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The world’s major river deltas provide bountiful ecosystem services to hundreds of 16 

millions of people1,2, but there are widespread concerns that their ability to support 17 

these critical functions is being threatened by increases in salinity and the extent of tidal 18 

zones3, forced by sea-level rise4. Changes in the position of the fluvial-marine interface 19 

are governed not only by climate-driven sea-level rise, but by other factors including 20 

variations in river discharge and channel geometry5,6. However, the relative 21 

contributions of different driving factors to shifting tidal extent remains unconstrained. 22 

Here we use new field data and hydrodynamic modelling to quantify the influence of 23 

these different driving factors on accelerating tidal extension in the Mekong delta, both 24 

for the recent past and projected into the future under a range of policy, regulation and 25 

climate change scenarios. Our results indicate that, within the next two decades, tidal 26 

extension into the delta will increase by up to 56 km due to channel deepening, 27 

primarily driven by anthropogenic sediment starvation, which accounts for almost all 28 

(92%) of this incursion. Eustatically rising sea-levels are found to contribute only 29 

modestly. These findings will be transferable to other large sediment starved deltas that 30 

are facing similar challenges. 31 

 32 

The world’s deltas occupy less than 1% of the global land surface, but 339 million people 33 

(4.5% of the global population) live on them7. The ecosystem services that deltas support 34 

provide a range of socio-economic functions2 that underpin global food security4. However, 35 

many large deltas are being drowned1 due to rapid relative sea-level rise, which in 46 of the 36 

world’s largest deltas averages rates of >6 mm yr-1(8), presenting a major threat to these 37 

systems9. The rapid rises in relative sea-levels that are affecting large deltas stem from a 38 

range of compound pressures including eustatic sea-level rise, accelerated subsidence and 39 

sediment starvation10–12. Some studies estimate that by 2100, greenhouse gas (GHG)-driven 40 



eustatic sea-level rise alone will increase the areas at risk of flooding in the world’s deltas by 41 

>50%1, exacerbating saline intrusion into their sensitive ecosystems3,4. Delta subsidence, 42 

driven by compaction of sedimentary strata13, is also being accelerated due to increased rates 43 

of ground water extraction14,15. Furthermore, many large deltas are also sediment starved16 44 

due to major reductions in the supply of fluvial sediment caused by upstream dam 45 

construction17,18, rapid and accelerating sand mining19,20, and the construction of flood 46 

embankments12,21,22. Such sediment starvation potentially compromises the ability of deltas to 47 

offset rising sea-levels through sediment deposition1,23. The combined influence of these 48 

compounded pressures of relative sea-level rise and changes in water and sediment 49 

discharges, driven by global warming24 and catchment engineering25, directly effects the 50 

sensitive balance between fluvial and tidal forces that governs tidal extent in large deltas. 51 

This is important because the tidal extent regulates saline intrusion26, water and sediment 52 

routing27, and channel stability28. Yet, the relative impacts of the distinct pressures 53 

influencing tidal extent have not been quantified, hampering evidence-based policy to 54 

underpin adaptation and mitigation strategies.  55 

Here we use numerical hydrodynamic modelling to develop the first analysis of the 56 

respective influence of eustatic sea-level rise, river discharge and delta channel changes, the 57 

latter partitioned into channel erosion and subsidence, on tidal extension in a major delta, 58 

both for the recent past (1998-2018) and into the future (to 2098). We focus on the Mekong 59 

delta because it is classified by the Intergovernmental Panel on Climate Change (IPCC) as 60 

one of the three most vulnerable deltas globally29 and because it is representative of other 61 

large deltas in terms not only of the multiple drivers of change it is experiencing, but also in 62 

its response to these compound pressures. For example, similar to many other large deltas16, 63 

the supply of fluvial sediment to the Mekong has in recent decades been experiencing a major 64 

decline, from 160 Mt yr-1 in the 1980’s30 to 87 Mt yr-1 in 200531. These declining rates of 65 



fluvial sediment supply have been attributed to the effects of shifting tropical cyclonic 66 

tracks31 as well as extensive river impoundment and hydropower development across the 67 

Mekong’s catchment18. Furthermore, sections of the river and its delta have been subject to 68 

intensive sand mining, some of which is not regulated32, with official statistics alone 69 

documenting annual removal rates in excess of 50 Mt yr-1(33) compared to sand influx rates of 70 

6.2±2.0 Mt yr-1 at the delta apex20. As a result, similar to other large deltas such as the Chao 71 

Phraya34,35, Pearl36, Yangtze37 and Yellow38, the Mekong is subject to severe, 72 

anthropogenically-driven, sediment starvation, resulting in rapid and extensive channel 73 

erosion39. Synchronous to this channel erosion, the delta is also experiencing: (i) a eustatic 74 

rising of sea-levels, forced by global warming, which for the Mekong delta region is 75 

projected to be up to 1 m by 2100 (RCP 8.5) (relative to 1998) (see Methods and Extended 76 

Data Fig. 8), and; (ii) an anthropogenically accelerated sediment compaction which is 77 

projected to give cumulative subsidence of up to 1.4 m by 2100 (relative to 1990), under the 78 

most extreme ground water extraction scenario40. 79 

 80 

Anthropogenic channel bed-level lowering 81 

To develop our hydrodynamic simulations of the Mekong delta, we used extensive field 82 

survey data (collected in 2018, see Methods) to map the topography of the Vietnamese 83 

Mekong delta’s (henceforth VMD) principal distributary channel network (Fig. 1a). We also 84 

collated historical channel surveys41, albeit covering only around 51% of the principal 85 

channel network, for the years 1998 and 2008. We then compared (see Methods) the common 86 

areas of the historical (1998, 2008) and contemporary (2018) channel surveys to reveal a 87 

substantial, accelerating, bed-level lowering of the delta channels since 1998. Specifically, 88 

our data reveal a mean bed-level lowering of 2.5 m (σ = 3.9 m) since 1998, with change 89 

being most prominent in the landward sections, whereas in areas very close to the shore 90 



almost no change was observed (Fig. 1a). Comparisons at decadal intervals reveal that the 91 

bed levels of the common areas were lowered by 0.9 m (σ = 3.2 m) during 1998-2008, and by 92 

