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Climate change affects future sea-bed
mobility via storms and sea level rise
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How will climate change affect the composition of the seabed? Using three-dimensional
hydrodynamic and wave models combined with climate projections from the Coupled Model
Intercomparison Project phase 5, we investigate and quantify the drivers of seafloor stresses, using a
North Western European Shelf case study. This study maps the potential for grain size mobilisation in
present-day and future conditions, highlighting areaswhere transport capacity is likely to change. Sea
level rise alters both absolute water depth and tidal dynamics, changing the magnitude and timing of
seabed stresses while simultaneously reducing exposure to waves and currents. In contrast,
increasing storm intensity in a warming climate is expected to cause more frequent episodic
disturbance of an otherwise increasingly stable seabed. These predicted changes and their potential
impacts on the benthic environment are discussed in the context of growing anthropogenic pressures
and the associated challenges for marine spatial management.

Thechangingclimate is having a rapid impact on theglobal ocean1, particularly
in coastal and shelf seas, yet few studies have investigated effects at the seabed2,3.
To study thisphenomenon,we focuson the regional areaof theNorthWestern
European Shelf (NWES) as a case study; this region includes areas with diverse
characteristics such as deep and shallow zones, varying tidal ranges, and dif-
feringwaves and surge dynamics. These conditions can be found in other shelf
seas globally. Though the quantitative estimates presented here reflect local
processes, the underlying hydrodynamic processes are universal, and our
findings are applicable to other regions. The direction of the response of seabed
stress and currents to changes in sea level and storms is not a local issue. Sea
level rise is occurring globally, and will affect shelf-seas worldwide. As such,
othersystemscandrawinsight fromresultsobtained in thiswell-studiedregion,
which is representative of awide range of environmental conditions. Changing
weather conditions (storm intensity and wind speeds), tides (amplitude and
amphidromeposition)4–7, and sea level rise (SLR)will all act to alter the amount
of energy reaching the seabed, buthowwill this change through timeandacross
complex natural seascapes, and how will this impact shelf sediments and the
habitats that rely on them?While SLRwill act to decouple the wave base from
the seabed, it will also allow more wave energy to transfer towards shorelines
and the often densely populated coastal zones. Storms transfer energy to the
seabed and increase sedimentmobility (e.g.8,9). Any increase in storminess will
growwaveheight andperiod, thus increasingwave energy, and associatedwith
the seabed exposure. The last two IPCC assessment reports10–12 concluded that

projections of future storminess remain uncertain. State of the art climate
models (CMIP5, CMIP6) show a northward extension of the North Atlantic
storm track, which could lead to increased frequency of windstorms over
western Europe (e.g. ref. 13), with larger increases at higher global warming
levels (e.g. ref. 14). Reference 15 predicts that UK storm severity could increase
by around 30% by 2080,mainly due to storms covering larger areas. However,
few studies focus on changes in storminess at mid-century16 as large natural
variability makes it difficult to detect clear trends in storminess. Deepening
waters can change tidal asymmetries and, thus, regional sediment transport
pathways.Even small changes in tidal regimeshave thepotential to changehow
anti-cyclonic tidal ellipses trap carbon on shelf seas17–19. An increase in annual
average global temperature of at least 1.5 °C is now likely12. This warming will
accelerate SLR and means we are certain to experience environmental change
asaresult; therefore, there isapressingneedtounderstandthe impactsandplan
for a changing seabed in our shelf seas.

Changes in seabed substratum and seabed morphology from altera-
tions to seabed stresses can impact habitats20–22 and the wider marine food
webs23,24. The coarsening of seabed substrates is, for example likely to
enhance species richness, abundance and productivity of the epibenthic
megafauna25. Seabed stress acts as a key predictor of temperate reef
habitats26, and on sand banks, even subtle changes in the proportion of silt
drive changes in important high-calorie epibenthic prey for deep-diving
predators such as birds andmarinemammals27,28. Seabed substrates in shelf
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seas, and the habitats that depend on them, are instrumental in the delivery
of a variety of ecosystem services, including provisioning services (e.g. food,
aggregates, genetic materials and biodiversity), regulating services (e.g. cli-
mate regulation, nutrient cycling andfloodprevention) and cultural services
(e.g. recreation such as diving or education)29–32. The need for detailedmaps
of seabed sediment types and seabed currents has been repeatedly flagged
when investigating the suitability of sites for developing offshore renewable
energy (e.g. windfarms), where accelerated development of infrastructure
can occur to cut carbon dioxide emissions33,34.

