each year from 2004 through 2016 into composite images, and then map flooding 121 

extent and pattern using the Modified Normalized Difference Water Index (MNDWI); 2) analyse available 122 

precipitation datasets to investigate the relationship between short-term precipitation totals and flooding; 123 

3) use higher resolution satellite imagery to characterize and explain the response of the Río Colorado 124 

channels and floodplain to the flooding; and 4) discuss the wider applicability of these data-driven, 125 

remote sensing-based approaches for improving assessment and management of a wider diversity of 126 

dryland rivers. 127 

 128 

2. Study area 129 

The Río Colorado catchment is located in the southern Altiplano basin in the central Andes of South 130 

America (Fig. 1a-b).  The Altiplano basin formed as part of the Andean oceanic-continental convergent 131 

margin and is characterized by an overall semiarid climate, with a marked pattern of increasing aridity 132 
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from north to south owing to the prevailing low pressure weather systems and poleward low-level airflow 133 

(Lenters and Cook, 1999). 134 

 135 

The Río Colorado catchment comprises upper Ordivician to Tertiary clastic sedimentary and igneous 136 

rocks, with Quaternary sediments widespread (Horton and Decelles, 2001; Marshall et al., 1992).  The 137 

study area has been tectonically quiescent in the late Pleistocene and Holocene, despite the presence of 138 

some prominent fault escarpments in the catchment (Bills et al., 1994; Baucom and Rigsby, 1999; 139 

Donselaar et al., 2013; Rigsby et al., 2005).  The river flows in a south-north direction, and in the lower 140 

reaches develops a fan-shaped form as it approaches its terminus on the southeastern margin of Salar 141 

de Uyuni (Fig. 1b).  Previous studies have tended to focus on these fan-shaped, lower reaches (e.g. 142 

Donselaar et al., 2013; Li et al., 2014a, b, 2015b, 2018; Li and Bristow, 2015; van Toorenenburg et al., 143 

2018) but in this study, the main focus is on a reach of the Río Colorado located 25 to 50 km upstream of 144 

the river terminus (Fig. 1c).  The distribution of numerous active, abandoning and abandoned channels 145 

(Fig. 1c) indicates that this low gradient reach (mean valley gradient ~0.000232 m/m – Fig. 1f) has been 146 

subject to repeated avulsions over the last few hundred to few thousand years; during an avulsion, flow 147 

is diverted from an active channel and erodes a newer channel on the floodplain and/or reoccupies an 148 

older channel, processes that lead to gradual abandonment of the originally active channel (Slingerland 149 

and Smith, 2004).  In the study reach, two main ‘reach-scale’ avulsions have occurred since the 1970s, 150 

with reaches A-B initially forming the trunk channel, then reaches C-D, and then reaches C-B (Fig. 1c – 151 

see also Li et al., 2020).  During this time period, ‘local-scale’ avulsions have also occurred within reach 152 

D (Fig. 1d-e).  Currently, reach A is abandoned and three principal channels are present (Fig. 1c): the 153 

trunk channel (reaches C-B) and two secondary channels (D1, D2).  Given the different levels of recent 154 

and contemporary activity in these reaches, in this study, we focused mainly on reaches B-D (see Table 155 
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1 for a summary of the typical channel and floodplain characteristics).  Normalized Difference 156 

Vegetation Index (NDVI) analysis (Li et al., 2015a) and field observations demonstrate that the middle 157 

and lower reaches of the Río Colorado are essentially unvegetated (Fig. 2). 158 

 159 

The study area is influenced by the El Niño-Southern Oscillation (ENSO), with episodic La Niña 160 

conditions associated with phases of enhanced rainfall and flooding.  Although highly variable, average 161 

annual rainfall in the study area is ~185 mm and is greatly exceeded by the annual potential 162 

evapotranspiration of 1500 mm.  Most precipitation occurs as a consequence of thunderstorms in the 163 

rainy season that lasts from December through March (Li et al., 2014a).  Daily maximum precipitation 164 

totals can represent a significant percentage of the annual total but only rarely exceed 40 mm (Li, 2014; 165 

Li and Bristow, 2015).  The Río Colorado is ephemeral, and although no formal flow gauging records 166 

exist, previous observations indicate that small to moderate (sub-bankfull) river flow events occur one or 167 

more times in most years, with larger events (bankfull or above) also occurring in most years (Li et al., 168 

2014a, 2019, 2020). 169 

 170 

3. Materials and Methods 171 

The GEE platform provides access to Landsat satellite imagery over the last ~40-50 years but in this 172 

study we use the GEE platform to generate annual composite images from the Landsat images acquired 173 

within the rainy seasons from 2004 through 2016 (Fig. 3 and SI Fig. 1), a time period for which higher 174 

resolution (<0.65 m) images are also available.  GEE is accessed and controlled through an 175 

internet-accessible application programming interface (API) and an associated web-based interactive 176 

development environment (IDE) (Gorelick et al., 2017). Therefore, all the methods of data processing 177 

outlined in the following sections were performed through coding. 178 
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 179 

