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Estuaries are highly dynamic wetland zones at the transition 
from the river to the ocean, susceptible to future climate 
change and especially to sea-level rise (SLR)1,2. In estuaries 

such as the Western Scheldt, Elbe and Yangtze, the channels provide 
access to inland harbours3 and the intertidal bars form a valuable 
ecological habitat4. The surrounding land is often densely popu-
lated; in fact, 21 of the world’s 30 largest cities are located next to 
estuaries5. Potential SLR-induced threats are increased flood risk6,7, 
reduced navigability8 and drowning of the intertidal habitat area3,9–

12. Estuary size and shape may affect their future response to SLR13,14, 
but SLR-induced changes in morphology have so far received little 
attention. Here we study changes in morphology and the resulting 
tidal dynamics for estuaries of different sizes worldwide.

Estuarine bars, tidal flats and salt marshes have the potential 
to grow with SLR if they import sufficient fluvial or marine sedi-
ment to adapt the morphology to the new boundary conditions15. 
Three key boundary conditions for estuary morphology and their 
potential to adapt are (1) planform shape, (2) tidal amplitude at the 
estuary mouth and (3) sediment supply. Together these parameters 
control the overall volume of water (tidal prism) and sediment 
moving in and out of the estuary14,16,17, which determine channel 
volume and the space available to form intertidal bars18. However, 
under SLR, tidal amplitudes at estuary mouths are likely to change 
because of shifting amphidromic points19,20. If the distance between 
the estuary mouth and amphidromic point increases, the tidal 
amplitude increases and vice versa. It remains unknown how the 
combined future SLR and changes in tidal amplitude will affect the 
tidal propagation and equilibrium morphology of bar-filled estu-
aries worldwide. Their future equilibrium morphology determines 
whether present-day fluvial sediment supply could be sufficient for 
adaptation of the morphology.

The balance between bed friction and channel-width conver-
gence determines whether the tidal range amplifies (becomes 
larger), remains constant (an ‘ideal estuary’) or dampens (becomes 
smaller) in the landward direction14,21–24. A future increase in mean 
sea level (MSL) reduces bed friction, which means that the tidal 

range can become increasingly amplified. The consequence is 
flood risk (higher high waters) and reduced navigability (lower low 
waters).

Human exploitation has largely affected the natural processes 
occurring in deltas and estuaries in the past centuries25. In par-
ticular, dyke construction and land reclamation3 have cut off the 
ecologically valuable flanking mudflats and salt marshes from the 
channels that supply sand and mud during inundations26,27. These 
intertidal areas provide storage space and friction for the tidal 
wave21, thereby naturally reducing flood risk. However, the chan-
nels are dredged for harbour accessibility, which reduces friction for 
the tidal wave, thereby enhancing flood risk3,10,11. Additionally, dam 
construction in rivers has largely reduced fluvial sediment supply to 
estuaries28–30. Here we evaluate how flood risk and drowning threats 
can be mitigated by managed realignment. Managed realignment31 
means removing coastal protection to expose additional, currently 
terrestrial, areas to tidal flooding, which widens the estuary.

We calculate the morphological and hydrodynamic response of 
36 estuaries worldwide to SLR and assess the potential for increased 
space by managed realignment. Estuaries varied from very small 
to very large (0.1–1,000 km2), which allowed us to test the effect 
of estuary size on SLR-induced threats. The required sediment for 
adaptation and flood water levels within the estuary are used as 
main indicators for coping with SLR.

Approach and scenarios
The effect of future SLR was studied in three scenarios (Fig. 1). 
To do so, a semi-empirical morphological tool32 was coupled with 
a one-dimensional (1D)-hydrodynamic model (see Methods) to 
estimate the present-day situation and the scenario effect. Here we 
briefly summarize the approach.

Depth distribution was estimated based on the estuary plan-
form shape, tidal amplitude at the mouth and river discharge 
(Supplementary Fig. 4 and Supplementary Table 2). Average depth 
at the landward boundary and seaward boundary were obtained 
from hydraulic geometry relations that were developed for rivers 
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and estuaries of different size and character17,33–35. Subsequently, 
the cross-sectional distribution of bed levels (that is, the hypsom-
etry) was obtained from a morphological relation between the local 
width and the width as expected from a fitted converging shape 

