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Abstract 20 

Regular sediment inputs are required for deltas to maintain their surface elevation relative to 21 

sea level, which is important for avoiding salinization, erosion, and flooding. However, fluvial 22 

sediment inputs to deltas are being threatened by changes in upstream catchments due to 23 

climate and land use change and, particularly, reservoir construction. In this research, the 24 

global hydrogeomorphic model WBMsed is used to project and contrast ‘pristine’ (no 25 

anthropogenic impacts) and ‘recent’ historical fluvial sediment delivery to the Ganges-26 

Brahmaputra-Meghna, Mahanadi, and Volta deltas. Additionally, 12 potential future 27 

scenarios of environmental change comprising combinations of four climate and three 28 
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socioeconomic pathways, combined with a single construction timeline for future reservoirs, 29 

were simulated and analysed. The simulations of the Ganges-Brahmaputra-Meghna delta 30 

showed a large decrease in sediment flux over time, regardless of future scenario, from 669 31 

Mt/a in a ‘pristine’ world, through 566 Mt/a in the ‘recent’ past, to 79-92 Mt/a by the end of 32 

the 21st century across the scenarios (total average decline of 88%). In contrast, for the 33 

Mahanadi delta the simulated sediment delivery increased between the ‘pristine’ and ‘recent’ 34 

past from 23 Mt/a to 40 Mt/a (+77%), and then decreased to 7-25 Mt/a by the end of the 21st 35 

century. The Volta delta shows a large decrease in sediment delivery historically, from 8 to 36 

0.3 Mt/a (96%) between the ‘pristine’ and ‘recent’ past, however over the 21st century the 37 

sediment flux changes little and is predicted to vary between 0.2 and 0.4 Mt/a dependent on 38 

scenario. For the Volta delta, catchment management short of removing or re-engineering 39 

the Volta dam would have little effect, however without careful management of the upstream 40 

catchments these deltas may be unable to maintain their current elevation relative to sea 41 

level, suggesting increasing salinization, erosion, flood hazards, and adaptation demands. 42 

 43 

Highlights 44 

- Fluvial sediment delivery is vital for the sustainability of delta environments. 45 

- Sediment supply scenarios were modelled to the GBM, Mahanadi, and Volta deltas. 46 

- Sediment fluxes are largely expected to decline over the 21st century. 47 

- Volta sediment previously declined due to reservoir construction and remains low. 48 

- Basin management should consider risks to the deltas from anthropogenic activities. 49 
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1 Introduction 64 

The world’s deltas are home to about 500 million people and support significant 65 

additional populations outside of their immediate boundaries due to their abundance of 66 

natural resources and the economic opportunities these provide (Woodroffe et al., 2006; 67 

Ericson et al., 2006). These natural resources include some of the world’s most productive 68 

agricultural land (Syvitski 2008), access to fisheries, connected river and ocean transport 69 

links, and oil, gas, and coal reserves (Evans 2012). In addition to their importance to human 70 

societies, deltas also provide globally important habitats which can support high biodiversity 71 

including rare species, such as the Sundarbans and Bengal Tiger in the Ganges-72 

Brahmaputra delta, India and Bangladesh (Gopal and Chauhan 2006), and the Irrawaddy 73 

River dolphin (Baird and Beasley 2005). It is therefore crucial to anticipate and assess any 74 

changes which threaten the sustainability of delta environments in order to manage delta 75 

systems to ensure their sustainable future. 76 

Coastal deltas are low lying regions and there is considerable concern that many of 77 

the world’s deltas are at risk of drowning by increasing relative sea level due to accelerated 78 

subsidence caused by anthropogenic activities on deltas and local expressions of eustatic 79 

sea level rise (Syvitski et al. 2009, Syvitski and Kettner 2011). The relative sea-level rise 80 

affecting deltas is buffered by deposition of sediment on the delta surface. This is the only 81 

factor that can offset the negative impacts of sea-level rise, and help prevent salinisation, 82 

flooding, and land loss (Ibáñez et al. 2014). As a first order control on deposition rates, fluvial 83 

sediment delivery to deltas is therefore essential to maintain delta areas and functions 84 
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(Evans 2012). Indeed, it is thought that the formation of some modern deltas may have been 85 

initiated or promoted by anthropogenic catchment influences which increased fluvial 86 

sediment delivery, such as deforestation and agriculture (Maselli and Trincardi 2013). 87 

Knowledge of fluvial sediment fluxes to deltas is clearly crucial for understanding the 88 

extent of the threat posed by relative sea-level rise. However, our understanding of historical 89 

trends in, and the contemporary status of, fluvial sediment loads to major deltas remains 90 

incomplete. In part, this reflects the challenge of measuring sediment delivery to the coastal 91 

zone (Meade 1996), which in turn means that reliable data on sediment fluxes to deltas are 92 

relatively limited. Nevertheless, a scientific consensus has emerged that sediment delivery to 93 

many of the world’s deltas has declined in recent decades. For instance, 20-100% 94 

reductions over the 20th century have been shown by Syvitski et al. (2009), driven primarily 95 

by reservoir construction. 96 

The anthropogenic interference, as the major driver of the decline in sediment 97 

delivery, has in some specific cases likely been exacerbated or offset by climatic change. In 98 

some cases, climate change has led to reductions in sediment loads but elsewhere may 99 

have contributed to increasing loads in recent decades. For instance, Zhao et al. (2015) 100 

shows a decreasing trend in water and sediment delivery for the Yangtze River due to 101 

climate change and anthropogenic activities, Wei et al. (2016) and Jiang et al. (2017) show 102 

the same trends for the Yellow River and Jiang et al. (2017) show the effects on the Yellow 103 

delta, while Darby et al. (2016) show that climate change in the Mekong River basin is 104 

reducing cyclone precipitation, associated runoff and therefore sediment fluxes. In contrast, 105 

Lu et al. (2013) indicate that climate change would have increased sediment loads in the 106 

Minjiang and Zhujiang rivers if it were not for anthropogenic activities, and Cook et al. (2015) 107 

show that an increase in extreme climatic events can increase sediment loads. Fluvial 108 

sediment fluxes are now thought to be too low to prevent relative sea-level rise for many 109 

deltas (Giosan 2014). 110 

With a few notable exceptions (Gomez et al. 2009, Darby et al. 2015, Fischer et al. 111 

2017, Tessler et al. 2017), studies that evaluate future changes in fluvial sediment delivery to 112 
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deltas are even fewer than those which have studied either historical trends in, or the 113 

contemporary status of, fluvial sediment delivery to the coast. This lack of insight represents 114 

a significant challenge as it is not known if deltas can maintain their elevations relative to 115 

sea-level rise. To begin to address this important gap, the aim is to develop realistic 116 

projections of historic, present, and future fluvial sediment supply to three major deltas: the 117 