1.6 m (σ = 2.9 m) during 2008-2018 (Extended Data Fig. 2). Volumetric differencing of the 93 

common areas, and removal of the relatively small influence of subsidence from measured 94 

changes (see later and Methods), for the 1998, 2008 and 2018 surveys, revealed historical 95 

sediment losses of 55±17 Mt yr-1 during 1998-2008 and 94±20 Mt yr-1 during 2008-2018. 96 

Extrapolating these values of channel erosion over the full extent of the VMD principal 97 

channel network gave estimated total sediment losses of 108±33 Mt yr-1 and 184±39 Mt yr-1 
98 

for 1998-2008 and 2008-2018, respectively (Fig. 1b). We then combined the observed 99 

trajectory of bed-level lowering with the 2018 survey, which covered the entire principal 100 

channel network, taking into consideration the spatial variability of quantified changes (see 101 

Methods and Extended Data Figs. 3, 4). This enabled us to project the future morphology of 102 

the delta channels (Fig. 1c), assuming a ‘business as usual’ evolution of compound pressures, 103 

giving an estimated bed-level lowering of some 5.3 (3.9) m by 2038 (2028), relative to the 104 

1998 analogue. 105 

The average GHG-driven eustatic sea-level rise is projected as 0.25 m in 2038, relative to 106 

1998 regional sea levels (Fig. 1d, blue line), across all Representative Concentration Pathway 107 

(RCP) scenarios we consider here42 (Extended Data Fig. 8). In contrast, the linearly projected 108 

channel geometry for 2038, forced by sediment starvation and subsidence, is some 5.3 m 109 

lower than in 1998 (Fig. 1d, red line) suggesting that the channel bottoms in 2038 will be 110 

some 5.55 m lower with respect to sea-level than they were in 1998 (Fig. 1d, black line). 111 

Estimates of historical and future subsidence for the VMD indicate only ~0.2 m of 112 

cumulative subsidence during 1991-2018, which is projected to increase to 0.4 m by 2038, 113 

under a worst-case scenario of groundwater abstraction40 (Fig. 1d, green line). Therefore, the 114 

vast majority of bed-level lowering in our scenarios for the recent past (2.3 of 2.5 m between 115 



1998 and 2018) and future (2.6 of 2.8 m between 2018 and 2038) is attributable to channel 116 

erosion (Fig. 1d, orange line) triggered by anthropogenic sediment starvation under the 117 

combined influence of reduced sediment supply from the catchment and excessive river bed 118 

mining. 119 

 120 

Fig. 1| Evolution trajectories for the Vietnamese Mekong delta. a, Contemporary (2018) bed 121 

elevations of the principal delta channel network also showing bed-level changes relative to 122 

1998 (missing areas in grey). b, Sediment losses computed for the historical (1998-2018) 123 

period (extrapolated to the full delta extent in grey) and linearly extrapolated 20 years into the 124 

future. c, Future delta morphologies generated via linear projected estimates of future channel 125 

evolution. d, Trend of channel bed-level relative to sea-level broken down into eustatic sea-126 

level rise and channel bed lowering components, the latter being the sum of channel erosion 127 

and subsidence40.  128 



Anthropogenically-driven tidal extension  129 

All our hydrodynamic modelling (see Methods) was forced by a progressive bed-level 130 

lowering of the delta distributary channels. Specifically, we constructed two historical 131 

analogue scenarios to represent the 1998 (HA1) and 2008 (HA2) bathymetries and three 132 

potential sediment management mitigation scenarios (see Methods). The first mitigation 133 

scenario (Scenario M1) is a hypothetical scenario in which effective regulation is enforced 134 

immediately to maintain the delta channel geometry at its contemporary (i.e., 2018) state 135 

(Fig.1a). Scenario M2 corresponds to a trajectory where mitigation is deferred and the delta 136 

channels continue to lower their beds at their present rates until 2028, when further bed-level 137 

lowering is halted by policy intervention. Scenario M3 represents a trajectory in which 138 

mitigation is delayed until 2038 (Fig.1c). The hydrodynamic modelling was also forced by a 139 

eustatic sea-level rise (Fig. 1d) corresponding to the regional RCP projections (see Methods 140 

and Extended Data Fig. 8) and with river discharges corresponding to the 2001, 2010 and 141 

2013 annual hydrographs to simulate a wet, dry and median monsoonal year, respectively 142 

(see Methods and Extended Data Fig. 8). These river discharges cover a range spanning more 143 

than one standard deviation around the 2001-2018 mean annual flow (Extended Data Fig. 8). 144 

A total of 105 scenarios were investigated (90 are shown in Fig. 2), spanning a wide range of 145 

compound pressures. Simulated discharges (see Methods) show strong seasonal variability, 146 

driven by the monsoon-governed variations in river discharge, as well as hourly fluctuations 147 

governed by the tidal oscillations of the sea boundary. We quantify the tidal extent for each 148 

scenario by measuring the mean distance between the tidal limit (see Methods for definition) 149 

and the channel mouths (n = 7). Henceforth we report values of tidal extent corresponding to 150 

the median (2013) river discharge, values for the lower (2001; wet year) and upper (2010; dry 151 

year) bounds are provided in Fig. 2.  152 



The simulated average tidal extent (TE) into the delta in 1998 was 41 km. Our simulations 153 

show that if the channel geometry had been maintained at 1998 conditions (HA1), the tidal 154 

limit would have migrated only 1.3 km landward (TE = 42.3 km) during 1998-2018 and an 155 

additional 9.3 km (TE = 51.6 km) during 2018-2098, driven solely by the eustatically rising 156 

sea-levels (Fig. 2, grey panels) predicted by the RCPs (see Methods). However, for the 157 

simulations in which the bed-level lowering during 1998-2018 is included, migration of the 158 

tidal limit was forced landward by 13.2 km so that its predicted location by 2018 was 54.2 159 

km from the channel mouths. Should immediate (2018) aggressive action be taken to halt 160 

channel deepening (Scenario M1), the tidal limit is predicted to migrate a further 7.1 km 161 

landward (TE = 61.3 km) by 2098 due to the ongoing eustatic sea-level rise (Fig. 2, green 162 

panels). In the M1 scenario, the tidal limit (TE = 61.3 km) predicted in 2098 is located almost 163 