(ideal17,18,22,36,37). This relation results in a wide intertidal area when 
the local estuary is relatively large and vice versa for relatively narrow 
sections. The morphological output was translated into 1D-profiles 
of channel width, average channel depth, shoal width and average 
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Fig. 1 | SLR effects on boundary conditions of estuaries. a–c, Flowcharts along the top of panels indicate main morphological effects. The red dashed line 
indicates the scenario effect on water level and estuary width. Red arrows indicate changes in tidal amplitude at the mouth; am, tidal range at the mouth; 
Qr, river discharge. The cumulative distribution functions (cDFs) indicate hypsometric curves that summarize cross-sectional bed elevations in cumulative 
profiles. a, In the simple case (scenario 1, an increase in mSL), all boundary conditions remain equal, which means that the required sediment (Qs,req) for 
adaptation is the estuary surface area (A) multiplied by the increase in mSL (ΔmSL). b, Tidal range either increases (scenario 2, a+), decreases (scenario 
2, a−) or remains the same (scenario 1, a0) depending on the location of the estuary in relation to its amphidromic point (tidal node). changes in tidal 
amplitude at the mouth modify the tidal prism and thereby alter the equilibrium channel volume (Vch). This increases the required sediment for adaptation 
for decreasing amplitude (a−) and decreases the required sediment for increasing tidal amplitude (a+). c, The estuary widens (scenario 3, W(x)+) if 
surrounding land is drowned or by managed realignment. Increased planform width (W(x)) has a similar effect as scenario 2, but it additionally alters the 
cross-sectional distribution of bed levels, which means that salt marsh sediments become available for redistribution.
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shoal depth, which were used for a 1D-hydrodynamic model that 
solves the shallow water equations, resulting in the tidal range along 
the estuary21. This along-channel tidal range was used as the main 
indicator for flood safety, navigability and intertidal habitat area.

The three SLR scenarios increase in complexity. Scenario 1 is 
a worst-case increase in MSL of 1 m in 100 years and was used to 
analyse the effect of increased channel depth on tidal amplification 
(Fig. 1)1,14,19,27. Scenario 1 provides a baseline for the required sedi-
ment volume. Because all boundary conditions that affect morphol-
ogy remain constant, the future morphology is assumed to adapt so 
much slower than the sea level rises that it remains effectively equal 
to the estimated present-day morphology. The sudden deepening 
leads to flood-dominant estuaries that tend to import available sed-
iment. This means that the required sediment demand for recover-
ing morphological equilibrium at a higher sea level is simply the 
estuary surface area multiplied by the increase in MSL (Fig. 1a). In 
reality, however, the required sediment is modified by changes in 
tidal amplitude at the mouth due to SLR-imposed shifts of amphi-
dromic points19,20, which means the estuary has to adapt to a new 
equilibrium. Scenario 2 therefore explores the effect of changes in 
tidal amplitude at the mouth, varying from a decrease of 0.25 m 
(a−) up to an increase of 0.50 m (a++) (Fig. 1b). This scenario illus-
trates the effect of future changes in tidal amplitude at the mouth 
on the required sediment for adaptation. In scenarios 1 and 2,  
the estuary width was assumed to remain constant (we assume 
barriers such as embankments that prevent any surrounding land 
from flooding); however, in scenario 3 the effect of increased  
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estuary width is investigated (Fig. 1c). The increased estuary width 
modifies the estimated equilibrium morphology. Furthermore, 
sediment from former, flooded salt marshes becomes partly avail-
able for redistribution.

Scenario 1 is predominantly used to study the effect of increased 
channel depth on tidal amplification. Scenario 2 reveals a relation 
between required sediment for adaptation and future changes in 
tidal range. Scenario 3 explains under which conditions managed 
realignment has the potential to mitigate adverse effects of the pre-
vious scenarios. Furthermore, the results of sediment requirement 
were compared with geological cases, serving as references for the 
fate of estuaries. For this we used past planform sizes of six systems 
(Supplementary Table 1), which had previously evolved under SLR, 
that were in the same order of the expected future SLR.

estuary dimensions control the effects of SLR
We show that morphological and hydrological responses to SLR are 
different between small (channel convergence length <104 m), shal-
low (<10 m deep) and damping (hyposynchronous) estuaries and 
large (channel convergence length >104 m), deep (>10 m deep) and 
amplifying (hypersynchronous) estuaries (Fig. 2). Size dependency 
on responses to SLR was found in all three scenarios, for which the 
results are detailed below. Size-related characteristics (that is, the 
characteristic channel convergence length, depth of the estuary 
and present-day tidal prism) proved to be very strong indicators 
of sensitivity to SLR. Other estuary characteristics, for example an 
increase in tidal prism from a widened estuary planform and the 
ratio between bar area and total area, proved to be less suitable indi-
cators for sensitivity to future SLR (Supplementary Fig. 5).