Ganges-Brahmaputra-Meghna (GBM) in Bangladesh and India; the Mahanadi in India; and 118 

the Volta in Ghana (Figure 1), to assess the trends of sediment supply and their implications. 119 

The specific objectives of the research are to: 120 

1) develop scenarios for sediment fluxes to the three deltas: one scenario 121 

representing the ‘pristine’ past, excluding anthropogenic influences; one for the 122 

‘recent’ past, mimicking the end of the 20th century; and 12 future scenarios which 123 

incorporate pathways of climate and socioeconomic change and reservoir 124 

construction; 125 

2) evaluate model performance in simulating fluvial sediment fluxes to each of the 126 

three deltas by using the ‘recent’ past setup to compare modelled versus 127 

observed sediment loads; 128 

3) application of the model using both the past setups and the 21st century 129 

scenarios to project future fluvial sediment fluxes to the three deltas; 130 

4) consider projected changes in sediment delivery for the three deltas in the 131 

context of implications for the sustainability of each delta, including relative sea-132 

level rise. 133 

The scenarios are new in their combination of data, particularly the inclusion of projected 134 

future reservoir construction data. The three deltas selected for analysis are the focus of the 135 

DECCMA project (Hill et al., this issue) and represent a sample of the world's more 136 

populated and vulnerable deltas. While the results will only be valid for these three specific 137 

deltas, this analysis provides the opportunity to assess the conclusions within the context of 138 

other deltas worldwide. 139 

 140 
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 141 

Figure 1: Location maps for the three delta study areas, including a global location map, the 142 

specific extents of each delta area (green, adapted from Tessler et al. 2015), their feeder 143 

catchments (white outlines), country boundaries (black outlines), and the locations of 144 

existing (Lehner et al. 2011a, b) and planned hydropower reservoirs (Zarfl et al. 2015). 145 

 146 

2 Methods 147 

2.1 The WBMsed Model 148 

 The model applied in this research is the fully distributed spatially and temporally 149 

explicit climate-driven hydrogeomorphic model WBMsed, which is discussed in detail by 150 

Cohen et al. (2013) and (2014), and interested readers are referred primarily to those 151 
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publications for further information. . WBMsed runs at the global scale and can produce up 152 

to daily temporal resolution hydrogeomorphic data such as water and sediment fluxes. For 153 

the current research, WBMsed is run at 0.1 degree resolution, which results in catchments of 154 

around 15,000 cells for the GBM, 1,500 for the Mahanadi, and 3,500 for the Volta. Water 155 

fluxes are calculated in WBMsed for each grid cell using precipitation, modulated by soil 156 

moisture, evapotranspiration, irrigation, reservoir, and groundwater storage, with discharge 157 

transported according to channel networks, cell storage times, and floodplain inundation. 158 

The key sediment delivery equation in the model is BQART (Kettner and Syvitski 2008, 159 

Syvitski and Milliman 2007), which empirically estimates suspended sediment fluxes by 160 

accounting for various influences on catchment erosion, deposition, and transport 161 

processes: 162 

 QS=ωBQ0.31AB
0.5RT when T ≥ 2°C  (1) 163 

 QS=2ωBQ0.31AB
0.5R when T < 2°C  (2) 164 

B=(1-TE)GLEH      (3) 165 

The catchment water discharge (Q in m3/s) calculated and output by the water balance 166 

model is used alongside air temperature (T in °C), basin area (AB in km2), catchment 167 

elevation change (R in m), lithology (L, unitless), glaciated area (G, unitless), reservoir 168 

trapping efficiency (TE, unitless, discussed below), the anthropogenic factor (EH, GNP in $US 169 

per capita and population density per km2) to estimate sediment fluxes (QS in Mt/a). ω is a 170 

proportionality coefficient (0.02 for kg/s or 0.0006 for Mt per year). The B factors are defined 171 

in Syvitski and Milliman (2007). Although WBMsed can produce daily estimates of sediment 172 

flux, annual sediment loads are estimated here. 173 

The anthropogenic factor (EH) represents anthropogenic disturbances within the 174 

feeder catchments. BQART uses look-up functions derived from an a priori method based on 175 

socioeconomic thresholds to account for anthropogenic influences (Syvitski and Milliman 176 

2007). As shown in Table 1, the relationship is complex depending on population density 177 

and GNP per capita. For low population densities anthropogenic activities will not have any 178 

major effect on sediment loads. For high population densities, poor populations increase 179 
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sediment loads, whereas richer populations reduce sediment loads, reflecting significant 180 

differences in agricultural practices, land cover, and engineering methods between rich and 181 

poor societies. 182 

WBMsed also includes the ability to account explicitly for the effects of sediment 183 

trapping by reservoirs (TE). Large reservoirs are located in a cell on a river network within 184 

WBMsed and have a volume property. The volume of a reservoir is used to calculate the 185 

modulation of the discharge of water from the reservoir cell, and is also used to calculate the 186 

change to sediment fluxes downstream of the cell in which the reservoir is located. Reservoir 187 

trapping efficiency is calculated using Brown (1944) for small reservoirs (<0.5 km3) and 188 

Brune (1953) and Vörösmarty et al. (2003) for larger water bodies (≥0.5 km3). The sensitivity 189 

of different parameters in WBMsed has been explored in prior studies, including Cohen et al. 190 

(2013) and (2014). 191 

 192 

Table 1: Multiplicative factor of anthropogenic influence on fluvial sediment fluxes within the 193 

BQART equation as implemented in WBMsed. 194 

  Population Density 

  <30/km2 30-140/km2 >140/km2 

G
N

P
 p

e
r 

C
a

p
it

a
 

<$2,500 1 1 2 

$2,500-$20,000 1 1 1 

>$20,000 1 0.2 0.3 

 195 

2.2 Model Setup and Scenarios of Future Environmental Change 196 

 The modelling approach used in the current research is displayed in Figure 2. Much 197 

of the input data to the model is the same as used in Cohen et al. (2013, 2014) as this model 198 

setup produces reasonable results for a wide range of environmental situations. The inputs 199 

to WBMsed are detailed in Table 2, and those that differ from the Cohen et al. (2013, 2014) 200 

inputs are discussed below. The setup used here differs from the Cohen et al. (2013, 2014) 201 
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studies primarily in that we employ climate, reservoir, and socioeconomic data specific to the 202 

three catchments investigated herein and configured to the environmental change scenarios 203 

discussed in this section. Note that we employ WBMsed within three specific time periods, 204 

each with different key inputs. 205 

 206 

 207 

Figure 2: Flowchart of modelling approach used in the current research. For further detail of 208 

WBMsed see Cohen et al. (2013). 209 

  210 
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Table 2: Relevant inputs to the model WBMsed including the format of input data and global 211 

data sources. FAO: Food and Agricultural Organisation 212 

Input Format Data Source 

Temperature (°C) Daily grid Jones et al. 2011 

Precipitation (mm) Daily grid Jones et al. 2011 

Population (per km2) Annual grid Murakami and Yamagata 2016, 

IIASA 2015 

GNP ($US per capita) Annual grid Murakami and Yamagata 2016, 

IIASA 2015 

Large reservoir capacity (km3) Annual grid Lehner et al. 2011a, b, Zarfl et al. 