10 km further landward than the HA1-based equivalent (TE = 51.6 km). However, if channel 164 

degradation continues for another decade (scenario M2), the predicted tidal extent by 2098 is 165 

89.9 km, some 35.7 km more than in 2018 (Fig. 2, orange panels). And, if channel 166 

degradation is not halted until 2038 (scenario M3) tidal extent is predicted to more than 167 

double by 2098 (TE = 106.3 km), an increase of 52 km relative to 2018 (Fig. 2, red panels). 168 

These trajectories, showing the potential future evolution of the tidal extent within the delta 169 

system under different drivers of change, are summarised in Fig. 3. The VMD is subjected to 170 

two groups of pressures of different magnitude. GHG-driven sea-level rise alone forces a 171 

slow, progressive, tidal extension of ~0.1 km yr-1 (Fig. 3, grey dotted line). However, channel 172 

bed-level lowering, dominated by erosion during the last twenty years, forces a much more 173 

rapid (0.5 km yr-1) landward migration of the tidal limit (Fig. 3, black line). If the process of 174 

bed-level lowering continues unmitigated, the tidal extent in 2098 is projected to be double 175 

that in 2018. Our simulations also show abrupt accelerations of the landward migration of the 176 

tidal limit, interpreted here as being related to the location of the tidal limit relative to the 177 



delta topology. Since the delta is increasingly bifurcated downstream43, and because channel 178 

widths increase seaward where tides are more dominant27, both the number of distributary 179 

channels and the total channel cross-sectional area decrease landward (Extended Data Fig. 180 

10). Thus, as the tidal limit migrates landward, fewer and narrower channels exist to attenuate 181 

tidal energy. This mechanism creates a positive feedback which propagates the tidal limit 182 

further landward. Considering our historical trajectory (Fig. 3, black line) in relation to the 183 

delta topology (Extended Data Fig. 10) suggests that channel narrowing further exacerbated 184 

the tidal extension (which is driven primarily by channel erosion) between 2008 (TE = 44.5 185 

km) and 2018 (TE = 54.2 km). Our future trajectories will also similarly accelerate should the 186 

tidal extent become greater than 70 km, which falls within a transition zone (60-90 km) of 187 

acute reduction of total cross-sectional area and number of distributary channels (Extended 188 

Data Fig. 10). This key distance of 70 km is also close to the major cities of Can Tho (c. 75 189 

km) and Vinh Long (c. 80 km) and could be crossed by the tidal incursion in the near (before 190 

2038) or medium-term (after 2064) future under scenarios M3 and M2, respectively. If 191 

immediate action to halt channel deepening is taken (scenario M1) the tidal extent will 192 

remain relatively constrained (TE < 70 km), for the majority of fresh-water fluxes, until the 193 

end of the century, avoiding this risk.  194 



 195 

Fig. 2| Simulated mean annual tidal extent. The colour scale indicates the fluvial-tidal 196 

transition (under a median annual river discharge). Green, black and red lines show the 197 

location of the tidal limit under low, median and high mean annual river discharges, 198 

respectively. Text labels indicate the tidal extent for each scenario. Sea-level rise is denoted 199 

on the horizontal axis and is relative to local mean sea-level for 1998 (see Methods). Mean 200 

channel bed lowering scenarios M1, M2 and M3 (see Methods) are denoted along the vertical 201 

axis relative to the 1998 (HA1) channel morphology. Coloured borders relate to the 202 

trajectories of Fig. 3.  203 



 204 

Fig. 3 | Future trajectories of tidal extension under the mitigation scenarios M1, M2 and M3. 205 

The black line denotes the historical trend, the grey dotted line represents a hypothetical trend 206 

(HA1) forced only by rising sea-levels with no channel change relative to 1998. Coloured 207 

lines show projected future tidal extension driven by combinations of channel bed-level 208 

lowering and rising sea-levels under the M1 (green), M2 (orange) and M3 (red) mitigation 209 

scenarios. Lines and coloured ribbons represent the median, lower and upper bounds of mean 210 

annual river discharge scenarios, respectively. Coloured circles correspond to the tidal extents 211 

indicated in Fig. 2. 212 

 213 

Discussion  214 

Should channel bed lowering continue unmitigated, tidal extent in the Mekong delta will 215 

increase by ~56 km in the next two decades. This dramatic landward migration of the tidal 216 

limit risks causing a collapse of ecosystem services, threatening food security, via 217 

exacerbation of saline intrusion4,26. Tidal extension also affects delta channel stability and 218 



flood risk because of changes in bifurcation function28 and water and sediment routing27. It is 219 

imperative, therefore, to identify correctly the dominant drivers of tidal extension in order to 220 

develop viable mitigation and adaptation strategies. Importantly, to date the dominant 221 

narrative has focused on the role of climate change driven sea-level rise3,4 and land 222 

subsidence15,40 in driving tidal extension. Our results highlight that although such factors are 223 

indeed important contributors to tidal extension in the long term (i.e., by 2100), channel 224 

erosion linked to anthropogenic sediment starvation, induced not only by damming but also 225 

sand mining, has a rapid and substantial influence that dominates all other drivers of tidal 226 

extension combined. This means that attempts to mitigate against tidal extension must focus 227 

on reversing the negative sediment budgets that are driving channel erosion. Our findings 228 

likely have widespread implications, as the Mekong is not the only large delta system that is 229 

sediment starved and which is highly vulnerable to tidal extension. Fluvial sediment 230 

reduction has been reported for many large rivers16 and their deltas including the Chao 231 