3.1 Materials 180 

We used Landsat 5 and Landsat 8 imagery acquired during the time period of interest (SI Fig. 1; SI Table 181 

1).  This imagery is available for all years from 2004 through 2016, except for 2012 and 2013.  In the 182 

study area, no archived Landsat TM images are available from 2012 onwards and no Landsat 8 data 183 

exist for the rainy season of 2012-2013 (SI Fig. 1).  Daily precipitation data were collected for the period 184 

2004 through early 2017 from the Bolivian Servicio Nacional de Meteorología e Hidrología in the Uyuni 185 

area (SI Fig. 1).  For shorter reaches within the study area, higher resolution imagery (<0.65 m) was 186 

acquired from Google Earth ProTM (SI Table 2). 187 

 188 

3.2 Methods 189 

3.2.1 Mapping of flooding extent and patterns 190 

To extract flooding extents and patterns, the Landsat images acquired in each rainy season (December 191 

through March) were integrated and processed on the GEE platform (SI Fig. 2).  Landsat surface 192 

reflectance data including Thematic Mapper (TM) and Operational Land Imager (OLI) imagery were 193 

preprocessed by subsetting into the region of interest (i.e. mainly along the Río Colorado – Fig. 1c).  194 

Images with cloud cover of <10% were then selected (SI Table 1) and processed for cloud masking to 195 

remove cloud-covered or cloud-shadowed regions.  Within the GEE platform, all the Landsat images 196 

that met these requirements were compiled in annual collections.  As an example, for the 2016 rainy 197 

season, four images (acquired on December 30, January 15, February 16, and March 3) are available 198 

and contained in the annual collection (SI Fig. 3). Modified Normalized Difference Water Index (MNDWI) 199 

is widely used to extract wet land (‘water bodies’) due to stronger absorption by water of solar radiation 200 

in shortwave infrared (SWIR) bands than in near infrared (NIR) and visible bands (Xu, 2006): 201 
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𝑀𝑁𝐷𝑊𝐼 =
𝜌𝑔𝑟𝑒𝑒𝑛−𝜌𝑆𝑊𝐼𝑅

𝜌𝑔𝑟𝑒𝑒𝑛+𝜌𝑆𝑊𝐼𝑅
             (1) 202 

where for Landsat TM data, ρgreen is reflectance in Band 2 and ρSWIR is reflectance in Band 5, and for 203 

Landsat 8 data, ρgreen is reflectance in Band 3 and ρSWIR is reflectance in Band 6.  MNDWI mapping 204 

results in an image with values between 1 and -1, whereby pixels with high inundation probability have a 205 

high (positive) MNDWI.  To map the maximum flooding extent, we made wettest-pixel composites from 206 

images in the annual collections. The pixel is considered ‘inundation active’ when wet land appears in 207 

any one image.  As such, the annual time-series composite images are generated based on the pixel 208 

that contains the maximum MNDWI value from the annual collection (SI Fig. 3). 209 

 210 

The imaging of water indices shows a polarisation trend whereby the pixel values of wet land return 211 

positively large values, whereas those of other objects tend to be theoretically negative. Thus, the image 212 

histogram is characterised by a smoothed, two-peaked representation of the distribution of foreground 213 

and background pixels. Histogram shape-based Otsu’s method has proven useful for defining the 214 

optimal segmentation threshold in the water index image (Yang and Chen, 2017; Yang et al., 2017, 2018, 215 

2020a, 2020b; Li et al., 2018).  Thus, the time-series composite images with the wettest pixels were 216 

employed to generate the flooding maps (SI Fig. 4) using Otsu’s method (Otsu, 1979).  Otsu’s method 217 

was used to determine dynamic thresholds of classification while visual interpretation of flooded areas 218 

along with 50 random referenced points (Fig. 1c) was used to examine the classification accuracy.  219 

Single pixels were classified as flooded areas if the MNDWI was greater than its threshold value in the 220 

time-series composite image.  Confusion matrices were used to assess the methods in this study.  221 

Using a confusion matrix, pixels in the study area were divided into four classes including TP (true 222 

positive), FN (false negative), FP (false positive), and TN (true negative).  These four classes represent 223 

accurate pixel extraction (TP), missing water bodies (FN), inaccurate extraction (FP), and the accurate 224 
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rejection (TN) of non-water, respectively.  Subsequently, four normalized metrics including producer’s 225 

accuracy (PA), user’s accuracy (UA), overall accuracy, and kappa coefficient were used to assess the 226 

performance of the methods.  PA indicates completeness, meaning that a low PA indicates high 227 

omission error.  UA shows correctness, meaning that a low UA indicates an extreme commission error.  228 

Following these analyses, flooded land (‘wet land’/’water bodies’) was mapped and exported as 229 

polygons, and areas were calculated using ArcGIS. 230 

 231 

3.2.2 Analysis of precipitation data 232 

Daily precipitation data in the study area were processed and extracted to derive 2-day precipitation and 233 