2015, Grill et al. 2015 

Flow network Static grid Vörösmarty et al. 2000 

Contributing area (km2) Static grid Vörösmarty et al. 2000 

Maximum relief (m) Static grid Cohen et al. 2008 

Minimum slope (°) Static grid Vörösmarty et al. 2000 

Ice cover (km2) Static grid Cohen et al. 2013 

Small reservoir capacity (m2) Annual grid Wisser et al. 2010b 

Irrigation area (km2) Annual grid Wisser et al. 2008 

Irrigation intensity Static grid Allen et al. 1998 

Irrigation efficiency Static grid Allen et al. 1998 

Crop fraction Static grid Ramankutty and Foley 1999 

Lithology factor Static grid Durr et al. 2005, Syvitski and 

Milliman 2007 

Soil parameters Static grid FAO Soil Map; Melillo et al. 1993 

Bankfull discharge (m3/s) Grid and recurrence 

interval constant 

Cohen et al. 2013 

River bed slope (°) Constant Cohen et al. 2013 

Floodplain to river flow (m3/s) Constant Cohen et al. 2013 

 213 
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Firstly, a 'pristine' past run was produced in which it is assumed that there is no 214 

anthropogenic influence, removing irrigation and reservoir operations from the model. The 215 

'pristine' run was used to drive WBMsed to project sediment fluxes as they would have been 216 

before anthropogenic interventions. For the model setup, this means that no reservoirs were 217 

included and it was assumed that anthropogenic economic activities and populations were 218 

absent. Secondly, a 'recent' past run was constructed to represent the environment at the 219 

end of the 20th century, in order to model sediment fluxes approximately as they are today. 220 

The presented sediment delivery results from the 'recent' past run are the average of the 221 

1990-1999 annual data. Finally, scenarios were constructed using different pathways of 222 

climate change, socioeconomic change, and reservoir construction to the end of the 21st 223 

century. The presented sediment flux results for these scenarios are the averages of annual 224 

data during the period 2090-2099, and are used to show the potential changes in sediment 225 

delivery to the three deltas over the 21st century under a range of environmental conditions. 226 

Note that these scenarios are different to those presented by Kebede et al. (this issue), 227 

although they share some of the same concepts and input data. 228 

The climate data used for all model runs were derived from the Met Office Hadley 229 

Centre Global Environment Model version 2 - Earth System (HasGEM2-ES) at 0.5 degree 230 

resolution, described by Jones et al. (2011). The climate data is not bias corrected due to the 231 

global scale of the dataset. The climate data used for the historical 'pristine' run was the 232 

1950-1959 time period data, with this 10 years of climate data repeated 7 times to produce a 233 

70 year timeline. The results presented from the ‘pristine’ model run were taken from the 234 

final year of the 70 year simulation. While the modelled climate data from the 1950s is not 235 

directly equivalent to the climate before significant anthropogenic interference, there are no 236 

older spatially distributed datasets available which meet the requirements of the model. 237 

Consequently, the 1950-59 period represents a compromise between the goal of driving the 238 

model to produce sediment fluxes as they were before anthropogenic disturbance and the 239 

reality that earlier data is not fit for purpose. A 'recent' historical model run was also set up 240 

using the climate data from Jones et al. (2011), but based on the 1990-1999 time period. 241 
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The 21st century scenarios employed climate projections using Representative 242 

Concentration Pathways (RCP) 2.6, 4.5, 6.0, and 8.5 from Jones et al. (2011). Each RCP is 243 

numbered for the global average radiative forcing level that it stabilises at (4.5 and 6.5), or 244 

for the maximum radiative forcing level by 2100 (2.6 and 8.5). However, the path taken up to 245 

2100 is different for each scenario (see van Vuuren et al. 2011). 246 

The reservoir data used to create a scenario of reservoir development is taken firstly 247 

from the Global Reservoir and Dam database (GRanD, Lehner et al. 2011a, b), a temporally 248 

and spatially explicit database which includes all current (as of 2010) dams with reservoirs of 249 

over 0.1 km3 and reservoirs smaller than this where data was available. The 'pristine' past 250 

run assumes that no dams are present; the 'recent' past run includes reservoirs recorded in 251 

GRanD as they existed before 1990 or were completed between 1990 and 1999. For all the 252 

other future scenarios, the dams recorded in GRanD are employed along with the future 253 

reservoirs from the projected dam database of Zarfl et al. (2015), which includes information 254 

on planned and under construction hydropower dams with over 1MW capacity (shown in 255 

Figure 1). As Zarfl et al. (2015) do not include reservoir volume in the projected dam 256 

database, the reservoir volumes required for input to WBMsed were calculated from 257 

potential generating capacity using the relationship established by Grill et al. (2015). It is 258 

assumed that all of the dams included in the database are implemented by the year 2050, 259 

with the locations and timeline shown in Figure 1. The reservoir volumes for the three delta’s 260 

basins at each time step are shown in Figure 3, which indicates a large rise (240%) in 261 

reservoir volume for the GBM, but only a small increase for the Mahanadi (0.6% change) 262 

and Volta (0.7% change). 263 

  264 
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 265 

Figure 3: Total volumes of reservoirs in the upstream basins of the GBM, Mahanadi, and 266 

Volta deltas at each step of the dam implementation timeline. Existing dams from the 267 

GRanD database (Lehner et al. 2011a, b), potential future dams from Zarfl et al. (2015) with 268 

reservoir volumes calculated using Grill et al. (2015) as described in text. 269 

 270 

The socioeconomic data (GNP and population) used is from Murakami and 271 

Yamagata (2016), who downscale country scale population and GNP data from the 272 

International Monetary Fund (up to 2010) and IIASA (2015) (after 2010) to a 0.5 degree 273 

resolution global grid. The decadal socioeconomic data from Murakami and Yamagata 274 