The interaction between flows and the rapidly growing amount of
seabed infrastructure associated with, for example windfarms (turbines,
foundations, cables and protective materials), may impact seabeds region-
ally, rather than just locally35, and can make ecosystem-changing
alterations36,37. Existing maps and model outputs of seabed stresses, mobi-
lity indicators and seabed sediments (e.g. refs. 19,38–42) are representative
of historical or present-day conditions. To underpin marine spatial man-
agement that is future-proof, therefore able to withstand changes in stor-
miness, seabed and the seabed environment, future changes from climate-
related drivers need to be considered43,44, and the impact on the bed stress
from the infrastructure needs to be contextualised with the impact from
accelerating climate drivers of change.

A recent poleward shift in North Atlantic storm tracks has been
observed, together with an increase in storm intensity45. Retreating Arctic
sea-ice will increase northerly fetch, wave height and wave period. These
global changes will trigger regional impact and affect shallower regions
exposed to northerly winds46. Based on our hypothesis, changes in surface
wave height, fetch, period, and direction are thus expected to combine with
SLR-modified seabed currents and alter seabed stresses, seabedmobility and
the ecosystems that depend on it across all trophic levels. Changes like these
from the accelerating climate crisis will occur globally, with localised impact
over regions like theNWESused in this study; there is an urgent need tofind
a way to predict the consequences for energy transfer to the seabed and the
consequences on wider ecosystems.

In this work, we use a 1.5 km resolution NEMO and WaveWatchIII
model of the NWES to simulate seabed stresses and potential for seabed
mobilisation. For the first time, the expected magnitude of future changes to
seabed stresses and sediment transport capacity (i.e. the coarsest sediment the
flowcanmobilise, regardlessofactual seabedcomposition) inspaceand in time
is quantified fromRepresentativeConcentrationPathways (RCP8.5)mid- and
end-century climate scenarios. This is a widely used high-emission scenario
that, to our knowledge, has not yet been used for this type of study. To support
long-term and more strategic marine spatial planning, we isolate physical
controls on the seabed from sea level rise and storms to map the dominant
drivers per region. Quantifying climate-driven impacts, assessed against
present-day variability, this study examines how seabed stresses respond to the
isolated effect of SLR, how future storm conditions under an extreme climate
scenario may further modify seabed stress, and how the resulting changes in
ocean currents and seabed stresses could influence future sediment transport
capacity. We present a new, globally applicable method employed here in a
NWES case study, as it has the opportune combination of being exposed to a
wide variety of conditions (intense storms, largemagnitude waves and tides45)
and being one of the most industrialised shelf seas in the world47,48. This
indicates that this region reflects a broad range of conditions present in other
parts of the world and can provide insights for other rapidly developing shelf
areas. Future seabed stresses and the potential for sedimentmobilisation at the
seafloor have never been assessed, neither in this region nor anywhere else in
the world to our knowledge. Here we map a range of future seabed stresses
driven by state-of-the-art predictions for future climate scenarios out to the
middle and end of this century.

Results
Defining present-day natural variability
Any changes in bed stress brought about by climate change or seabed
infrastructuremust be put into the context of natural variability. In our case
study area, as discussed inmoredetail below, large but predictable variability

in seabed stress is generated over the 28-day lunar cycle. Regular tides can
cause high seabed stresses in areas of high tidal range, such as estuaries and
also where currents accelerate around headlands. The highest wave stresses
are brought by large winter storms, and thus these stresses are only
experienced periodically alongside calm periods of low wave stress. The
largest wave stresses on the UK shelf are seen in shallow water, and also on
Atlantic-facing coasts, which experience energetic long-period swells.