Future flood risk, navigability and intertidal area
We found that large estuaries, which in all cases show tidal ampli-
fication, are unlikely to amplify even more under SLR (scenario 1) 
even if they receive insufficient sediment to adapt to SLR (Fig. 2a).  
In contrast, small systems, which in all cases currently show tidal 
damping, respond extremely sensitively by having a large increase 
in tidal range (scenario 1, Fig. 2a). Small, and thus shallow, estu-
aries are typically friction-dominated. For these estuaries, a 1-m 
increase in water depth results in a relatively large reduction in 
friction21, which causes tidal amplification. Scenarios applied in 
a 1D-hydrodynamic model suggest that small estuaries, when 
drowning, would have maximum water levels in the estuary 
increased by 0.3–0.8 m on top of the increase in MSL, which is 
predominantly due to reduction of friction. In contrast, friction 
in relatively large, and thus deep, estuaries is much less, which 
means that the same increase in MSL has a smaller effect on tidal 
amplification (Fig. 2a).

The changes related to estuary size provide opportunities and 
challenges for human use and ecosystem services. If tidal ampli-
tude increases within the estuary, navigability during low tide will 
be reduced and flood risk during high water will be increased. 
However, the outcomes for navigability and flood safety are upper 
limit estimates because scenario 1 excludes morphological adap-
tation, changes in tidal amplitude at the mouth and the effects of 
increased mean water levels that occur during storm surges (see 
Supplementary Text).

Tidal amplification (a possible result of scenario 1) and SLR in 
combination with changes in tidal amplitude at the mouth (scenario 
2) cause intertidal areas to change in multiple ways, depending on 
estuary size and sediment supply. First, a change in the tidal ampli-
tude boundary condition (scenario 2) directly affects the intertidal 
area, which includes pioneering salt marshes12,38, by increasing or 
decreasing the range of bed levels that inundate and drain over a 
tidal cycle. Although increased tidal amplitude deepens the estuary 
and increases channel volume, the highest areas of the marshes and 
the subtidal areas of bars are transformed into intertidal areas due 
to the increased tidal range32. Second, tidal amplification (scenario 
1) increases the tidal range in the landward direction, which could 
result in an increased intertidal area in the landward direction for 
the same reason.
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(length of 70 km). Widening was implemented on a fixed length and thus 
with variable local width. The type of widening in scenario 3 has a large 
effect on required sediment for large estuaries and on water levels in small 
estuaries. Increased estuary width increases tidal prism at the mouth, 
but only when the widening is located seaward of the tidal excursion 
length, which is the distance a particle of water travels in half a tidal cycle. 
Increased tidal prism increases channel depth and volume, and therefore 
reduces required sediment. However, increased depth also reduces friction, 
which increases water levels in the estuary.
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Present results thus illustrate how two opposing threats and val-
ues may compete in the future: increased tidal amplitudes could 
increase flood risk during high waters and reduce navigability dur-
ing low tides, but increase valuable intertidal habitat area, and vice 
versa for reduced tidal amplitude. The potential morphological 
adaptation of channels, bars and intertidal areas under SLR depends 
mainly on the required sediment input, which is discussed next.

importance of sediment balance
A comparison of present fluvial sediment supply39 and required sed-
iment for adaptation to a possible new equilibrium state (scenario 2) 
shows that most large estuaries may have sufficient fluvial input if 
tidal amplitude at the mouth increases, but that they probably have 
a shortage if tidal amplitude decreases (Fig. 2b). This surprising 
result is caused by the increase in channel volume with tidal prism 
(scenario 2, a+ and a++), which partly compensates for the required 
sediment due to an increase in MSL (scenario 1) (Supplementary 
Fig. 6a). A decrease in tidal amplitude (scenario 2, a−), on the other 
hand, requires much more sediment (Fig. 2b) to follow SLR because 
it reduces the equilibrium depth and volume of channels (Fig. 1).

The morphological response and dependency on sediment sup-
ply to scenarios 2 is different for large and small estuaries. Large 
estuaries with relatively deep channels and a weak channel conver-
gence show a strong morphological response to changes in tidal 
amplitude by relatively large changes in channel volume (Fig. 2b). 
Geological examples are the Rhine–Meuse Delta and Tokyo Bay that 
drowned in the mid-Holocene (Fig. 3). Over the entire Holocene, 
drowning was eventually compensated for, indicating that it took 
thousands of years of major sediment supply under stabilizing sea 
levels to compensate for this drowning. The Ganges is an example 
of how excessive amounts of sediment supply over the Holocene not 
only compensates for SLR, but even causes delta progradation.