(2016) was then linearly interpolated temporally to give annual values. The 'pristine' past run 275 

assumes no human populations and therefore no GNP; the 'recent' past run uses 276 

International Monetary Fund country data downscaled by Murakami and Yamagata (2016) 277 

for 1990-1999; the scenarios use country data for Shared Socioeconomic Pathways (SSP) 278 

1, 2, and 3 from IIASA (2015) downscaled by Murakami and Yamagata (2016) and assuming 279 

sustainable progress (SSP1), dynamics as usual (SSP2) or a fragmented world (SSP3). 280 
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The combinations of climate (four RCPs) and socio-economic (three SSPs) pathways 281 

therefore lead to the development of a total of 12 future scenarios that were explored for 282 

each of the three study catchments, with the reservoir construction scenario in each case 283 

being embedded within the timelines for each of the 12 future scenarios. Each SSP and 284 

RCP combination has a different likelihood of occurrence (van Vuuren et al. 2014, Riahi et 285 

al. 2017) due to the lower probability of, for instance, maintaining low levels of greenhouse 286 

gas (GHG) emissions and atmospheric concentrations with a poor, populous global 287 

community, or reaching a high level of the same in a less populated world. However, in this 288 

work none of the scenarios are excluded so the result is 12 scenarios spanning a range of 289 

future climate change and socioeconomic pathways. The key differences between scenarios 290 

are detailed in Table 3. 291 

  292 
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Table 3: Differences between the 12 constructed potential future scenarios. Note that the 293 

reservoir construction scenario as detailed in the text is embedded within each of these 12 294 

scenarios. 295 

  Representative Concentration Pathways 

  RCP8.5 RCP6.0 RCP4.5 RCP2.6 

S
h

a
re

d
 S

o
c

io
e

c
o

n
o

m
ic

 P
a

th
w

a
y
s
 

SSP1 

High climate 

change, low 

socioeconomic 

challenges 

Medium-high 

climate change, 

low 

socioeconomic 

challenges 

Medium-low 

climate change, 

low 

socioeconomic 

challenges 

Low climate 

change, low 

socioeconomic 

challenges 

SSP2 

High climate 

change, medium 

socioeconomic 

challenges 

Medium-high 

climate change, 

medium 

socioeconomic 

challenges 

Medium-low 

climate change, 

medium 

socioeconomic 

challenges 

Low climate 

change, medium 

socioeconomic 

challenges 

SSP3 

High climate 

change, high 

socioeconomic 

challenges 

Medium-high 

climate change, 

high 

socioeconomic 

challenges 

Medium-low 

climate change, 

high 

socioeconomic 

challenges 

Low climate 

change, high 

socioeconomic 

challenges 

 296 

2.3 Evaluation of WBMsed Performance 297 

 WBMsed has been successfully applied at the global scale (Cohen et al. 2014). To 298 

assess its suitability for application in this current research WBMsed was run as described 299 

above (the ‘recent' past run) and the model water and sediment fluxes were then compared 300 

with observed data from each of the three deltas. Considering the availability of water 301 

discharge data, WBMsed was set up as the 'recent' past run from 1980-2000 so that the 302 



16 
 

observed and corresponding modelled water discharge data could be compared. For the 303 

combined Ganges and Brahmaputra discharge (only one year of data was available for the 304 

Meghna) the comparable time period was January 1980 to March 1996; for the Volta the 305 

comparable time period was January 1980 to December 1984; and for the Mahanadi system 306 

the only observed water discharge data available was for the Brahmani January 1971 to 307 

December 1971, which was insufficient to perform an effective evaluation. 308 

The water discharge comparison for the GBM and the Volta is presented in Figure 4. 309 

The data shows that, considering the modelled climate inputs, the hydrological 310 

representation of the GBM and Volta catchments in WBMsed is acceptable, with 311 

discrepancy ratios approaching 1 for both rivers. For the GBM, WBMsed generally 312 

underestimates the peak discharges which could lead to an underestimation of sediment 313 

fluxes. For the Volta, the observed water discharge time series is only 5 years long and 314 

appears to cover a period of change, so limited information can be derived from analysis. 315 

However, both the overall magnitude and seasonal variability of the modelled data for the 316 

Volta appear to be appropriate, although additional observed data would be needed to 317 

confirm this. 318 

  319 



17 
 

 320 

 321 

Figure 4: Comparison of monthly observed and modelled water discharge data for the GBM 322 

(top panel, comprising combines Ganges and Brahmaputra water fluxes) and the Volta 323 

(bottom panel). The discrepancy ratio is the average of modelled/observed data for each 324 

month. Note different x and y axes. 325 

 326 

The comparison between the modelled and observed sediment flux data for the 327 

1990s is shown in Table 4. Note that in these comparisons, the modelled estimates of 328 

sediment flux are taken from the locations of the gauging stations closest to the apices of the 329 

deltas where such stations are available. However, note that in section 3 we use sediment 330 
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flux data for the apex of each delta, as listed in Table 4. It is evident from Table 4 that 331 

sediment delivery to all three of the deltas are under-estimated, but the discrepancies 332 

between the observed and simulated data are relatively small for the GBM and Mahanadi. 333 

On average across the deltas, the overall fit discrepancy ratio is -0.34. The best estimates of 334 

observed sediment fluxes are used for comparison, however the other available observed 335 

data is shown in Figure 5. These results afford confidence in the use of the model for 336 

projecting sediment fluxes to the three deltas. 337 

 338 

Table 4: Comparison of simulated (for ‘recent’ historical scenario; averaged 1990-1999) 339 

versus observed sediment flux (Qs) data for the three deltas that are the focus of this study. 340 

Bold ‘Observed Qs’ values are most reliable and comparable (‘Best Estimate’ in Figure 5), 341 

and used for comparison. The normalised discrepancy ratio is calculated as log(simulated 342 

Qs/observed Qs), such that a value of 0 represents a perfect match between simulated and 343 

observed data, 1 represents an order of magnitude overestimate, and -1 represents an order 344 

of magnitude underestimate. 345 
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 Latitude and 

Longitude of Apices  

Coordinates of 

Gauging 

Stations  

Observed Qs (Mt/a) Simulated 

Qs (Mt/a) 

Normalised 

Discrepancy 

Ratio 

GBM Ganges: 24.85, 87.95 

Brahmaputra: 25.25, 

89.75 

Meghna: 24.35, 91.15 

Ganges: 24.05, 

89.05 

Brahmaputra: 

25.35, 89.75 

670 (Ganges and Brahmaputra, Rahman et al. this 

issue, Meghna not included due to sparse data) 

1037 (Ganges and Brahmaputra, Islam et al. 1999) 

1060 (Milliman and Syvitski 1992) 