During the summermonths,when there are fewstorms, themajorityof
seabed stresses are generated by tides. When the tides are dominant, the
largest stresses are experienced in areas of fast tidal currents (straits and
headlands) and in shallow water estuaries where the tidal range is large. For
example at Anglesey, St David’s Head, and Cherbourg, modelled current
speeds reach 1.5 m s−1 on neap tides and can exceed 3m s−1on spring tides.
These tidal currents correspond to seabed stresses of up to 4Nm−2 on neap
and 8Nm−2 on spring tides. Comparing the monthly mean (Fig. 1c) and
monthly maximum (Fig. 1d) stresses for June, the spatial distribution
changes very little, as both the mean andmaximum stresses in the summer
are largely tidally generated. The range of these regular, predictable seabed
stresses is generated by the spring-neap cycle.

During storms, wave-generated stresses can exceed tidally generated
stresses. This canbe seenby comparingmapsof combinedwave andcurrent
stresses during summer (June Fig. 1a) and winter (January Fig. 1b). The
January mean (Fig. 1e) and maximum (Fig. 1f) conditions show rather
different spatial patterns; themean shows dominant stress signals over high
tidal range areas, whereas the maximum (that can only be reached during
storm times, i.e. strong waves) becomes enhanced over areas exposed to the
Atlantic as well as over the shallow regions of the North Sea. While the
monthly mean still has the same contribution of tidal stresses throughout
the year, the monthly maximum shows how winter storms lead to strong
seasonal increases in seabed stress. While the exact pattern of these wave-
generated stresses will be dictated by the path of an individual storm track,
there are some commonalities; storm-generated wave stresses are largest on
Atlantic-facing west coasts, and in areas of shallow water. The modelled
wave-generated seabed stresses can be of the order 1 Nm−2 or less under
average conditions, rising to over 10Nm−2 during storms.

To summarise, the average tidal stresses are around 5 times the size of
averagewave stresses, but under stormy conditions, a single storm can bring
very large and short-lived disturbances at the seabed. In present-day winter,
wave stresses under storm conditions can bemore than 10 times larger than
during calm conditions, generating stresses more than twice as large as the
strongest spring tides.

Relative importance of storms and tide as drivers of seabed
stresses
The stressesmapped in the section ‘Defining present-day natural variability’
are generated by a combination of wave and current processes. The UK
continental shelf has distinct regions, and can be separated into near-coastal
or shelf regions, which are dominated by either waves or tides. Figure 2c
shows the fractional contribution to total seabed stress in January 2017 from
waves and currents. Blue areas are controlled bywaves, and brown areas are
dominated by currents. Currents are seen to control the majority (up to
100%)of the stress in shallow coastal areaswith fast tidalflow.Waves are the
controlling process on Atlantic-facing coasts, and most of the North Sea.
Beyond the continental shelf, seabed stresses are relatively weak and pre-
dominantly current-driven, as increasing water depth prevents surface
waves from transmitting momentum to the seabed.

To summarise this spatial analysis of controls on seabed stress, the
NWES domain is broken down into areas following the approach of ref. 49,
specific to this shelf region. Figure 2a shows the regional decomposition.The
same regions are used for analysis across both summer and winter. These
regional summaries give a quick picture of seabed controls and help
understandwhich areas will bemost vulnerable to changes in storminess or
tides. By compiling the regional contributions of each seabed-stress driver
(i.e. tide and wave-derived stresses), we can rank and map their relative
importance, visualising, to first order, which drivers should be considered
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when estimating seabed stress. Bar charts in Fig. 2b, d show an integrated
(spatially averaged) stress over each of the defined regions. The bar charts
show the absolute contribution of waves and currents to the mean and
maximum seabed stress. This allows us to visualise, per region, the relative
importance of waves and currents in the summer vs. winter.