In contrast, small estuaries are much less sensitive to changes in 
tidal amplitude at the mouth (Fig. 2b) because the change in tidal 
prism by amplitude change depends mainly on basin surface area. 
This means that small estuaries are not easily starved of sediment 
when tidal amplitude at the mouth reduces, but they also do not 
compensate for SLR in case of increased amplitude at the mouth. 

Whether small estuaries adapt depends mainly on the current sup-
ply of fluvial and coastal sediment compared to the estuary size.

Our results indicate that estuaries with a larger ratio of catch-
ment area to estuary area are more likely to receive sufficient fluvial 
input than estuaries with relatively small catchments (Fig. 3). Here 
we showed that estuaries that are relatively large compared to the 
catchment area are sensitive to drowning, but that this effect can be 
counteracted by increased tidal amplitude at the mouth. In general, 
it is expected that drowning estuaries become more flood-domi-
nant40,41 and thereby import more sediment, provided that sediment 
is available. The actual sediment need on sediment-rich coasts may 
thus be lower than estimated, which means that our estimates are at 
the upper limit.

The possible SLR-induced responses and controlling factors in 
this study may serve as a guideline for more focused studies on the 
process–response dynamics in individual case studies. A worldwide 
analysis and the lack of bathymetric data required us to simplify our 
approach to obtain upper and lower limit estimates of the system-
scale effects. Further development of data-dependent models is 
needed for individual estuaries to include process–response dynam-
ics (coupled hydrodynamic–morphological models). The present 
modelling assumed the highly disequilibrium response to SLR, but 
for faster morphological response and slower SLR scenarios cou-
pled modelling between SLR, tidal asymmetry and the resulting 
net sediment transport that determine morphological adaptation is 
required (for example, Wang et al.40,41). The results in this study pro-
vide a frame of reference and estimation of trajectories for estuaries 
of different size and character.

implications for mitigation
Modelling scenario 3 shows that managed realignment (that is, 
local floodplain widening) has the potential to counteract sedi-
ment starvation in large estuaries and increase flood risk slightly in 
small estuaries. For example, the model results suggest a maximum 
reduction of 10 cm in flood water levels in small estuaries (Fig. 4a), 
which is only 10% compared to flood water levels that may increase 
by up to 1 m on top of the increase in MSL (Fig. 2a). In small estuar-
ies, widening in the landward zone (zone 3C in Fig. 4a) or along the 
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Fig. 5 | Main responses of estuaries to SLR. Large, deep, amplifying estuaries are susceptible to sediment starvation if tidal amplitude at the mouth 
decreases. This can be counteracted by increased space for the estuary along the entire channel, which could increase tidal prism and available erodible 
sediment for adaptation, or in the tide-dominated zone at the expense of higher water levels in the estuary. Small, shallow, damping estuaries are 
susceptible to future tidal amplification when sediment supply is insufficient to adapt the morphology to SLR. managed realignment can potentially reduce 
amplification, but only when it is implemented in the most landward part of the estuary or along the entire estuary (Fig. 4). The benefit of the latter is that 
it also strongly decreases the required sediment for adaptation. blue (red) text and symbols represent positive (negative) effects.
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entire estuary (zone 3D) was found to be most effective at reduc-
ing water levels in the estuary (Fig. 4a). This results in wider tidal 
flats that enhance tidal damping (Fig. 4). The latter (zone 3D) also 
has a strong positive effect on the sediment balance (Fig. 4b). If the 
extra sediment available from the widened areas is sufficient for the 
estuary to adapt, the effect of increased water depth on tidal ampli-
fication is also mitigated. Keeping dredged sediment in the system 
for future availability, rather than extraction, may therefore also be 
needed. Widening at the mouth (zone 3A) or in the tide-dominated 
zone (zone 3B) are not recommended because widening at the 
mouth (zone 3A) may increase the channel width along the estu-
ary, while widening in the tidal zone (zone 3B) increases tidal prism 
and therefore deepens channels in the tide-dominated zone, which 
outweighs the positive effects of increased shoal area.