3-day precipitation datasets.  From these datasets, yearly daily maximum precipitation, 2-day maximum 234 

precipitation and 3-day maximum precipitation were obtained.  Rate of change was calculated as the 235 

difference between two temporally adjacent values of maximum precipitation, divided by the length of 236 

time between the two observation points.  These datasets then provided the basis for investigation of 237 

the relationships with flooding extent and pattern. 238 

 239 

3.2.3 Investigation of channel-floodplain morphodynamics 240 

The high resolution (<0.65 m) satellite imagery (SI Table 2) was used to document and quantify the 241 

impact of flooding on channel bank erosion and channel-floodplain morphology.  Only imagery for 2004 242 

and 2018 covers the whole study reach but six scenes (2004, 2007, 2010, 2013, 2016 and 2018) cover 243 

part of the downstream reaches (see boxed area labelled ‘downstream reaches’ in Fig. 3a).  A total of 244 

52 bends along the trunk channel (reaches C-B, n = 33) and a secondary channel (D1, n = 19) were 245 

analysed for various parameters including channel sinuosity (defined as channel distance/straight-line 246 

distance), lateral migration rates, and erosional and depositional areas (Fig. 3a).  The small number of 247 
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bends (n = 4) along the shorter channel D2 were not analysed.  For analysis, newer high-resolution 248 

images were registered to the reference image of 2004 using the remote sensing image analysis 249 

software ENVI 5.3.  Following standard procedure, the migration distances for single bends between 250 

two observation dates were measured at the outer bank.  The lateral migration rates were then 251 

calculated as the ratio of the migration distance to the length of time between the observation dates.  252 

Areas of active erosion and deposition were mapped and exported as polygons, and areas were 253 

calculated using ArcGIS.  Across all the active, abandoning and abandoned channels, select reaches 254 

were also investigated for other evidence of channel-floodplain morphological dynamics (e.g. Fig. 3b-c). 255 

 256 

4. Results 257 

4.1 Accuracy assessment 258 

An accuracy threshold plays an important role in differentiating flooded areas (i.e. wet land/water bodies) 259 

from dry land areas.  During the time period of interest, the average threshold value by Otsu’s method is 260 

-0.22 (maximum of -0.135, minimum of -0.254) (SI Fig. 5).  Between 2004 and 2007, the values 261 

fluctuate from -0.212 to -0.135 but between 2008 and 2016 threshold values are more stable at ~-0.25. 262 

 263 

For the time period 2004 through 2016, the mean producer’s accuracy is 91.68% (minimum of 79.31%), 264 

the mean user’s accuracy is 97.33% (minimum of 92.86%) and the mean overall accuracy is 93.09% 265 

(minimum of 86.00%) (Table 2).  The mean kappa coefficient is 0.84 (Table 2).  Although the active 266 

trunk channel (width <30 m) can be extracted, the main errors in separation of flooded areas and dry 267 

land areas occurred in the water-land transition zone near river channel banks.  Overall, the results 268 

suggest that the Landsat composite-derived MNDWI can be used for detecting flooded areas in the 269 

study with a high level of accuracy. 270 
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 271 

4.2 Flooding extent and pattern in relation to channel-floodplain topography 272 

Mapping shows that during the time period of interest, flooding area averaged 35.8 km2 (Figs 4 and 5a).  273 

Maximum flooding extent occurred in 2006 (up to 48 km2) while minimum flooding extent occurred in 274 

2011 (14 km2) (Figs 4 and 5a).  In many years, flooding is especially prominent to the west of the trunk 275 

channel (active reaches C-B and in the area of abandoned channel A) and around the downstream 276 

reaches of the secondary channels D1 and D2 (Fig. 4).  Although some flooding might result from direct 277 

precipitation and consequent ponding on the floodplain, overbank flow emanating from the trunk and 278 

secondary channels clearly also makes a contribution.  Along the trunk channel (reach C), the linear 279 

nature (narrow, elongated pattern) of some flooded areas demonstrates that at least some floodwater 280 

flows through meander cutoffs and remnant depressions created by older, largely abandoned channels 281 

on the western side of the floodplain (see Fig. 1c) before returning to the trunk channel (reach B) farther 282 

downstream (for the clearest examples, see years 2007 and 2009 in Fig. 4). 283 

 284 

4.3 Flooding and precipitation 285 

As expected, across the time period of interest, flooding area shows a strong positive correlation with the 286 

different precipitation datasets (Fig. 5a).  The correlation between rate of change in flooded area and in 287 

2-day maximum precipitation is slightly stronger (R2 ~ 0.83) than for daily maximum precipitation (R2 ~ 288 

0.74) and 3-day maximum precipitation (R2 ~ 0.77) (Fig. 5b).  Although the time period of interest is 289 

relatively short (2004 through 2016), and so caution needs to be exercised, the changes in maximum 290 

precipitation appear to be broadly in agreement with ENSO dynamics, as reflected in the Multivariate 291 