The range in magnitude of current-generated stresses is largely con-
trolled by the spring-neap tidal cycle. For all regions, it varies little between
summer andwinter. Regionally averagedmonthlymean current stresses are
less than 2Nm−2, withmonthlymaxima between 1 and 6Nm−2. The wave
stresses, however, are seen to change considerably with seasonality. Mean
wave conditions in the summer are almost zero, with some small summer
storms bringing an additional 1–2Nm−2, whereas the winter mean and
maximum wave contributions are more significant, exceeding 6Nm−2 in
theNorthSea. In parts of theNorth Sea, the regionally averagedwinterwave
component can be larger than the stresses generated under spring tides.
Wave-dominated areas, as mapped in Fig. 2c, have the largest seasonal
variation in total stresses.

Sea level rise impacts on seabed stresses
As rising sea levels will affect the propagation of the Kelvin wave that drives
tides throughout the NWES, the two experiments described here explore
how future SLRmay shift the behaviour of this tidalwave, and the associated
seabed stresses. To isolate this effect, we run a hindcast simulation for June

2018 twice; once with realistic present-day forcing, then with identical
weather and open ocean conditions, but this time including SLR at the open
boundary. The estimate of sea level added is spatially variable and derived
from the work of ref. 50; the average SLR contribution to the boundary was
an additional 0.28 and 0.70m for mid- and end-century, respectively. This
includes contributions from surface mass balance and ice dynamics of the
Greenland and Antarctic ice sheets, as well as from land-based glaciers and
landwater storage (e.g. groundwater extraction or reservoir impoundment),
but does not include ocean dynamic contributions50.

Figure 3a, b shows projections of future mean andmaximum summer
stresses (compare with Fig. 1a, b, which include no SLR). Spatially, the
patterns are largely similar, showing a smooth response, with no shocks in
the system. There are both increases and decreases in tidal range and phase,
with the largest changes associated with high tidal range in estuaries. SLR
impacts the behaviour of the tides in a spatially varying way. In this
experiment, the perturbed tidal range (Fig. 3c) is similar to present-day, but
clear spatial changes are seen when taking a difference plot (Fig. 3d). The
movement of the tide (location of amphidromes and tidal current’s speed) is
altered, as is the difference between water levels at low and high tide. This
movement of amphidromes (points of zero tidal range) can increase or
decrease tidal range at some sites. For example the Irish Sea sees increased
range of up to 0.4 m, while a decrease of up to 0.5 m is seen in the Gulf of St
Malo. The impact of SLR on the tide is amplified in estuaries, for example in

Fig. 1 | Combined seabed stresses for present-
day runs. Monthly means (left) and monthly max-
ima (right). Hindcast runs summer mean 2018 (a)
and winter maximum 2017 (b). HadGEM3-GC3
climate model forced runs for June 1992 (summer)
mean (c), June 1992 maximum (d), and January
1996 (winter) mean (e) and January 1996maximum
(f). NB the colour scale is saturated at 6 Nm−2 for
visualisation purposes, though the maximum stress
modelled reaches up to 8 Nm−2.
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Morecambe Bay and in the Solway Firth. Another intermediate experiment
(not shown) was carried out for future projections of SLR in 2050; in this
case, spatial patterns remained the same. The response of the tide to SLRwas
to increase the total water level by ±0.2m with respect to present-day,
comparedwith±0.4mby 2100. The projections in changingwater levels are
similar in pattern to those made by 2D models from refs. 4,5 and the 3D
model of ref. 51, who also add sea level to present-day tide to ensure con-
sistent astronomic forcing.

As well as impacting the tides, SLR simply increases total water depth.
Tidal dissipation occurs when currents experience bottom friction at the
seabed. SLRdecouples surface currents from the seabed, as discussedby refs.
52–54. Briefly, the increased water depth reduces the direct influence of
bottom friction on surface flows so that surface currents respond more
strongly to wind forcing and pressure gradients. As a result, momentum
transfer to the seabed is weakened, partially decoupling surface currents
from benthic dynamics. The tidal dissipation decreases with increased SLR,
as generally deeperwater generates less stress on the seabed.Across the shelf,
the maximum change caused by SLR is relatively small; of the order
0.3 Nm−2 (Fig. 3e). There are some hot spots, where SLR has a more sub-
stantial influence on seabed stresses. Where tidal range is highest (e.g. in