For large estuaries, managed realignment (scenario 3) is most 
effective when implemented along the entire estuary (Fig. 4, zone 
3D). Widening in the tide-dominated zone (zone 3B) is also effec-
tive for the sediment balance, but at the cost of increased water lev-
els (Fig. 4a). Generally, if the estuary is widened close enough to 
the mouth to be able to affect the tidal prism, channels may enlarge 
and therefore less sediment is required for adaptation. Widening 
also alters the bed level estimations per cross-section (that is, the 
hypsometric curve), which may result in erosion and reworking of 
sediment from former salt marshes.

If the natural sediment supply is too low for natural adapta-
tion, management options may provide alternative adaptation 
pathways42,43. These options include sediment nourishment on the 
ebb-tidal delta to increase sediment import from the sea44 or estu-
ary widening by managed realignment (scenario 3). Our results 
show that widening, with breakdown and reworking of salt marshes 
on sandy substrates, would deliver part of the sediment required 
for adaptation to SLR, but at the cost of intertidal and supratidal 
habitat. Moreover, local widening would increase accommodation 
space, which was recently found to stimulate the resilience of global 
wetlands because it allowed them to grow vertically by sediment 
accretion27. We therefore conclude that managed realignment is an 
important measure to implement before potential dyke breaching 
leads to land loss in densely populated areas.

Conclusions
Here we present a range of SLR-induced responses that depend on 
estuary dimensions. We found that large and deep systems may face 
sediment starvation, particularly when tidal amplitude decreases 
(Fig. 5). Large systems are relatively sensitive to changes in sedi-
ment supply required for adaptation. This is the case because future 
changes in tidal prism are influenced by a combination of tidal 
amplitude and basin surface area, and basin surface area is relatively 
large in these systems. The effects of changes in tidal amplitude at 
the mouth on necessary sediment volumes are therefore expected 
to increase with system scale. In contrast, small and shallow estuar-
ies are most sensitive to tidal amplification, potentially causing an 
increased flood risk (Fig. 5). These shallow estuaries are currently 
friction-dominated, which means that a 1-m increase in water depth 
may result in a relatively large reduction in friction, which typically 
leads to tidal amplification.

Allowing more space for flooding, for example by managed 
realignment, has the potential to reduce adverse changes. Increasing 
estuary width counteracts sediment starvation and increased water 
levels depending on location and subsoil composition. In large estu-
aries, this increases tidal prism and available erodible sediment for 
adaptation, whereas in small estuaries it enhances tidal damping 
(Fig. 5). The results in this study are promising for further assess-
ment of changing estuary shape and changing tidal regimes. Our 
proposed SLR-induced responses and controlling factors can serve 
as a guideline for studies dedicated to the process–response dynam-
ics of individual case studies.
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Methods
The following steps were taken. First, estuary planforms where collected using 
Google Earth along with the present-day tidal range at the mouth and river 
discharge at the upstream boundary (Supplementary Table 2). Second, an empirical 
assessment tool was used to estimate the present-day and future equilibrium 
morphology of these estuaries32. Third, the output morphology served as input 
to a 1D-hydrodynamic model21, which was used to study tidal amplification and 
damping. We applied three SLR scenarios to study the effect on morphology and 
tidal amplification. Finally, the required sediment for morphological adaptation 
under SLR was compared with the present-day sediment input to estuaries and 
reconstructions of former coastal systems under SLR.

To perform a worldwide analysis, we estimated the equilibrium morphology 
using empirical relations rather than coupled hydrodynamic–morphological 
models. Although the latter type of models are powerful tools, they are unsuitable 
for performing a worldwide analysis on estuaries due to their time consumption 
and the lack of data to initiate them. In our previous work17,18,32 we validated 
our methods and estimated any associated uncertainties. In the Supplementary 
Information and Supplementary Fig. 3 how these uncertainties affect the main 
results in this study: that is, modelled flood water levels and required sediment 
for adaptation. The resulting uncertainty was a maximum of about 0.1 m for 
flood water levels and a factor of 1.5 for required sediment for adaptation 
(Supplementary Fig. 3).

Data collection of estuary planforms. An existing dataset with estuary 
planforms17 was used and enhanced for this study. The dataset consists of 36 bar-
filled estuaries worldwide of varying size, degree of tidal influence, river discharge 
and human influence (Supplementary Table 2). Channel planform was visually 
recorded using Google Earth due to a lack of sufficient detailed bathymetries. 
Google Earth uses a combination of space shuttle imagery, satellite imagery 
and aerial photography. Image resolution therefore varies from 30 m in Landsat 
imagery when completely zoomed out, up to 0.15 m for local aerial photography 
when zoomed in on the system scale or smaller. Channel planforms were recorded 
in this study at resolutions of at least 5 m, which is sufficient to capture the 
variations in planform and width.