ENSO Index (MEI)(Fig. 5c).  Low to negative MEI values indicate La Niña periods and tend to be 292 

associated with high maximum precipitation totals and flooded areas (e.g. 2006, 2008), while higher MEI 293 
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values indicate El Niño periods and tend to be associated with lower maximum precipitation totals and 294 

flooded areas (e.g. 2009, 2015) (Fig. 5c).  Clearly, however, longer term datasets will be needed to 295 

undertake more robust statistical analyses to establish the degree of correspondence between ENSO, 296 

rainfall and flooding. 297 

 298 

4.4 Channel-floodplain morphodynamics 299 

Analysis of 52 meander bends along the trunk channel (reaches C-B) and secondary channel D1 (Fig. 300 

3a) reveals that many bends are laterally migrating (e.g. Fig. 3b-c) at rates ranging up to 8 m/yr.  Lateral 301 

migration involves both erosion and deposition (Fig. 3b-c); from an aerial (plan view) perspective, 302 

erosion is occurring over an area of 2.245 x 105 m2 (0.2245 km2) and deposition over an area of 1.518 x 303 

105 m2 (0.1548 km2).  The majority of bends are experiencing more erosion than deposition (SI Fig. 6a 304 

and c).  Along both reaches C-B and D1, the majority of bends have increased in sinuosity between 305 

2004 and 2018 (SI Fig. 6b and d), leading to increased sinuosity along the channels as a whole. 306 

 307 

Channel D1 is currently undergoing gradual abandonment, with flow increasingly shifting to the trunk 308 

channel (reach B) in the middle of the study reach (Fig. 1c) as well as to secondary channel D2 farther 309 

downvalley (Fig. 1d).  The ongoing impacts of this unfolding avulsion are captured by the higher 310 

resolution images (Fig. 6).  Channel D2 was already present in 2004 but in subsequent years (2007, 311 

2010) widened significantly, and by 2013 was clearly the dominant channel (Fig. 6a-d).  Over the same 312 

time period, D1 decreased in width (Fig. 6a-d).  Flow shifting has been accompanied by significant 313 

channel-floodplain topographic development, including levee breaching and crevasse splay formation 314 

and extension (Fig. 6b-c).  Particularly dense networks of crevasse splays have developed around the 315 

channel D1 bend downstream of the avulsion node (Fig. 6b-c), which may be related to sediment infilling 316 
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along this abandoning bend and associated flow displacement overbank.  Farther downstream along 317 

channel D2, an additional short reach has also been subject to avulsion (Fig. 1d), with flow increasing 318 

shifting from an easterly to a more westerly channel (Fig. 1e).  Along this short reach, levee breaching 319 

and crevasse splay formation is not yet evident. 320 

 321 

5. Interpretation 322 

GEE-based flood visualisation has revealed areas of prominent flooding in the study area, including 323 

adjacent to the trunk channel (reaches C-B) and the more downstream reaches of secondary channels 324 

D1 and D2 (Fig. 4).  At the scale of the study reach, this flooding pattern demonstrates the high degree 325 

of channel-floodplain connectivity and further illustrates how complex spatial patterns of water flow on 326 

floodplains pose a challenge for hydraulic modelling approaches (c.f. Bridge, 2003).  Annual flooding 327 

correlated most strongly (R2 = 0.83) with 2-day maximum precipitation totals (Fig. 5b).  This illustrates 328 

the importance of considering consecutive days’ precipitation when analysing flooding patterns, and 329 

provides a counterbalance to the previous emphases on the influence of short-duration (<1 day) 330 

precipitation events on flooding and channel-floodplain dynamics along small, arid-zone, ephemeral 331 

rivers (e.g. Schick, 1988; Dick et al., 1997; Reid and Frostick, 2011).  Although caution needs to be 332 

exercised, the tendency for higher precipitation totals and flooding extent to be associated with a low or 333 

negative MEI (Fig. 5c) supports allied research in the study area that has revealed how short-term 334 

(yearly to decadal) clusters of chute cutoffs on meander bends are closely related to La Niña-driven flood 335 

events (Li et al., 2020). 336 

 337 

Along with chute cutoff formation (Li et al., 2020), significant bend migration, levee breaching, crevasse 338 

splay development, and avulsion has occurred in the study reach during the last couple of decades (Figs 339 
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1d-e, 3, 6).  The satellite images of the study reach show numerous older, sinuous channels to the west 340 

of the current trunk channel (Fig. 1c), suggesting that these avulsion dynamics have been a natural part 341 

of longer term (likely centennial to millennial) river system responses.  The high degree of 342 

channel-floodplain connectivity and rapid (decadal-scale) avulsion dynamics that are so characteristic of 343 

this river system enable the sites of potential future avulsions to be identified.  For instance, in the 344 

upstream reach of the trunk channel (reach C), a headward eroding channel has extended between 345 

2004 and 2018 and is now connected with crevasse channels on an outer meander bend (Fig. 3b-c).  346 

During high flows, these crevasse channels will convey flow to the headward eroding channel, likely 347 

leading to channel incision and widening, and increasing flow diversion to this newly eroded channel.  348 