1670 (Milliman and Meade 1983) 

596 -0.07 

Mahanadi Mahanadi: 20.45, 

85.85 

Brahmani: 20.85, 

86.15 

Baiterani: 21.25, 86.15 

Mahanadi: 

20.65, 84.75 

Brahmani: 

20.85, 86.05 

51.1 (Mahanadi and Brahmani, Panda et al. 2011, 

Baiterani data unavailable) 

2 (Mahanadi, Milliman and Meade 1983) 

15.1 (Gupta et al. 2012) 

30 (Mahanadi, Chakrapani and Subramanian 1990) 

60 (Mahanadi, Milliman and Syvitski 1992) 

35 -0.17 

Volta 6.55, 0.05 Gauging 

location 

unavailable 

1.6 (Milliman and Farnsworth 2011) 

0 (Milliman and Syvitski 1992) 

14 (Boateng 2009) 

0.3 -0.77 

346 
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 347 

Figure 5: Range of observed sediment load data (see Table 4 for references) compared with 348 

sediment data simulated by WBMsed. 349 

 350 

The GBM delta is one of the better studied systems globally and the observed 351 

sediment data used here is from the Bangladesh Water Development Board, as detailed by 352 

Rahman et al. (this issue) who also discuss previous estimates of fluvial sediment fluxes to 353 

the GBM delta. It should be noted that the observed data is derived from measurements 354 

made on the Ganges River at Hardinge Bridge, located around 150 km downstream of the 355 

delta apex, in the years 2001, 2004, and 2008. On the Brahmaputra River the gauging 356 

station is at Bahadurabad, which is located near the apex, and monitoring took place during 357 

the periods 1968-1970, 1972-1974, 1978-1995, and 2000-2001. The differences in timing 358 

between the measured and modelled data for the Ganges are small. However, the period of 359 

measurement for the Brahmaputra is longer and is primarily earlier than the modelled data. 360 
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Considering the trends discussed by Rahman et al. (this issue), the difference in timing 361 

between the measured and modelled data could cause the measured sediment flux to be 362 

artificially greater than the modelled, potentially accounting for some of the model bias seen 363 

here. 364 

For the Mahanadi delta, the measurements of sediment load are taken from the 365 

Mahanadi and Brahmani River for the years 1993-2003, which almost exactly overlaps with 366 

the modelled data time period. The sediment flux of the third river feeding the Mahanadi 367 

delta, the Baiterani River, has not been monitored but is assumed to be small. The 368 

Mahanadi River was gauged at Tikarpara, 200km from the river mouth and upstream of the 369 

delta. The Brahmani River was gauged at Jenapur, 100km from the river mouth at around 370 

the apex of the delta. These observations were chosen due to the time period being 371 

comparable to that simulated by the model, however, there are other sediment flux data 372 

available for the Mahanadi delta system. For instance, Gupta et al. (2012) report 373 

measurements which were taken from the same locations as Panda et al. (2011) but for the 374 

period 1973-2010 for the Mahanadi River, and for 1980-2010 for the Brahmani River. The 375 

combined average annual sediment flux of the Mahanadi and the Brahmani derived for the 376 

longer time period was 15.1 Mt/a, which compares to the value of 51.1 Mt/a for the 1993-377 

2003 period. That these estimates do not corroborate is indicative of the observational 378 

uncertainty surrounding sediment delivery estimates, but may also highlight the natural 379 

variability in sediment fluxes over annual and decadal timescales on these rivers. 380 

The Volta River sediment data is from Milliman and Farnsworth (2011), which 381 

provides no information on dates or locations of measurements. The poor result for the Volta 382 

may be due to spatial and temporal distance between the observed and simulated values, 383 

although this cannot be confirmed due to a lack of information on the observed value. The 384 

Volta River system is not well studied, so there are fewer estimates of fluvial sediment flux 385 

available for comparison than for the GBM and Mahanadi river systems, which results in 386 

uncertainty over the accuracy of the available estimate. However, it must be assumed that 387 

the Volta sediment discharge is underpredicted, although it is thought that fluvial sediment 388 
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supply to the delta was reduced by over 99% due to the construction of the large Akosombo 389 

dam in the early 1960s (Ly 1980), which means that the extremely low simulated 'recent' 390 

sediment flux is reasonable. 391 

 392 

3 Results: Fluvial Sediment Fluxes from WBMsed 393 

3.1 GBM Delta 394 

Model projections of fluvial sediment delivery to the GBM delta are shown in Figure 395 

6. For the GBM delta, the simulations exhibit a clear picture in which the ‘pristine’ scenario 396 

shows the highest mean annual sediment load (669 Mt/a), declining to a value of 566 Mt/a 397 

for the ‘recent' past scenario (a decline of 15%), to much lower values (in the range 79-92 398 

Mt/a, depending on scenario) for the 12 future  scenarios, the latter representing a decline in 399 

sediment loads between 'pristine' values and the end of the 21st century of some 88% when 400 

averaged across the 12 future scenarios. The low variance between the results of the future 401 

scenarios is notable and indicates that the variability embedded within the scenarios has 402 

little impact on the degree to which fluvial sediment delivery is predicted to change by the 403 

end of the 21st century. This lack of variation between the future scenarios is because the 404 

main factors causing the reduction in sediment delivery, socioeconomic changes and 405 

particularly reservoir construction, occur in all scenarios. 406 

 407 
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  408 

Figure 6: Projected fluvial sediment fluxes (QS) delivered to the GBM delta, as modelled 409 

under 2 past and 12 future scenarios described in section 2.2. The ‘pristine’ data was the 410 

annual value from a single year once the sediment output had stabilised; the ‘recent’ data 411 

was the average of the annual data 1990-1999; the scenario data were the average of the 412 

annual data 2090-2099. 413 

 414 

Rahman et al. (this issue) show that the sediment delivery to the GBM system is 415 

currently declining by around 10 Mt/a, which is around double the rate projected here (4.74-416 

4.87 MT/a over the 21st century dependant on scenario). This comparison suggests that the 417 

decline in sediment fluxes will slow from the rate observed in the recent past to that 418 

projected over the coming decades. The reduced rate of sediment flux decline over the 21st 419 

century could be due to declining rates of dam and other engineering construction, as the 420 

optimal sites for large projects (which intercept large volumes of sediment) are exhausted. 421 

These results indicate that sediment delivery to the GBM delta was much higher 422 

before more recent anthropogenic interference. The large decrease in sediment delivery 423 

seen in all the GBM delta scenarios is caused mainly by the socioeconomic changes 424 

projected for this delta system combined with, to a lesser extent, reservoir construction. The 425 

reason that the socioeconomic change is the dominant influence in these simulations relates 426 

to the substantial projected increases in GNP in the catchment over the 21st century, 427 
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regardless of socioeconomic pathway. Consequently, the GBM delta catchments move from 428 

having the highest positive influence on sediment delivery due to socioeconomic influence 429 