Phraya34,35, Pearl36, Yangtze37 and Yellow38. It is clear that attempts to maintain climate 232 

resilient deltas globally will fail unless they include efforts to establish, sustain and enhance 233 

positive sediment budgets into their fragile systems. 234 
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Methods 337 

We quantify historical bed level lowering of the principal distributary channels of the 338 

Vietnamese Mekong delta (VMD) by comparing successive bathymetric surveys for the years 339 

1998, 2008 and 2018. We then propagate the identified trends of bed level change 20 years 340 

forward by assuming a ‘business as usual’ evolution of pressures, and also generate potential 341 

future alternate delta analogues. We also develop a two-dimensional hydrodynamic 342 

numerical model (based on the delta topographies) and undertake a series of numerical 343 

experiments (n=105 simulation scenarios) to explore the response of delta hydraulics under a 344 

range of compound pressures, accounting for co-variations in: (1) eustatic sea-level rise; (2) 345 

river discharge, and; (3) channel bed lowering. We analyse annual time series of predicted 346 

hourly water discharges at 100 locations across the delta channel network and quantify tidal 347 

extension for each one of the scenarios investigated.  348 

 349 

Historical bathymetric surveys 350 

Our historical bathymetric data consist of point surveys for the years 1998 and 2008, obtained 351 

from the Mekong River Commission41. These bathymetric surveys cover approximately 51% 352 

(432 km2) of the delta’s principal distributary channels (Extended Data Fig. 1) and have a 353 

mean survey density of 31 and 46 points km-2 for the 1998 and 2008 surveys, respectively. 354 

The datasets contain elevation values (in m), relative to the Ha Tien 1960 mean sea level 355 

(MSL) and longitude-latitude coordinate pairs (in decimal degrees) referenced to the World 356 

Geodetic System 1984 (WGS84). These datasets have been previously reported39 and are 357 

based on depth measurements obtained using a bi-frequency echosounder with a depth 358 

uncertainty of ±0.2 m for every 10 m which generates a mean vertical error of 0.19 and 0.21 359 

m for 1998 and 2008, respectively. Details about the horizontal accuracy of the survey data 360 

and precise survey dates are not specified, but are estimated to be ±10 m. We adopted the 361 



Universal Transverse Mercator (UTM) coordinate system and projected the geographic 362 

coordinates into WGS84 UTM 48N. We verified historic MRC data and procedures used for 363 

vertical referencing, and then converted the elevation values from the Ha Tien 1960 to the 364 

Hon Dau 1992 MSL by subtracting the 0.167 m offset from each reported elevation. Hon Dau 365 

is the vertical datum which is currently used in Viet Nam. 366 

 367 

Contemporary bathymetric survey 368 

Our contemporary bathymetry was obtained from a delta-wide survey we conducted in May 369 

2018. We used two survey vessels, equipped with identical single beam echo-sounding 370 

(SBES) systems consisting of a Garmin GT20-TM sonar transducer linked to a Garmin 371 

global positioning system (GPS). The sonar transducer was mounted on a vertical pole on the 372 

side of the boats, with the transducer heads fully submerged (~0.5 m) below the surface of the 373 

water. The precise level of submergence was checked regularly (> 1/day). For the majority of 374 

our surveys the sonars were operated at a pulse frequency of 800 kHz that had a beam angle 375 

of 1.6o. At a limited number of locations, where the water depth exceeded the range that the 376 

800 kHz pulse frequency was capable of reaching (>40 m), we switched to a lower, 455 kHz, 377 

pulse frequency that had a wider beam angle of 2.5o. The SBES systems recorded data at a 378 

frequency of 1 Hz. We continuously monitored vessel speed and kept these below 20 km hr-1 379 

to minimise air entrainment and data noise. Garmin does not specify a measurement error for 380 

their SBES system, hence we adopt the same vertical uncertainty as for the historical data 381 

(i.e. ±0.2 m for every 10 m), which generates a mean vertical error of 0.25 m for the 2018 382 

dataset. We henceforth propagate the mean errors of the historical and 2018 surveys into our 383 

volumetric differencing and subsequent erosion rates. A limited part of the principal delta 384 

channels (145 km2 out of 854 km2) had already been thoroughly surveyed (1084 pts km-2) in 385 

2014 (Extended Data Fig. 1). We surveyed these areas following a straight course along the 386 



channels (404 pts km-2) to identify general trends of change within the 4-year period (see 387 

later). We then concentrated our efforts to extensively survey (677 pts km-2) the remaining 388 

areas (709 km2 out of 854 km2), that had not been surveyed since 2008, following predefined 389 

courses aimed at optimising channel coverage. In channel reaches surveyed by a single vessel 390 

the survey tracks followed oblique cross-sections crossing from bank to bank, thereby 391 

forming a ‘^’ shape (referred to here as open triangles) with the apexes of the open triangles 392 

spaced approximately two channel widths apart. In channel reaches surveyed by both vessels 393 

we obtained symmetrically intertwined open triangles.  394 

We used Sonar TRX pro44 to convert the acoustic recordings into arrays consisting of 395 

timestamps, projected (WGS84 UTM 48N) coordinates, and measurements of water depth 396 

below the transducer head. We manually removed erroneous recordings from the datasets 397 