In turn, this may lead to gradual abandonment of the trunk channel in the reach immediately 349 

downstream. 350 

 351 

Significantly, however, the evidence from channel D1 shows that flow diversion does not necessarily 352 

lead to cessation of meander bend migration in reaches immediately downstream, at least not in the 353 

early stages of channel abandonment.  Two main avulsion nodes are present along channel D1, with 354 

flow diversion to the trunk channel (reach B) taking place in the middle of the study area (Fig. 1c) and 355 

flow diversion to secondary channel D2 taking place farther downstream (Fig. 1d).  Increasing flow 356 

diversion from channel D1 to trunk channel reach B and to D2 has occurred post-2004 (Fig. 6) but many 357 

individual bends along D1 nonetheless still experienced significant erosion and became increasingly 358 

sinuous between 2004 and 2018 (SI Fig. 6c-d).  These findings demonstrate that in this unvegetated, 359 

ephemeral river, which is characterised by shallow channels that experience frequent within-channel and 360 

overbank flooding, dynamic adjustment of bends can continue to take place even in the early stages of 361 

channel abandonment. 362 
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 363 

Along the active and abandoning channels of the Río Colorado, the ongoing bend adjustments and other 364 

channel-floodplain dynamics (e.g. levee breaching and crevasse splay development) are associated 365 

with significant erosion (SI Fig. 6a and c).  As a consequence, and despite some counterbalancing 366 

deposition in point bars, on levees and in splay channels, sediment is exported from the study area to 367 

the reaches farther downstream towards the river terminus.  In these fan-shaped lower reaches, 368 

deposition is more widespread, with progradation of channel-belt sediments occurring across older 369 

(pre-late Holocene) lacustrine sediments that are related to a formerly more extensive Salar de Uyuni 370 

(Donselaar et al., 2013; Li and Bristow, 2015; Li et al., 2019). 371 

 372 

6. Discussion 373 

This study has used a combination of GEE-based flood visualization, secondary datasets, and higher 374 

resolution satellite imagery, complementing other recent research that has used various remote sensing 375 

approaches to investigate river forms, processes and responses (for overviews, see Carbonneau and 376 

Piégay, 2012; Gilvear and Bryant, 2016; Gilvear et al., 2016; Entwistle et al., 2018; Tomsett and Leyland, 377 

2019; Piégay et al., 2020).  Similar approaches to those used in our study could be applied to many 378 

other rivers globally, but given the difficulties of field observations of flooding and flood impacts in remote 379 

drylands, the application to a wider range of dryland rivers may be particularly useful, as discussed in the 380 

sections below. 381 

 382 

6.1 Wider application of the study approaches 383 

Many previous studies of flood extent, pattern and impact in dryland rivers have relied on single satellite 384 

images, despite concerns over high cloud coverage and the known limitations of acquiring images after 385 
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peak flow has taken place (e.g. Chignell et al., 2015; Li et al., 2018).  The generation of 386 

Landsat-derived composites using the GEE platform, however, enables analysis of multi-day imagery for 387 

a given rainy season, thereby ensuring that all satellite imagery with suitably low cloud cover can be 388 

used to increase the accuracy of flood mapping.  More accurate mapping is particularly important for 389 

those dryland rivers that are characterized by downstream reductions in cross-sectional area, for 390 

prominent overbank flooding and marked channel-floodplain dynamics may occur even during moderate 391 

floods.  Besides the lower Río Colorado (Li et al., 2014a, 2019; Li and Bristow, 2015), examples include 392 

various rivers in the Australian and South African drylands (Tooth, 1999, 2000; Tooth et al., 2002, 2014; 393 

Ralph and Hesse, 2010; Larkin et al., 2017a, 2020a).  Our study approaches could also be applied to 394 

other non- or poorly-vegetated, ephemeral rivers such as characterise parts of the southwest USA (Ielpi, 395 

2018; Ielpi and Lapôtre, 2019), or to those dryland rivers where riparian vegetation density and/or health 396 

is declining owing to climate change or direct human interventions that have resulted in desiccation, 397 

salinisation, pollution, increased fire frequency, or disease (e.g. Stromsoe and Callow, 2012; Jaeger et 398 

al., 2017). 399 

 400 

6.2 Comparing channel-floodplain dynamics in unvegetated and vegetated dryland rivers 401 

While a substantial body of previous research has focused on flood-related, channel-floodplain 402 

dynamics in perennial humid or tropical region rivers (e.g. Parker, 2000; Terry et al., 2002; Schanze et al., 403 

2006; Woodward et al., 2010; Wohl et al., 2012), some research attention has also been directed 404 

towards studies of flood impacts in intermittent or ephemeral, dryland rivers (for a summary, see Tooth, 405 

2013).  In particular, the dynamics of sparsely-vegetated or non-vegetated, ephemeral dryland rivers 406 

have been subject to increasing analysis (e.g. Billi et al., 2018; Ielpi, 2018; Ielpi et al., 2018; Ielpi and 407 

Lapôtre, 2019) in part because of increasing recognition that some ephemeral dryland rivers may be 408 
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highly sensitive systems, whereby sensitivity is defined either in terms of the high propensity for 409 

flood-related channel-floodplain dynamics and/or the limited ability to recover from those dynamics 410 