For each estuary, the present-day planform was recorded. The tidal range 
at the mouth and river discharge were obtained from the datasets reported in 
Leuven et al.17,45. The present-day planform covers the part of the estuary in which 
large (>100 m) dynamic channels and bars occur and is approximately the area 
submerged at high tide level. This means that we exclude those parts of the high 
marsh that do not flood daily, similar to other higher elevated areas surrounding 
the estuary. The presence of dense vegetation is a good indicator of an area that is 
not flooded on a daily basis because an inundation duration of more than 50% time 
often inhibits vegetation growth and most vegetation settles permanently above the 
mean high tide level.

We tested the sensitivity of the 1D-hydrodynamic model results to erroneous 
estimates of the salt marsh area by including salt marshes equal to 20% of the local 
estuary width along the entire estuary. Our model showed that this affected water 
levels by less than 5% of the reported values. This implies that addition of salt 
marshes above the high tide level has a limited effect on the main conclusions of 
our research.

Tool for equilibrium morphology of estuaries. The along-channel width 
profile, tidal range at the seaward mouth of the estuary and river discharge were 
used for the empirical assessment tool that estimates equilibrium morphology32 
(Supplementary Fig. 1). The tool estimates the tidal prism at the mouth based on 
surface area and tidal range. The tidal prism is used to estimate the maximum 
and average depth at the mouth from a classic stability relation33–35. Similarly, a 
hydraulic geometry relation is applied at the landward boundary to obtain depth 
from river discharge. Together, these boundary conditions result in an along-
channel maximum depth profile. Although the exact relation between tidal prism 
and the cross-sectional area is based on a slight misprediction of the tidal prism, 
these relations still capture the SLR-induced effects on cross-sectional area. The 
distribution of bed levels per cross-section (the hypsometry) depends on the 
ratio between the local width and the width as expected from a fitted converging 
shape (ideal17,18,22,36,37). We estimate hypsometry to be convex with a wide zone 
of intertidal area at locations where the estuary is wide relative to the fitted 
convergent channel; however, a more concave hypsometry with narrow stretches of 
intertidal area is expected at locations where the estuary width is close to the ideal 
width profile.

This simplified approach to estimating tidal prism neglects the amplification 
and damping of the tide as well as changes in the character of wave (standing 
versus propagating character). This means that for small and damping  
estuaries we might overestimate the tidal prism, and for large and amplifying 
estuaries we might underestimate the tidal prism by 10–40%. However, this 
simplification has a limited effect on the results in this study. If we overestimate 
tidal prism for small estuaries, it also means that we overestimate their depth. 
If their depth is indeed smaller, this could lead to larger friction and therefore 
an even larger sensitivity of future water levels to SLR. For large estuaries, the 
opposite reasoning holds. The depth boundary conditions can, in principle, be 

derived from data but were estimated in this study, pending future bathymetric 
data collection.

1D-hydrodynamic model. To investigate the degree of tidal amplification 
(flood water levels) or damping within estuaries we ran a number of model 
scenarios. We used a 1D-hydrodynamic model that has been demonstrated to 
reproduce important tidal dynamics41 (Supplementary Figs. 2 and 4, and see Code 
availability). The model solves the shallow water equations (differential equations 
that describe fluid flow), excluding the effects of advection, with momentum 
transported solely through a rectangular channel. The continuity equation 
incorporates a linearly sloping intertidal area to allow width variation with water 
level and thereby simulates storage of water on the intertidal flats. For each estuary, 
the tidal range and depth at the estuary mouth were taken directly from the tool32. 
Along the estuaries, the cross-sectional hypsometry was divided into a channel part 
and a shoal part at the low water level, which is how we defined channel width. 
Subsequently, the average channel depth, channel width, shoal gradient and shoal 
width were calculated per cross-section. The linear cross-channel shoal gradient 
was calculated such that the storage volume is equal to the storage volume that 
results from the hypsometry above the low water line. Along-channel profiles 
of these characteristics were used as input to the model. The spatial step varied 
between 50 and 500 m, depending on the size of the estuary, and the time step was 
adjusted accordingly based on the Courant number.