(such erroneous recordings appeared as zero depths) and summed the water depth below the 398 

transducer to the level of submergence of the transducer head to calculate the total water 399 

depth for each data point. These total water depths were transformed to elevations using 400 

hourly water level recordings from the Vietnamese hydrological agency’s network of water 401 

level monitoring stations (Extended Data Fig. 1), these water surface elevations being 402 

referenced to the Hon Dau MSL. We linearly interpolated each water surface elevation time 403 

series to provide 10-minute tide intervals. For each measurement location we then used 404 

concurrent water level recordings from cognate stations to estimate water surface elevation at 405 

the measurement location, via interpolation of the gauged water surface elevations using 406 

biharmonic splines45 in MATLAB. We then compared the bed elevations measured in 2014 407 

with the corresponding ones measured in 2018 (following a straight course) and found that 408 

within the 4-year period the landward section of the main Mekong had been lowered by 2.9 409 

m on average, whereas a limited section of the Bassac had been raised by 0.6 m on average. 410 

We adjusted the 2014 data accordingly and used them to augment our 2018 survey data. 411 



 412 

Principal channel bed surfaces 413 

We used ArcGIS 10.7 to interpolate channel bed surfaces from the survey data and compare 414 

historical and contemporary channel morphology. Because of flow directionality, channel 415 

topography typically varies less along the longitudinal and more along the transverse channel 416 

direction. To account for this anisotropy we employed a flow-oriented asymmetric 417 

interpolation46,47. Specifically, we used freely available Landsat images to digitise the 418 

boundary of the delta channels for the years 1998, 2008 and 2018 and partitioned them into 419 

sections of relatively constant channel direction (n = 96). We then selected all bathymetric 420 

data, of a specific survey, located within each section and, using the Geostatistical Analyst 421 

toolbox (Geostatistical Wizard), performed a separate ordinary kriging interpolation for each 422 

section. During each ordinary kriging interpolation, the data was detrended by identifying and 423 

removing the first order surface trend and anisotropy was accounted for by using an 424 

elliptically shaped search neighbourhood. The ellipsis was oriented with its major axis 425 

parallel to the longitudinal direction of the respective channel section, had a minor axis length 426 

similar to the mean channel width of the respective section, and an aspect ratio of 427 

approximately 3:1. We chose a 50 m cell size for the resulting interpolation surfaces. We 428 

combined the individual sections to create our contemporary and historical maps of channel 429 

bed elevations (Fig. 1 and Extended Data Fig. 2).  430 

 431 

Surface differencing and rates of historical channel erosion 432 

We converted our topographic surfaces into Triangular Irregular Networks (TINs) and used 433 

the 3D Analyst toolbox (Surface Difference) to compare historical and contemporary surfaces 434 

(Fig. 1 and Extended Data Fig. 2), and quantify volumetric changes. We found that during the 435 



1998-2008 period the bed levels in the common areas (51% of the principal delta channels) 436 

were lowered by an average of 0.9 m (σ = 3.2 m) with a calculated volumetric change of 437 

371×106 ±105×106 m3 and that in the period 2008-2018 the bed levels in the common areas 438 

were lowered by an average of 1.6 m (σ = 2.9 m) with a calculated volumetric change of 439 

635×106 ±122×106 m3. Minderhoud et al.40 have, in previous work, quantified a mean 440 

cumulative subsidence of the Mekong delta plain of 0.2 m for the period 1990-2018. 441 

Therefore, at least 2.3 out of the 2.5 m (92%) of bed-level lowering that we quantify for the 442 

period 1998-2018 cannot be explained by subsidence and must be as a result of channel 443 

erosion. Accounting for this modest subsidence, this generates sediment loss estimates of 444 

approximately 341×106 ±97×106 m3 and 584×106 ±112×106 m3 which, assuming a bulk 445 

density of 1600 kg m-3, corresponds to 546±155 Mt and 934±195 Mt for the 1998-2008 and 446 

2008-2018 periods, respectively. We assume that the channel erosion we quantify here, based 447 

on the common areas (51% of the principal delta channels), is representative of the processes 448 

occurring in the remaining (49%) areas of the principal delta channels that are not covered by 449 

the historical surveys. Extrapolation of the above sediment losses across the entire principal 450 

channel network suggest that the delta river bed lost sediment at average rates of 108±33 Mt 451 

yr-1 during 1998-2008 and 184±39 Mt yr-1 during 2008-2018 (Fig. 1). 452 

 453 

Future and historical channel bed-levels 454 

Our channel change analyses (Extended Data Fig. 2) demonstrate that bed-level lowering has 455 

been more extensive in the landward regions of the delta, especially during 2008-2018. This 456 

is likely due to an increasing sediment influx from the coast48 and the increased sand mining 457 

activity that is particularly concentrated in the landward reaches of the VMD.  To summarise 458 

this pattern, we extracted laterally averaged differences in channel topography at 459 

approximately 1 km intervals along the principal Mekong (section indicated as MM’ in 460 



Extended Data Fig. 2c) and Bassac (section indicated as BB’ in Extended Data Fig. 2c) 461 

channels, and quantified the linear trend of change for each channel (Extended Data Fig. 3). 462 

We then interpolated spatially the two channel change trends into raster maps that represent 463 

the historical trends of channel bed-level lowering across the principal delta channel network 464 

(Extended data Fig. 4a-b).  465 

Due to the gaps in the historical datasets, we used the 2018 channel survey and historical 466 

trajectories to develop historical analogues of the entire delta for 1998 and 2008. Specifically, 467 

we added the 2008-2018 raster map of bed-level lowering (Extended Data Fig. 4b) to the 468 

contemporary (2018) channel survey (Fig. 1a) to produce the 2008 historical delta analogue 469 