(Tooth, 2013; see also Lisenby et al., 2019).  Importantly, the high sensitivity of some poorly or 411 

non-vegetated, ephemeral dryland rivers can be exploited to provide insight into the longer-term 412 

dynamics of more slowly developing dryland rivers.  For instance, along with previous studies of the 413 

middle and lower Río Colorado and neighbouring Río Capilla, the results of this study show how this 414 

system can serve as a large scale natural experiment, with regular La Niña-driven floods driving 415 

cascades of channel-floodplain dynamics on (sub-)decadal timescales (cf. Li et al., 2019, 2020), despite 416 

low stream powers and cohesive channel perimeter sediments (Table 1).  In other disciplines, studies 417 

have suggested that the large-scale meteorological shifts associated with ENSO may presage the 418 

effects of 21st century regional to global climate change (e.g. Heaney et al., 2019), so these rapid 419 

cascades may provide into potential channel-floodplain dynamics in the coming decades.  Additionally, 420 

the rapid cascades along the Río Colorado provide opportunities to monitor and characterise 421 

channel-floodplain dynamics in ways not possible in more vegetated dryland rivers, such as those in 422 

Australia and South Africa where otherwise comparable dynamics such as crevasse splay formation, 423 

avulsions and headward channel migration have been shown to take place over multidecadal, centennial 424 

or longer timescales (e.g. Tooth, 2005; Tooth et al., 2007, 2009, 2014; Larkin et al., 2017b).  Along 425 

these Australian and South African dryland rivers, unit stream powers during floods tend to be similar to 426 

the Río Colorado (<10 W/m2) and while channel bed sediments may be coarser (sand, minor gravel), 427 

channel bank and floodplain sediments also tend to be cohesive (e.g. dominantly clay and silt).  This 428 

suggests that while the basic patterns and trajectories of the channel-floodplain dynamics may be similar, 429 

the slower rates in these other dryland rivers can be attributed to the additional hydraulic roughness and 430 

resistance to erosion provided by the riparian vegetation (e.g. grasses and sedges, or grasses and 431 
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shrubs/trees). 432 

 433 

6.3 Implications for dryland river and flood management 434 

Previous studies of dryland rivers have demonstrated how different data-driven, interdisciplinary 435 

approaches can play a vital part in improving assessment of channel-floodplain dynamics, with 436 

implications for management.  In some instances, remote sensing approaches have formed a key 437 

component of these study approaches.  For instance, Tooth et al. (2014) used a combination of field 438 

investigations, geochronology (luminescence dating), and remote sensing (mainly aerial image and 439 

orthophotograph interpretations) to reconstruct the historical and longer term (multi-centennial) 440 

dynamics of the Blood River floodplain wetlands in dryland South Africa.  These reconstructions 441 

provided a reference condition against which to assess recent (decadal-scale) channel-floodplain 442 

dynamics.  Prior to the early part of the last century, the wetlands were characterised by a 443 

through-going, meandering channel but over the last 70-80 years, major morphological and sedimentary 444 

changes have occurred in the upper part of the wetlands.  The former meandering channel has been 445 

replaced by a straighter channel that decreases in size downstream and now terminates in a 446 

unchannelled reedbed, creating a major discontinuity in downvalley water and sediment transfer that is 447 

likely to persist for centuries (Tooth et al., 2014).  Along the Blood River, the initial cause(s) of these 448 

profound channel-floodplain dynamics are not known but may be related to a period of severely 449 

decreased flow in the 1930s and/or anthropogenic impacts (e.g. river damming) (Tooth et al., 2014). 450 

 451 

Even in study settings where geochronological constraints on longer term channel-floodplain dynamics 452 

are absent and/or remote sensing datasets have a more restricted temporal range, remote sensing 453 

image analysis can still help to characterise past river responses and so provide context for assessment 454 
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of the significance of channel-floodplain dynamics on more recent timescales (e.g. decades).  For 455 

instance, along the study reach of the Río Colorado, satellite imagery reveals numerous older, sinuous 456 

channels to the west of the current trunk channel (Fig. 1c).  This evidence suggests that the avulsion 457 

dynamics that have characterised parts of the study reach over the last few decades (see also Li et al., 458 

2020) are a natural part of longer term (likely centennial to millennial) river system responses, and are 459 

not the result of recent climate change or other human activities in the catchment.  In other words, and 460 

in stark contrast to the Blood River example where an historically unprecedented channel-floodplain 461 

transformation has occurred, the recent dynamics along the Río Colorado are simply part of the 462 

expected (i.e. normal) range of longer term, river responses. 463 

 464 

The contrast between the recent dynamics of the Blood River and Río Colorado is worth stressing as it 465 

illustrates an important point with potential significance for dryland river and flood management.  466 

Brierley and Fryirs (2005) make a clear distinction between river behaviour (adjustments to 467 

channel-floodplain morphology that help to maintain a characteristic morphology and set of process 468 

attributes) and river change (a fundamental shift in morphology and process associations that indicate 469 

reach evolution to a different river type).  River behaviour (e.g. Río Colorado) and river change (e.g. 470 