(see Table 1) to having a negative influence in all SSPs over the course of the 21st century, 430 

resulting in a reduction of sediment fluxes by over a factor of 6 on average due to 431 

socioeconomic change, even before the effects of reservoir construction are considered. 432 

In contrast to the influences of socioeconomic change and reservoir construction, 433 

climate change causes a small increase in sediment delivery to the GBM delta, as in all 434 

three deltas studied here, but the climate change signal is much smaller than the direct 435 

anthropogenic interference. The increase in sediment flux due to climate change is 15% on 436 

average over the 21st century, which is lower than the increases projected by Darby et al. 437 

(2015) of 34-37% for the Ganges and 52-50% for the Brahmaputra. There are several 438 

reasons which could explain the discrepancy: Darby et al. (2015) use different climate data 439 

and scenarios to this current research, which may lead to different outcomes for fluvial 440 

sediment fluxes. Furthermore, Darby et al. (2015) use the model HydroTrend which is not 441 

spatially distributed, unlike WBMsed, so this current research may represent an advance in 442 

the spatial representation of the effects of 21st century climate change on sediment delivery 443 

to the GBM delta. 444 

The results for the GBM delta projections highlight a long-term reduction in sediment 445 

load: sediment delivery is estimated to have been higher in the 'pristine' past with no 446 

anthropogenic influences than it has been in the 'recent' past, and sediment delivery is 447 

projected to decrease still further under a variety of future environmental change scenarios. 448 

The differences between the climate and socioeconomic pathways investigated here do not 449 

have a noticeable impact on the decline in sediment fluxes. Although there has already been 450 

a decrease in sediment fluxes relative to the 'pristine' scenario, there is still the potential for 451 

large decreases in sediment from the current situation due to further anthropogenic 452 

activities. If the reduction in sediment delivery projected here were to occur, it could have 453 

important consequences for the stability and sustainability of the GBM delta system. The 454 

projected changes are particularly important for the GBM delta as it is the only delta studied 455 
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here with information available on its current state. These assessments show that some 456 

parts of the delta, particularly the Meghna estuary, are accreting, on average at a rate of 17 457 

km2/a over the last 50 years (Akter et al. 2016). This accretion is threatened if the projected 458 

fall in sediment delivery occurs. 459 

 460 

3.2 Mahanadi Delta 461 

 The simulations of fluvial sediment delivery to the Mahanadi delta are shown in 462 

Figure 7. These results show a different trend to the GBM delta, with a substantial estimated 463 

increase in fluvial sediment delivery (from 23 to 40 Mt/a, a 77% increase) between the 464 

‘pristine’ and ‘recent’ past scenarios. The fluvial sediment flux projections for the future 465 

scenario model runs show a decrease when compared to the ‘recent’ past data and a 466 

decrease for most of the scenarios (8 of 12) when compared to the ‘pristine’ past. However, 467 

the projections for the Mahanadi show more variability by scenario and some of the future 468 

scenarios (4 of 12) have projected sediment fluxes that are comparable to the ‘pristine’ past 469 

data. For the individual scenarios the change between the ‘pristine’ past and the scenarios 470 

varies between 32% (lowest is for the scenario using RCP4.5 and SSP1) to 110% (highest is 471 

for the scenario using RCP6.0 and SSP3). 472 

 473 
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Figure 7: Projected fluvial sediment fluxes (QS) delivered to the Mahanadi delta, as modelled 475 

under 2 past and 12 future scenarios described in section 2.2. The ‘pristine’ data was the 476 

annual value from a single year once the sediment output had stabilised; the ‘recent’ data 477 

was the average of the annual data 1990-1999; the scenario data were the average of the 478 

annual data 2090-2099. 479 

 480 

 For the Mahanadi, the initial increase in projected fluvial sediment delivery between 481 

the ‘pristine’ and ‘recent’ past scenarios is caused by socioeconomic change. Specifically, in 482 

the ‘recent’ past scenarios, the Mahanadi delta basins are represented as having poor, 483 

dense populations which has the effect of doubling sediment delivery when compared to 484 

‘pristine’ conditions, in which there are no anthropogenic populations and therefore no 485 

socioeconomic influence on sediment fluxes. The increase in sediment seen between the 486 

‘pristine’ and ‘recent’ past scenarios occurs despite dam construction in the basin, because 487 

the effect of the socioeconomic changes outlined previously outweighs the specific effects of 488 

additional sediment trapping in reservoirs. For the Mahanadi’s future scenarios, the 489 

decrease in projected sediment fluxes when compared to the ‘recent' past is likewise 490 

induced mainly by changes in socioeconomic state, as GNP per capita increases over the 491 

21st century causing the anthropogenic influence on sediment flux to become negative. 492 

 The variations in projections for the Mahanadi’s future scenarios arise from the 493 

different levels of socioeconomic change between scenarios. In those future scenarios which 494 

use SSP1 and SSP2, the socioeconomic state of the basins feeding the Mahanadi delta 495 

crosses two thresholds due to their increasing GNP per capita (see Table 1), causing their 496 

anthropogenic factor value to change from the highest to the lowest possible over the course 497 

of the 21st century. In those future scenarios which use SSP3, however, only one 498 

socioeconomic state threshold is crossed (from high to medium), so sediment delivery 499 

decreases noticeably less in the scenarios using SSP3 than in those using SSP1 and SSP2, 500 

when compared with the ‘recent past’ scenarios. 501 
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 Modest reservoir construction is projected for the basins feeding the Mahanadi delta 502 

over the 21st century, and climate change, as in all the deltas studied here, has a small 503 

positive influence on sediment delivery, on average 15% over the 21st century. It is the small 504 

positive effect of the climate changes, combined with the negative influences of reservoirs 505 

and irrigation, which causes the four future scenarios incorporating SSP3 to project slightly 506 

higher sediment fluxes as compared to the ‘pristine’ run. The increase in sediment delivery 507 

between the 'pristine' past and some future scenarios is forced mainly due to the 508 

temperature increase between the 1950s and 2090s climate data, which has a positive effect 509 

on sediment fluxes and is not completely offset by the negative influences of reservoirs and 510 

irrigation. Temperature increases (with constant precipitation) lead to an increase in 511 

sediment production efficiency, contributing to increased sediment fluxes, however higher 512 

temperatures also lead to greater evaporation and therefore reduced water discharge which 513 

reduces the sediment transport capacity of fluvial systems. The sediment delivery results for 514 

the Mahanadi basin show that sediment fluxes are estimated to have increased when 515 

compared to a 'pristine' past, but that they are projected to decline over the course of the 21st 516 

century. The decreases are projected to bring fluvial sediment delivery to the Mahanadi delta 517 

back down to values at or below the ‘pristine’ state. 518 

 519 

3.3 Volta Delta 520 

 The results of the projections of sediment delivery to the Volta delta are shown in 521 