(HA2) (Extended Data Fig. 4d). In this historical analogue (HA2) the channel bed levels of 470 

the VMD are on average higher by 1.4 m in 2008, relative to the 2018 condition. We then 471 

added the 1998-2008 raster map of bed-level lowering (Extended Data Fig. 4a) to the 2008 472 

historical delta analogue (HA2) to produce the 1998 historical delta analogue (HA1) 473 

(Extended Data Fig. 4c). In this historical analogue the channel bed levels of the VMD are on 474 

average higher by 2.6 m, relative to the 2018 condition.  475 

We also developed three future scenarios to represent the potential future evolution of 476 

channel geometry under different potential mitigation approaches. The first mitigation 477 

scenario (Scenario M1) is a hypothetical scenario in which effective regulation is 478 

implemented immediately to maintain the delta channel geometry at its contemporary (i.e., 479 

2018) state and as such matches the contemporary channel bed levels (Fig. 1a).  480 

Scenario M2 corresponds to a hypothetical trajectory where mitigation is deferred and the 481 

delta channels continue to lower their beds at their present rates until 2028, when further bed-482 

level lowering is halted. We produced the 2028 delta analogue (M2) by subtracting the 2008-483 

2018 raster map of bed-level lowering (Extended Data Fig. 4b) from the contemporary (2018) 484 



channel survey (Fig. 1a). In this future analogue (M2) the channel bed levels of the VMD in 485 

2028 are on average lower by 1.4 m, relative to 2018 (Fig. 1c).  486 

Scenario M3 represents a hypothetical trajectory in which mitigation is delayed still further 487 

until 2038 when further bed-level lowering is halted. We produced the 2038 delta analogue 488 

(M3) by subtracting the 2008-2018 raster map of bed-level lowering (Extended Data Fig. 4b) 489 

from the 2028 delta analogue (M2 in Fig. 1c). In this future analogue (M3 in Fig.1c) the 490 

channel bed levels of the VMD in 2038 are on average lower by 2.8 m, relative to 2018. We 491 

chose not to extrapolate scenarios of channel bed-level lowering beyond 2038 because of 492 

uncertainties surrounding both the extent of sediment reserves within the VMD and the future 493 

global demand for sand. 494 

 495 

Two-dimensional (2D) hydrodynamic model 496 

We developed our 2D hydrodynamic model (Extended Data Fig. 5) using the Danish 497 

Hydraulics Institute’s (DHI) MIKE21FM modelling suite49, using a combination of regular 498 

and flexible mesh elements (n=244000). Flexible elements were used within complex 499 

sections such as channel bends and bifurcations to provide the higher levels of detail 500 

required. Regular mesh elements were used within straight channel sections to increase the 501 

model’s computational efficiency. Because of its large domain and increased complexity all 502 

model simulations were undertaken using the University of Hull’s High-Performance 503 

Computing (HPC) system, Viper, where a full year simulation required approximately 1.5 504 

days to complete using twenty HPC nodes (560 processing cores). The domain topography 505 

was based on the 2018 measured bed elevations (M1) or the historical (HA1, HA2) or future 506 

(M2, M3) delta analogues, depending on the scenario investigated. To fully characterise the 507 

topography of the model domain we also used nearshore bathymetric data obtained in 2009 508 



by the Southern Institute of Water Resources Research using a Teledyne ODOM Hydrotrac 509 

echosounder coupled with a Trimble 5700 GPS. These data have a depth uncertainty of less 510 

than 10% of the measured depth. We also used offshore bathymetric data obtained from 511 

navigational charts that have a 25 km resolution. 512 

The landward boundary conditions were forced by hourly time series of river discharge as 513 

measured at the Tan Chau and Chau Doc gauging stations (Extended Data Fig. 5), with each 514 

time series covering a full year of varying flow conditions. The sea boundary was forced by 515 

tidal levels at hourly intervals that also covered a full year. These tidal levels were estimated 516 

from the global ocean tide model DTU1050 but calibrated against observations at three 517 

proximal monitoring stations (Gan Hao, Ben Trai and Vung Tau) (Extended Data Fig. 5), 518 

operated by the Southern Region Hydrometeorological Centre in Vietnam. To ensure the 519 

robust calibration and validation of our model, we used two distinct sets of boundary 520 

conditions corresponding to the years 2016 (for model calibration) and 2018 (for validation). 521 

The year 2018 is the year of our most recent channel survey and represents a high flood year 522 

with above-average mean annual discharge values, equal to 11767 m3s-1 (mean annual flow = 523 

10140 m3s-1) and 2553 m3 s-1 (mean annual flow = 2439 m3s-1) for Tan Chau and Chau Doc, 524 

respectively. The year 2016 is close in time to our 2018 survey, but represents a dry year with 525 

below-average mean annual discharge values, equal to 8963 m3s-1 and 1940 m3s-1 for Tan 526 

Chau and Chau Doc, respectively. We first run simulations using the boundary conditions for 527 

2016. Calibration was performed by adjusting the model’s hydraulic roughness, running the 528 

model for a full year and comparing model predictions against observations collected at a 529 

series of monitoring stations distributed across the delta (see Extended Data Fig. 5 for 530 

locations). We calculated the Nash-Sutcliffe model efficiency coefficient51 (NSE) to assess 531 

model performance. We achieved the best calibration results (Extended Data Fig. 6) when 532 

using a roughness value with a spatially variable depth dependence. Specifically, we 533 



partitioned the model domain into three regions (landward, central and seaward) and defined 534 

the Manning’s roughness coefficient (𝑛) using Equations (1)-(3): 535 𝑛𝑙𝑎𝑛𝑑𝑤𝑎𝑟𝑑 = 0.0003 × 𝐸 + 0.0329     (1), 536 𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑙 = 0.0002 × 𝐸 + 0.0226     (2), 537 𝑛𝑠𝑒𝑎𝑤𝑎𝑟𝑑 = 0.0002 × 𝐸 + 0.0201     (3), 538 

where 𝐸 is the local bed elevation referenced to Hon Dau MSL. The gradual reduction of the 539 

hydraulic roughness seaward, suggested by Equations (1)-(3), is in accordance to the gradual 540 

fining of the delta’s bed sediments in the same direction52. We then validated our model by 541 

conducting a full year simulation run using the 2018 channel survey with 2018 boundary 542 

conditions, again computing Nash-Sutcliffe model efficiency coefficient51 (NSE) values to 543 

assess model performance (Extended Data Fig. 7). 544 

 545 

Model Scenarios 546 

We designed a series of 105 simulation scenarios to explore the response of delta hydraulics 547 

under a range of compound pressures, accounting for changes in: (1) eustatic sea-level rise; 548 