Blood River) thus may pose different management challenges that require different strategies to cope 471 

with the attendant alterations to flood extent and flood patterns.  In cases of river behaviour, one 472 

management strategy may simply be to accommodate the expected range of channel-floodplain 473 

adjustments (e.g. through floodplain land use re-zoning), whereas in cases of river change, more 474 

proactive management approaches may be needed (e.g. using structural interventions).  During 475 

forthcoming decades, it will be particularly important to identify and characterise thresholds of dryland 476 

river change (Tooth, 2018; Larkin et al., 2020a, b), especially in cases where altered flooding extent and 477 
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patterns will threaten ecosystem service delivery (e.g. McCarthy et al., 2010), facilitate the spread of 478 

water-associated diseases (e.g. Malan et al., 2009; Smith et al., 2013; Heaney et al., 2019), and/or pose 479 

a greater hazard for land use, infrastructure, property and life (e.g. Ashley and Ashley, 2008; Woodward 480 

et al., 2010).  In a time of rapid environmental change, when dryland rivers globally are responding to 481 

climate changes and/or other human activities, new data-driven, interdisciplinary approaches will be 482 

needed to help determine this distinction between river behaviour and river change, and also to evaluate 483 

the appropriate river and flood management strategies. 484 

 485 

7. Conclusions 486 

This study has shown how the GEE platform has helped with the visualisation of flooding extent and 487 

patterns along an unvegetated, ephemeral river system, and how analysis and quantification of the 488 

floods can be combined with other datasets (precipitation, higher resolution imagery) to provide insights 489 

into channel-floodplain dynamics on recent, observable timescales.  The findings from the Río 490 

Colorado improve our understanding of the dynamics of this river in particular, but also provide scope for 491 

comparison with the channel-floodplain dynamics of a wider range of dryland rivers in different 492 

physiographic contexts, including those with different levels of riparian vegetation. 493 

 494 

Of particular value in future research will be additional datasets on short-term (yearly to decadal scale) 495 

patterns, rates and timescales of dryland river dynamics, particularly where this improves our ability to 496 

distinguish between river behaviour involving channel-floodplain adjustments that remain within the 497 

expected range, and river change involving more profound, threshold-based, channel-floodplain 498 

changes.  Given the strong links between dryland channel-floodplain dynamics, water-associated 499 

infectious diseases, and many other aspects of catchment ecosystem service delivery and hazard 500 
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assessment (Millennium Ecosystem Assessment, 2005), clear potential exists for further data-driven, 501 

interdisciplinary studies.  In a time of rapid environmental changes, one increasingly defined by 502 

humanity’s direct and indirect impacts on the Earth system, development of more remote sensing-based 503 

approaches should form an essential part of these interdisciplinary studies.  This will help to improve 504 

visualisation of flooding and associated channel-floodplain dynamics, so providing a key underpinning 505 

for dryland river management policy and practice. 506 

 507 
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List of figures 776 

 777 

Fig. 1 The Altiplano and the Río Colorado: (a) location of the Altiplano in South America; (b) map of the 778 

Altiplano, highlighting the study reach of the Río Colorado (red box) near the southeastern margin of the 779 

Salar de Uyuni; (c) details of the study reach, showing three avulsion nodes (blue dots), random points 780 

used for accuracy assessment of flood mapping (red symbols), and the areas covered by some 781 

subsequent figures (red boxes); (d) image showing the downstream reach of abandoning channel D1 782 

and newer channel D2; (e) image highlighting an ongoing avulsion along channel D2; (f) TanDEM-X 783 

digital elevation model illustrating the characteristically low gradients in the study area. 784 

 785 

Fig. 2 Ground level photos showing the typical channel-floodplain characteristics in the study area: (a) 786 

point bar and adjacent channel bed on meander bend 33 along reach B (see the locality in Fig. 3, flow 787 

direction away from the camera); (b) channel bed, cutbank and adjacent floodplain surface in the 788 

upstream limb of meander bend 33 along reach B (see the locality in Fig. 3, flow direction towards the 789 

camera).  In both (a) and (b), note the absence of vegetation and the fine-grained sediments (clay, silt, 790 

fine sand). 791 

 792 

Fig. 3 (a) Meander bends analyzed in this study along the trunk channel (reach C-B) and a secondary 793 

channel (D1) of the Río Colorado (for location, see Fig. 1c). (b)-(c) Example of channel-floodplain 794 

dynamics occurring along a short reach of the trunk channel between November 2004 and November 795 

2018 (for location, see Part a). 796 

 797 

Fig. 4 Flood maps for the study reach for the years 2004 through 2016 (nb. no Landsat data is available 798 
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for the years 2012 and 2013 – see SI Table 1).  The red lines indicate the trunk channel (reaches C-B) 799 

and the secondary channel D1 (see Fig. 1(c)). 800 

 801 

Fig. 5 (a) Flooded area in the study reach for the years 2004 through 2016 in comparison to maximum 802 

precipitation totals (daily, 2-day, and 3-day); (b) Relationship between rate of change in flooded area (i.e. 803 