Roughness was implemented as follows. For the mouth of each estuary a 
roughness coefficient (ks) was calculated based on a Chézy value of 50, 60 or 70 
for small, middle and large estuaries, respectively. The roughness coefficient at the 
mouth (ks) was used in the model to calculate the space- and time-varying Chézy 
value and drag coefficient (Cd). Friction variations along estuaries are minor and 
this is a common approach in numerical modelling to estimate friction46–48. For 
example, Nnafie et al.48 use a constant Chézy value, and Geleynse et al.46,47 use a 
constant Mannings value for delta branches, which only has a weak dependency 
on depth. Moreover, our friction assumption does not affect the main trends. 
Even with a perfect representation of friction (which would require grain size 
distributions of all estuaries, among other things), small estuaries still respond 
stronger to a 1-m increase in SLR than large estuaries.

Although our method to estimate tidal prism neglects tidal amplification and 
damping for purposes of the morphological estimation, the 1D-hydrodynamic 
model automatically solves amplification/damping, which was required for the 
effect on water levels and for our estimation of future flood risk. Implementing 
the tidal amplification/damping effect in the morphological estimation would 
require solving those two models iteratively. Because the contribution of tidal 
amplification/damping effect to the tidal prism is minor (10–40%), we neglect this 
effect for purposes of estimating morphology.

SLR scenarios. To study the effect of SLR on the future morphology and tidal 
range of estuaries we implemented the following scenarios (Fig. 1).

Scenario 1, a0. An increase in MSL of 1 m in 100 years with all other boundary 
conditions and estuary shape remaining the same. Although precise SLR varies 
among systems, we used a value of 1 m, loosely based on Intergovernmental Panel 
on Climate Change scenarios1,14,19, to illustrate dominant effects and response 
mechanisms among estuaries worldwide. For the morphological tool, a change 
in MSL means that all input variables remain the same and thus the estimation 
of equilibrium morphology is equal. This also implies that the required sediment 
(m3) for morphological adaptation is equal to the estuary surface area (m2) 
multiplied by the SLR (m). In the hydrodynamic model, the two extreme cases of 
full morphological adaptation and no morphological adaptation were calculated. 
In case of full morphological adaptation, the resulting tidal amplification is equal 
to the situation before SLR, but in the case without morphological adaptation the 
increased depth of channels and shoals could lead to a different degree  
of amplification.

Scenario 2, a++, a+, a−. Tidal amplitude at the estuary mouth can either increase, 
decrease or remain constant as a result of SLR19,20. The two most important reasons 
are the shift of amphidromic points (tidal nodes) on the shelf and the reduced 
friction caused by an increased water depth. If the distance between the estuary 
mouth and the amphidromic point increases in the future, the tidal amplitude 
will increase, while the amplitude decreases if the distance becomes shorter19,20. 
Additionally, increased MSL may reduce friction in the coastal seas, which means 
tidal damping could also reduce and tidal amplitude may increase. Here we study 
the sensitivity of all selected estuaries to an amplitude decrease of 0.25 m (a−) and 
an amplitude increase of 0.25 m (a+) and 0.50 m (a++). Changes in tidal amplitude 
could lead to modified equilibrium morphology and tidal amplification because 
they affect the tidal prism at the mouth and therefore also the channel dimensions.

Scenario 3, W(x)+. In parallel to Room for the River projects49 performed on 
Dutch rivers, we investigated whether increased space for estuaries (managed 
realignment) would counteract possible negative consequences of future SLR. 
We ran four idealized scenarios to gain an understanding of the general effects 
of the location of widening. In widening scenario A the mouth was widened, in 
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B the estuary was widened in the tide-dominated zone, in C the landward zone 
was widened and in D the estuary was widened by an equal distance  
along the full estuary (Fig. 4). In all four idealized scenarios the widening  
was varied between 1.05 and 5 times the original estuary area, keeping the 
length of the widened section constant and thus only varying local width.  
The idealized scenarios were applied to one large estuary (Western Scheldt  
in the Netherlands) and one small estuary (Dovey in Wales). The new  
planform was used to estimate a new morphological equilibrium, assuming that 
sediment from former, flooded salt marshes was entirely redistributed. This 
assumption is reasonable if tidal bars and salt marshes are composed mostly of 
sand and the contribution of mud is minor50, which means that more sediment 
is needed when the subsoil is not sandy. The morphological output was 
subsequently input to the hydrodynamic model to calculate tidal amplification. 
Although we conducted model calculations for all possible ranges and 
combinations of future tidal amplitudes, here we isolate the effect of increased 
estuary planform by comparing the results to the case without changes  
in tidal amplitude (a0).