(2) river discharge, and; (3) channel bed-level lowering.  549 

For eustatic sea-level rise, we used seven scenarios in our simulations, based on projections 550 

from the Warming Acidification and Sea level Projector (WASP)42, which are broadly 551 

consistent with the IPCC Fifth Assessment Report (AR5) projected range53. Specifically, we 552 

use regional projections for RCPs 2.6, 4.5, 6.0 and 8.5 for the grid point closest to the 553 

Mekong delta. Rather than using specific levels for particular RCP projections, we chose to 554 

use rounded values of sea-level rise that broadly reflect the full range projected by 555 

WASP42,54, for the grid point closest to the Mekong delta. We chose to assess 0.06, 0.1, 0.2 556 

and 0.25 m of sea level rise (relative to 1998) by the years 2008, 2018, 2031 and 2038, 557 



respectively. These levels of sea-level rise correspond approximately to average projections 558 

across all RCPs for this period (Extended Data Fig. 8). We also explored the effect of a 0.5 m 559 

sea-level rise which is predicted by all RCPs (but for different years) and that of a 1 m SLR, 560 

that reflects the upper end of the RCP 8.5 by 2100. Within the hydrodynamic model, our 561 

open sea boundary was driven by hourly tidal heights extracted from DTU1050 for the full 562 

year 1998 and calibrated against hourly observations from the proximal monitoring stations 563 

of Ganh Hao, Ben Trai and Vung Tau for the same year (Extended data Fig. 8). We vertically 564 

offset the tidal height timeseries by the specific mean sea-level rise scenarios (Extended Data 565 

Fig. 8). 566 

The effects of river discharge variability were assessed using three distinct river flow 567 

discharge data sets. Specifically, we used hourly observations of river discharge at Tan Chau 568 

and Chau Doc (see Extended Data Fig. 5 for station locations) that covered the entire years 569 

2013, 2010 and 2001 (Extended Data Fig. 8). We selected these specific years because their 570 

mean annual discharge values are close to the median, lower and upper bounds, respectively, 571 

of the full range of discharges observed during the period 2001-2018.  572 

Finally, to explore the effects of channel bed-level lowering on delta hydrology we repeated 573 

all simulations with five different bathymetries that included our contemporary bathymetry 574 

(M1), along with the historical (HA1, HA2) and future (M2, M3) delta analogues. 575 

 576 

Tidal Extension 577 

We used the 2D hydrodynamic model to simulate flow through the entire principal channel 578 

network for a full year, extracting the simulated water discharge values at one-hour intervals 579 

at 100 locations across the delta (Extended Data Fig. 9). These simulated discharges show 580 

strong seasonal variability, driven by the monsoon-governed variations in river discharge, as 581 



well as hourly fluctuations governed by the tidal oscillations of the sea boundary. We adopted 582 

the convention that, under complete fluvial dominance, the flow is always positive (100% 583 

Q>0), with water flowing seaward. Under complete tidal dominance the flow would vary 584 

equally between positive and negative (inversed flow) discharge values (50% Q>0), resulting 585 

in a net zero discharge over a full year, whereas a 75% Q>0 represents the zone where fluvial 586 

and tidal forces equalise. At each one of the 100 study locations we used the extracted hourly 587 

discharge values across the year-long time series to calculate the ratio of positive and 588 

negative discharge. We used this ratio to map the spatial transition between fluvial and tidal 589 

dominance across the delta. Typically, the tidal limit is defined as the landward position 590 

within a delta or estuary where tidal influence is no longer evident55. For the Mekong delta, 591 

tidal-induced water level fluctuations extend into Cambodia56 further landward than our study 592 

area and model domain. We therefore adopt the location where 75% of the total annual 593 

discharge is positive to define the mean annual boundary of the tidal extent, or tidal limit 594 

(TL). In this way our defined TL is located within our study area and model domain but, 595 

more importantly, it partitions the delta into a fluvially dominated zone that extends landward 596 

of the TL and a tidally dominated zone that extends seaward. 597 
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Data availability Historical (1998, 2008) channel survey data are available from the Mekong 631 

River Commission at: https://portal.mrcmekong.org/data-catalogue. The cotemporary (2018) 632 

channel survey data collected with the SBES, the 1998-2018 hourly time series of water 633 

discharge and the hourly time series of water surface elevations for years 2016 and 2018 are 634 

available at: https://hydra.hull.ac.uk/resources/hull:17951 . Sea level rise predictions 635 

produced by WASP are available at: 636 

https://ivanhaigh.com/data/obshist_annual_gmsl_projections/. 637 
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Extended Data 660 

 661 

Extended Data Fig. 1 | Extents of the various channel survey datasets used in the study also 662 

showing the locations of water level gauges (black circles) used to convert the 2018 single 663 

beam echo-sounding measurements into bed elevations with respect to the Hon Dau Mean 664 

Sea Level. 665 



 666 

Extended Data Fig. 2 | Historical channel bed levels (referenced to Hon Dau Mean Sea Level) 667 

and changes for the Vietnamese Mekong delta. a, 1998 bed levels of the principal delta 668 

channel network. b, 2008 bed levels of the principal delta channel network. c, Channel bed 669 

level change between 1998 and 2008 d, Channel bed level change between 2008 and 2018 670 