Figure 8. The Volta exhibits a different pattern of sediment flux changes to both the GBM 522 

and the Mahanadi. There is an estimated decrease in fluvial sediment delivery of 96% (from 523 

8 to 0.3 Mt/a) between the ‘pristine’ and ‘recent' past scenarios, and the changes from the 524 

‘recent' past to the future projections are negligible and vary between 0.2 and 0.4 Mt/a (2-5% 525 

of the 'pristine' value) dependent on scenario. Of the future scenarios, 8 of 12 (those using 526 

SSP2 and 3) project a fluvial sediment flux that is slightly higher than the ‘recent’ value, 527 

whereas for the other 4 scenarios (using SSP1) the future states display fluvial sediment 528 

fluxes that are lower than the 'recent' condition. 529 
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 530 

 531 

Figure 8: Projected fluvial sediment fluxes (QS) delivered to the Volta delta, as modelled 532 

under 2 past and 12 future scenarios described in section 2.2. The ‘pristine’ data was the 533 

annual value from a single year once the sediment output had stabilised; the ‘recent’ data 534 

was the average of the annual data 1990-1999; the scenario data were the average of the 535 

annual data 2090-2099. 536 

 537 

 The extremely large decrease between the 'pristine' and 'recent' sediment delivery 538 

values is due to the construction of the Akosombo dam, which was opened in 1965 and 539 

produced the largest anthropogenic reservoir in the world by surface area. This single 540 

reservoir is thought to have reduced the sediment delivery downstream by a factor of 10 or 541 

more (Ly 1980). The changes in sediment delivery between the 'recent' past and the end of 542 

the 21st century are due to the combination of socioeconomic and climate change, as well as 543 

additional reservoir construction. Climate change causes a small increase in sediment flux of 544 

0.08 Mt/a on average, whereas reservoir construction forces a negligible decrease on the 545 

order of 0.0005 Mt/a. The very small influence of additional reservoirs is due to the 546 

overwhelming influence of the Akosombo dam cutting off changes in the catchment from 547 

influencing the river below the dam. 548 
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The differences in results between the scenarios are primarily due to different 549 

socioeconomic changes, with minimal (0.02 Mt/a) variation arising from differences between 550 

the climate change pathways. The future scenarios incorporating SSP1 and SSP2 551 

experience a single socioeconomic state change due to increasing GNP (see Table 1) in the 552 

2090s. The difference between these scenarios is that those using SSP1 experience the 553 

socioeconomic change, reducing sediment yields, at the beginning of the 2090s, leading to 554 

lower sediment fluxes than in the 'recent' past. In comparison, those scenarios using SSP2 555 

experience the socioeconomic change at the end of the 2090s. As the values shown in 556 

Figure 8 are decadal averages, the difference in the timing of socioeconomic change affects 557 

the results. The scenarios using SSP2 therefore show an increase in sediment delivery, 558 

although the increase is smaller than in those scenarios using SSP3. Finally, those 559 

scenarios using SSP3 experience no significant socioeconomic change, so the increase in 560 

sediment flux seen in these scenarios from the 'recent' past value is due to the positive 561 

influence of climate change outweighing the negative influence of additional reservoir 562 

construction during the 21st century. 563 

 564 

3.4 Summary of Results 565 

Fluvial sediment delivery to the GBM, Mahanadi, and Volta deltas is estimated to 566 

have changed historically in response to shifting environmental conditions, specifically 567 

climate change and anthropogenic activities, from ‘pristine’ (pre-human interference) to 568 

‘recent' past conditions. Mean annual sediment loads likely responded by declining for the 569 

GBM (by 15%, from 669 Mt/a to 566 Mt/a) and Volta (by 96%, from 8 Mt/a to 0.3 Mt/a) 570 

deltas, but increasing for the Mahanadi (by 77%, from 23 Mt/a to 40 Mt/a). Additionally, we 571 

have shown that fluvial sediment delivery to the GBM and Mahanadi deltas is projected to 572 

decrease over the course of the 21st century in the average of the projected scenarios, while 573 

the Volta delta sediment supply can hardly fall further. 574 

For the GBM, the sediment flux by the end of the 21st century is 83 Mt/a, 12% of the 575 

‘pristine’ value, with a range of 79-92 Mt/a across the scenarios. For the Mahanadi, the end 576 
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of 21st century sediment delivery is 13 Mt/a, 59% of the ‘pristine’ value, with a range of 7-25 577 

Mt/a between scenarios. For the Volta, the average sediment flux by the end of the 21st 578 

century was 0.3 Mt/a, 4% of the ‘pristine’ value, with a range of 0.2-0.4 Mt/a between 579 

scenarios. The severity of the decrease was dependent on the future scenario and the 580 

largest differences between scenarios were caused by the different socioeconomic 581 

pathways. Climate change appears to have little impact on sediment fluxes in these three 582 

basins. 583 

 584 

4 Discussion 585 

The factors which change between the 'pristine' and 'recent' past model runs are 586 

mostly incorporated in the proxy for anthropogenic influences (discussed in section 2.1, 587 

Table 1). The factors not represented by the anthropogenic factor are the presence of 588 

reservoirs and irrigation, which both decrease sediment delivery due to sediment retention 589 

and water abstraction, respectively. The anthropogenic factor in the basins feeding the GBM 590 

delta for the 'recent' past is the maximum possible, assuming the presence of poor, high 591 

density populations which increase sediment delivery compared to 'pristine' conditions. The 592 

combination of input factors has resulted in a decrease from the ‘pristine’ to ‘recent’ past 593 

sediment delivery values, suggesting that the negative influence of reservoir construction, 594 

and to a lesser extent irrigation, has overwhelmed the historical positive influence of other 595 

anthropogenic activities on sediment delivery. For the Mahanadi delta, although it may 596 

currently have higher sediment delivery than in a ‘pristine’ state, there are likely additional 597 

pressures on the delta due to anthropogenic interference which were not present in the 598 