‘wet land’/’water bodies’) and in maximum precipitation totals (daily, 2-day and 3-day), with rate of 804 

change calculated as the difference between two temporally adjacent values, divided by the length of 805 

time between the two observation points; (c) Multivariate ENSO Index (MEI) for the years 2004 through 806 

2016; MEI values greater than 0 indicate El Niño years and MEI values lower than 0 indicate La Niña 807 

years (data available from https://www.esrl.noaa.gov/psd/enso/mei/table.html). 808 

 809 

Fig. 6 Satellite images (a-f) illustrating an avulsion in a downstream part of secondary channel D1 810 

between November 2004 and November 2018 (for location, see Fig. 1c–d and for scale, see Part a).  811 

Increasingly, flow has been diverted from D1 to another secondary channel (D2), leading to gradual 812 

abandonment of D1, breaching of levees, and formation and extension of crevasse splays. 813 

 814 
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Table 1 Summary of the characteristics of the channels and floodplain that were the main focus of study. 817 
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Table 2 Statistics of classification accuracy for Landsat composite images from 2004 through 2016, 819 

based on accuracy assessment using visual interpretation and random points. 820 
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Channel 

number
Mean width (m)

Mean channel 

depth (m)

Mean 

sinuosity 

index

Bankfull 

discharge 

(m3/s)

Unit stream 

power (W/m2)

Typical 

bed/bank 

sediment

Vegetation

Channels

C 36 1.3 1.19 99 <10
clay, silt, fine 

sand

No

B 23 no data 1.37 46 <10
clay, silt, fine 

sand

D1 21.3 no data 1.41 42 <10 clay, silt

D2 21 no data 1.16 41 <10 clay, silt

Floodplain 2234 - - - - - No

Table 1



Table 2

Producer’s accuracy (%) User’s accuracy (%) Overall accuracy (%) Kappa coefficient

Mean 91.68 97.33 93.09 0.84

Maximum 100 100 98 0.96

Minimum 79.31 92.86 86 0.72
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SI Fig. 1 Time series of available Landsat imagery and maximum precipitation datasets 

derived from daily precipitation: vertical lines indicate the timing of Landsat imagery used 

in this study; blue triangles are 3-day maximum precipitation; black rectangles are 2-day 

maximum precipitation; and red dots are yearly daily maximum precipitation. 

 



 

SI Fig. 2 Flow chart showing the procedure for mapping flood extent and pattern. 

 

 

  



 

SI Fig. 3 Fig. 5 Example of a composite image derived from Landsat imagery for the 2016 

(i.e. December 2015 through March 2016) rainy season.  The images are presented as 

false colour images of bands 7 (red), 5 (green) and 1 (blue). 

 

 

SI Fig. 4 Example of flood mapping along a secondary channel (D1) using a 2016 

composite image: a) 2016 composite image; b) MNDWI-derived surface water areas (blue) 

in 2016. 

 



 

SI Fig. 5 Threshold demarcating flooded areas from dry land areas, as determined by 

Otsu’s method. 

 

 

SI Fig. 6 Relationships between erosion/deposition and changes in sinuosity of individual 

channel bends for the years 2004 and 2018 along: a)-b) the trunk channel (reaches C-B); 



and c)-d) a secondary channel D1. 

 

SI Table 1 Number of Landsat scenes with cloud cover of <10% for the time period of 

interest.  No Landsat data is available for the years 2012 and 2013. 

 

Date  Year 
Number of 

Scenes 
Scenes 

Landsat 5 

2004 3 30 Jan 2004 15 Feb 2004 18 Mar 2004   

2005 2 05 Mar 2005 21 Mar 2005   

2006 2 03 Feb 2006 08 Mar 2006   

2007 4 05 Dec 2006 21 Dec 2006 22 Jan 2007 11 Mar 2007 

2008 2 10 Feb 2008 29 Mar 2008   

2009 1 16 Mar 2009    

2010 2 13 Dec 2009 15 Feb 2010   

2011 1 17 Jan 2011    

Landsat 8 

2014 3 24 Dec 2013 09 Jan 2014 26 Feb 2014  

2015 1 01 Mar 2015    

2016 4 30 Dec 2015 15 Jan 2016 15 Feb 2016 03 Mar 2016 

 

SI Table 2 Details of the high resolution satellite imagery used in this study 

Type Catalog ID Acq. date 
Avg. off nadir 

angle 

Avg. target 

azimuth 
Sensor 

Dataset 

types 

Quick Bird-02 

(GoogleEarth) 
10100100035DE200 02 Nov 2004 8° 293° QB02 

Surface 

reflectance 

Worldview-02 
1020010001455700 30 Dec 2007 17° 85° WV01 

10300100084D5600 09 Dec 2010 13° 173° WV02 

Pléiades 

DS_PHR1B_201307131443591_SE1

_PX_W067S21_0310_02391 
13 Jul 2013 16° 33° PHR1B 

DS_PHR1B_201603011443021_FR1

_PX_W067S21_0310_02408 
01 Mar 2016 11° 69° PHR1B 

DS_PHR1A_201811151436194_FR1

_PX_W067S21_0207_01728 
15 Nov 2018 20° 89° PHR1A 
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