(missing areas in grey). 671 



 672 

Extended Data Fig. 3 | Laterally averaged differences of bed levels along the main Mekong 673 

(left) and Bassac (right) channels for the periods 1998-2008 (top) and 2008-2018 (bottom), 674 

also showing the derived linear trends of bed-level change (red lines, with the fit parameters 675 

also annotated on each subplot).  676 



 677 

Extended Data Fig. 4 | Spatio-temporal variations of channel bed-level lowering and derived 678 

historical analogues. a, Spatial variation of bed-level lowering for the period 1998-2008. b, 679 

Spatial variation of bed-level lowering for the period 2008-2018. c, Historical delta analogue 680 

for 1998 (HA1) derived from combination of the 1998-2008 data (a) with HA2. d, Historical 681 

delta analogue for 2008 (HA2) derived from combination of the 2008-2018 data (b) with the 682 

channel bed level map of 2018 (Fig. 1a). 683 



 684 

Extended Data Fig. 5 | Overview of the 2D hydrodynamic model of the VMD. a, Model 685 

domain showing elevations relative to Hon Dau Mean Sea Level (MSL), along with details of 686 

the model boundaries (black/blue circles for landward/seaward boundary condition locations) 687 

and locations of hydrometric stations used in the analysis. b, 2016 and 2018 data time series 688 

for discharge (black lines), with text labels indicating the mean annual discharge, and water 689 

levels (blue lines) relative to Hon Dau MSL used to force the model during the calibration 690 

and validation runs, respectively 691 



 692 

Extended Data Fig. 6 | Model performance for the year 2016 model calibration run. a, 693 

Comparison of observations (red lines) with model predictions (blue lines) at different 694 

hydrometric monitoring stations (see Extended Data Fig. 5 for locations of these stations) 695 

generated using the 2018 bathymetry and year 2016 boundary conditions. b, detail showing 696 

1-week long timeseries (1-7 April) during the dry season c, detail showing 1-week long 697 

timeseries (1-7 October) during the flood season. Text labels indicate the Nash–Sutcliffe 698 

model efficiency coefficient (NSE) computed for the full year data. 699 



 700 

Extended Data Fig. 7 | Model performance for the year 2018 model validation runs. a, 701 

Comparison of observations (red lines) with model predictions (blue lines) at different 702 

hydrometric monitoring stations (see Extended Data Fig. 5 for locations of these stations) 703 

generated using the 2018 bathymetry and boundary conditions. b, detail showing 1-week long 704 

timeseries (1-7 April) during the dry season c, detail showing 1-week long timeseries (1-7 705 

October) during the flood season. Text labels indicate the Nash–Sutcliffe model efficiency 706 

coefficient (NSE) computed for the full year data. 707 



 708 

Extended Data Fig. 8: Boundary conditions used for the various scenarios investigated. River 709 

discharge measurements at Tan Chau and Chau Doc (see Extended Data Fig. 5 for locations 710 

of these stations) for the years 2013, 2001 and 2010 (top) have mean annual values close to 711 

the median and upper and lower bounds of the 2001-2018 range, respectively (shown in box 712 

plots). Tidal fluctuations of water levels relative to Hon Dau MSL as measured at Vung Tau, 713 

Ben Trai and Ganh Hao (see Extended Data Fig. 5 for locations of these stations) for the year 714 

1998 (bottom left) were successively offset by a eustatic sea-level rise projected by RCP 715 

scenarios (bottom right). 716 



 717 

Extended Data Fig. 9 | Locations of hydraulic model results (left) and examples of simulated 718 

discharges at 4 different locations (locations 4, 44, 70 and 89), highlighting the different ratio 719 

of fluvial and tidal influences (right). The discharges shown here correspond to a simulation 720 

using the contemporary channel bed levels (M1), 2018 sea levels (+0.1m) and the median 721 

(2013) river discharge 722 



 723 

Extended Data Fig. 10 | Total channel cross-sectional area and number of distributary 724 

channels versus distance from the channel mouths. 725 



Figures

Figure 1

Evolution trajectories for the Vietnamese Mekong delta. a, Contemporary (2018) bed elevations of the
principal delta channel network also showing bed-level changes relative to 1998 (missing areas in grey).
b, Sediment losses computed for the historical (1998-2018) period (extrapolated to the full delta extent in
grey) and linearly extrapolated 20 years into the future. c, Future delta morphologies generated via linear
projected estimates of future channel evolution. d, Trend of channel bed-level relative to sea-level broken
down into eustatic sea-level rise and channel bed lowering components, the latter being the sum of
channel erosion and subsidence40.



Figure 2

Simulated mean annual tidal extent. The colour scale indicates the �uvial-tidal transition (under a median
annual river discharge). Green, black and red lines show the location of the tidal limit under low, median
and high mean annual river discharges, respectively. Text labels indicate the tidal extent for each
scenario. Sea-level rise is denoted on the horizontal axis and is relative to local mean sea-level for 1998
(see Methods). Mean channel bed lowering scenarios M1, M2 and M3 (see Methods) are denoted along
the vertical axis relative to the 1998 (HA1) channel morphology. Coloured borders relate to the trajectories
of Fig. 3.



Figure 3

Future trajectories of tidal extension under the mitigation scenarios M1, M2 and M3. The black line
denotes the historical trend, the grey dotted line represents a hypothetical trend (HA1) forced only by
rising sea-levels with no channel change relative to 1998. Coloured lines show projected future tidal
extension driven by combinations of channel bed-level lowering and rising sea-levels under the M1
(green), M2 (orange) and M3 (red) mitigation scenarios. Lines and coloured ribbons represent the median,
lower and upper bounds of mean annual river discharge scenarios, respectively. Coloured circles
correspond to the tidal extents indicated in Fig. 2.