‘pristine’ past. In the case of the Volta delta, a single large dam on the main river essentially 599 

stopped sediment supply in the 1960s and prevents changes in sediment processes in the 600 

upstream catchment from being adequately transmitted to the delta. 601 

The increasing pressure of reduced sediment load may threaten the sustainability of 602 

the three deltas, more so for the GBM than the other deltas due to the large projected 603 

decrease in sediment delivery with little variation across scenarios. The Mahanadi shows 604 
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some variation in sediment flux projection between scenarios, while the long-term 605 

sustainability of the Volta delta has already been compromised. These projections show that 606 

the deltas are in different situations with regards to their future sustainability. The GBM 607 

appears to be the most threatened, considering the history of past sediment flux reductions 608 

and the magnitudes of the future decreases projected, however the Mahanadi is also 609 

projected to suffer sediment delivery reductions, albeit to a lesser and more uncertain extent. 610 

The Volta has already seen such a large decrease in sediment delivery that it is likely that 611 

the system is currently now unsustainable, and the projected future changes will not have a 612 

significant impact either in increasing or decreasing sediment fluxes and therefore 613 

sustainability. 614 

However, considering that the cause of the potential sediment flux reductions over 615 

the 21st century is direct anthropogenic interference in the catchments, not global climate 616 

change, there is also the potential to prevent or appropriately manage any fall in sediment 617 

delivery to the deltas to mitigate any destabilising effects. Prevention of the projected 618 

reduction in sediment fluxes could be achieved by, for instance, managing reservoir 619 

construction and operation to decrease sediment trapping. The level of threat depends on 620 

the, largely unknown, current state of the deltas and the links between this current state and 621 

fluvial sediment delivery. While this research has presented 'recent' past projections of 622 

sediment delivery, it is unknown whether these 'recent' past sediment fluxes are adequate to 623 

maintain the deltas in a morphological and area sense under sea-level rise and subsidence. 624 

It is possible that these 'recent' past sediment fluxes were not adequate to sustain the delta 625 

system, particularly for the GBM and Volta deltas, and that the deltas are currently in a state 626 

of degradation, or that environmental changes in the first part of the 21st century have 627 

already reduced sediment delivery to below a sustainable level. It is worth noting that the 628 

GBM delta still appears to be significantly accreting in the Meghna estuary (Akter et al. 629 

2016), while the Volta delta has experiences widespread and significant coastal erosion over 630 

the last few decades (Appeaning Addo et al. 2018).The current state of the Volta in particular 631 
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is similar to the Nile (Sharaf El Din 1977, Bohannon 2010, Darwish et al. 2017) in that the 632 

sediment supply has been all but eliminated due to reservoir construction. 633 

While the results provide projections of sediment delivery within the modelling 634 

framework, the following limitations have to be kept in mind. WBMsed is a global model with 635 

relatively coarse resolution inputs, so while it provides reasonable results across the globe it 636 

does not necessarily take into account local inputs and processes. This modelling setup 637 

means that the results should be taken as indicative of likely directions and magnitudes of 638 

change rather than precise and accurate predictions of past, current, and future sediment 639 

fluxes. An additional factor is that the projected environmental changes have never before 640 

been observed and so there is no way of verifying the simulated potential response of fluvial 641 

systems. This situation is particularly true for the projected socioeconomic changes, which 642 

are globally unprecedented and therefore represent a leap into the unknown for fluvial and 643 

other earth systems. 644 

 645 

5 Conclusions 646 

This research has shown that the three deltas studied, the GBM, Mahanadi, and 647 

Volta, have contrasting trajectories of fluvial sediment fluxes and are therefore in different 648 

situations with regards to their current and future sustainability of fluvial sediment delivery. 649 

The GBM has already experienced a reduction in sediment delivery, and while it appears 650 

that the delta is still accreting this situation is likely to change with the large decreases in 651 

sediment delivery projected over the 21st century. The Mahanadi, in contrast, has seen an 652 

increase in sediment fluxes and so it is assumed, for lack of conflicting information, that the 653 

delta is not currently eroding. The projections of future sediment delivery to the Mahanadi 654 

depend primarily on the socioeconomic pathway followed, which suggests that the 655 

sustainability of the Mahanadi depends on anthropogenic activities yet to occur and could be 656 

compromised during the 21st century. Finally, the Volta has already seen an extreme 657 

reduction in sediment delivery to the delta, such that future environmental changes have little 658 

further effect. Without significant interventions the Volta's delta will continue to erode. 659 
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The lines of future work to pursue with this research are many and varied, and will 660 

evolve with improved observed data, advancing projected input datasets and model 661 

development. For instance, considering the limited and uncertain observed data, remote 662 

sensing could be used to verify model results in future works. Remote sensing applications 663 

for sediment mapping are well established (e.g. Curran and Novo, 1988; Nellis et al., 1998; 664 

Chu et al., 2012; Umar et al., 2018), and are based on identifying the spectral signature 665 

changes of water bodies with a range of sediment concentration (Hudson et al., 2014; 666 

Lymburner et al., 2016). This research on future sediment delivery could support further 667 

work on relative sea-level rise in deltas, such as that by Tessler et al. (2017), to develop a 668 

more complete perspective on delta sustainability. In addition, the WBMsed model has 669 

undergone recent developments which have the potential to improve future work on 670 

modelling fluvial sediment delivery, in particular the introduction of a new land use parameter 671 

which improves the spatial representation of the anthropogenic influence, as well as on the 672 

original categorical nature of anthropogenic influence (detailed in Table 1). While WBMsed is 673 

a hydrogeomorphic model only the output sediment fluxes have been analysed here, 674 

however there is the potential to investigate coupled water and sediment fluxes which could 675 

provide insight as to whether systems are sediment supply or transport limited. 676 

Although the precise severity of the risk to each delta’s sustainability is unknown due 677 

to a paucity of information on the current states of the deltas and the links to fluvial sediment 678 

delivery, it is clear that all three deltas are at risk from reduced sediment delivery, whether 679 

historical or projected, which has the potential to alter the state of the systems. Changes in 680 

the catchment system should be assessed in terms of their effects on the deltas systems, 681 

considering whether catchment development can proceed in ways that minimise 682 

downstream impacts, for instance by minimising sediment trapping in reservoirs as 683 

previously mentioned. This would admittedly be a complex process considering the 684 

transboundary nature of the catchments feeding the three deltas, and would be a major 685 

innovation in policy. However, it is vital for downstream countries that any upstream 686 

catchment changes are discussed with regards to their impact on the deltas, particularly in 687 
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regards to the key activities of reservoir construction, other channel engineering, and land 688 

use such as changing agricultural practices. If catchment development continues without 689 

systematic, integrated, catchment wide management it is possible that the delta systems will 690 

be (potentially further) destabilised, disrupting the lives and livelihoods of those that live or 691 

depend on the deltas. 692 
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