Scenario 1 is predominantly used to study the effect of increased channel depth 
on tidal amplification. Scenario 2 reveals a relation between required sediment 
for adaptation and future changes in tidal range. Scenario 3 indicates whether 
managed realignment has the potential to mitigate adverse effects of the  
previous scenarios.

These scenarios simplify the morphological evolution of estuaries in the sense 
that we ignore the dynamic response between morphological adaptation, ebb and 
flood dominance and the resulting net sediment transport40,41. By studying the 
case of very rapid SLR (thus lack of time for adaptation) we manage to avoid these 
problems. This is no longer a situation with a subtle balance, and hence we do not 
calculate the evolution; nevertheless, these extreme scenarios allow us to determine 
qualitative trends for the fate of estuaries. What we calculate is the morphological 
work that needs to be done to adapt to their potential estimated equilibrium 
bathymetry after the rapid SLR, expressed in the amount of sediment that needs to 
be imported into the estuary.

Estimation of sediment balance in estuaries and reconstruction of former 
estuaries and deltas under SLR. To assess whether systems can keep up with 
future SLR, we compared the incoming fluvial sediment flux (Qs) to the  
required sediment flux (Qs,req) for a 1 m SLR in 100 years. The required  
sediment for this scenario was calculated as 1 m of additional accommodation 
space multiplied by the area of the system before SLR. We assumed that 
the planform of the estuary does not change and we excluded changes in 
tides. We also ignored that part of the required sediment for adaptation can 
be compensated by peat formation51–53 or by changes in the net importing 
behaviour of the estuary. Peat is sensitive to salinity intrusion, which means that 
the estimates of required sediment are upper limits. Net sediment importing 
behaviour depends on asymmetry in the duration and peak velocity of ebb 
and flood40,41. Although the 1D-numerical model can provide these values 
(with great uncertainty because it ignores the two-dimensional nature of ebb-
dominated channels and flood-dominated bars), we did not use them because 
the degree to which sediment can be delivered from the coast depends, among 
other things, on the availability of sediment at the seaward boundary. In general, 
it is expected that drowning estuaries become more flood-dominant and thereby 
import more sediment, as long as sediment is available. The actual sediment 
need on sediment-rich coasts may thus be lower than estimated, which again 
means that our estimates are upper limits.

Systematic sediment load measurements were lacking for many smaller systems 
and, therefore, we relied on a generic total sediment load predictor39:

Qs ¼ cAcatchment
d

in which Qs is the sediment load (in million tons year–1), Acatchment is the catchment 
area (in 1 × 106 km2) and c and d are parameters depending on the highest 
topography in the catchment (Supplementary Table 3). Catchment sizes were 
obtained from a geographic information system database from the US Geological 
Survey, which contains spatial data on catchments worldwide (https://hydrosheds.
cr.usgs.gov/datadownload.php?reqdata=30bass). Topography was derived from 
SRTM-3 v.2 sampled at 3 arcsec.

Sediment balance for Holocene deltas and estuaries. To compare modern 
sediment balances to past situations, Holocene sediment balances were estimated 
from published geological reconstructions of several deltas and estuaries51,54–60. The 
resulting net sedimentation is a minimum value for past sediment flux, assuming 
maximal trapping efficiency. The difference in accommodation space between 
two successive time steps was calculated from relative SLR based on geological 
reconstructions or detailed geological profiles.

Three types of systems were distinguished: mega-deltas with ample sediment 
supply, peat-filled back-barriers and bay fills. For the Tokyo Bay and the Rhine 
Delta, data allowed comparison of a period within the mid-Holocene transgression 
(1–3 m per 100 years) to sediment accumulation, which is important because 
SLR in the twenty-second century may be equally fast61. For the Yellow River and 

Mekong mega-deltas and the filled-in Tokyo Bay (Holocene total) we artificially 
set accommodation space equal to stored sediment to indicate that there was no 
sediment shortage over the period considered.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All open access data are available in figures, tables and supplementary information. 
If used from other sources, it is indicated with references. Estuary outlines were 
collected from Google Earth and are available in the supplementary information 
of ref. 17. Along-channel width profiles, input values to run the morphological tool 
and the hydrodynamic model are available from Zenodo (https://doi.org/10.5281/
zenodo.3406518). Other data are provided in the figures, tables and references.

Code availability
The code for the 1D hydrodynamic model is available from Zenodo (https://
doi.org/10.5281/zenodo.3406518). The code for the morphological tool has 
been referenced32 and is available on GitHub (https://github.com/JasperLeuven/
EstuarineMorphologyEstimator/).
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