MorecambeBay, theMersey and Severn estuaries), the impact of SLR is seen
more strongly. Much stronger reductions (of the order 1 Nm−2) are pre-
dicted in shallow waters. An exception to this is a reduction of 0.2 Nm−2 at
the Dogger Bank, but this site has low tidal range, being close to 2 amphi-
dromes. There is a second-order effect of shifts in tidal current speed, caused
by the changing positions of the amphidromes (Fig. 3c, d), which canmove
up to 3.8 km in our end-of-century experiment. These tidal changes can
alter seabed currents by up to ±0.05m s−1, changing stresses by up to
±0.01 Nm−2. However, these changes aremodest, compared to the effect of
deepening the water everywhere, which is the dominant process.

SLR can also alter the wave stress (Fig. 3f). Following the same
mechanism as for currents, SLR acts to decouple the impacts of storms from
the seabed and reduces the overall stresses felt during a passing storm55. This
impact is seenmore strongly in areas of shallowwater (e.g.DoggerBank).As
total water depth increases, the sea-surface moves further away from the
bed, and thus the wave energy cannot penetrate as deeply. The impact of
SLRonwave stresses is small, less than 0.2 Nm−2 at itsmaximum. Themost
energeticwaves experiencedby theUKare long-period swellsmovingacross
theAtlantic.The longest ‘swell’waves are alsomore affectedby the change in
sea-level. Longerwaves interact with the seabed in deeperwater depths than

Fig. 2 | Regional analysis of contribution to the total seabed stress fromwaves and
current.Map showing areas selected for regional analysis (a), regional dominance of
wave vs. current stresses during January 2017 (c), bar charts illustrating the mean
stress contribution (Nm−2) for each region defined in (a), for winter (b) and summer

(d). Each bar is decomposed into its stress components to highlight seasonal changes
in mean and maximum stress derived from the WaveWatchIII model wave and
NEMO currents constituents.
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short waves, and dissipatemore energy as they approach the coast.With the
increased sea level, these swell waves cannot reach the seabed as easily, so
the stresses on the seabed are reduced. With SLR, the wave stresses are
reduced almost everywhere. In the spectral wave model, water depth
alters dissipation by activating shallow-water loss mechanisms, conse-
quently changing the bottom friction dissipation, as described in more
detail in ref. 55. As this is a blanket effect, experienced across the shelf,
the reduced drag on waves in deeper water is integrated, allowing more
energy to propagate to the coast. This reduction in shear stress will

reduce dissipation and allow the waves to reach the coastline, resulting in
a potential increase in wave height and shear stresses at the coast. This
effect can be seen in (for example) the German Bight, where both the
maximum wave height and stresses are seen to increase in the SLR
experiment. As northerly waves approaching this coast have not dis-
sipated as much energy (for instance, when travelling across Dogger
Bank) at the seabed on their approach, the incoming wave energy is
therefore higher. This aspect of SLR is likely to increase coastal hazards
from waves and requires further investigation with detailed local models.

Fig. 3 | Impact of SLR on tidal behaviour and seabed stress. Subplots show the
results of a sensitivity experiment aimed at isolating the effect of SLR, by adding
increased water level at the model open boundary, while keeping all other forcing
unchanged from June 2018. Monthly mean stress (a), and monthly maximum stress

(b), the tidal range in the 2100 SLR experiment (c), and the difference between
2100 SLR experiment and present-day tidal range (d). The impact of SLR on the
tidal component of stress is shown in (e), and the impact of 2100 SLR on wave stress
in (f).
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It is important to note that SLR is certain to continue in future,
reducing both wave and current stresses at the seabed. SLR is the least
uncertain facet of climate change as there is evidence that it will almost
certainly keep rising at a rate thatmay accelerate56–60, so while these changes
arequitemodest, our confidence assessments arehigh.However, there is less
certainty with regard to the magnitude and speed of the sea level
increase56,61,62. Similarly, there is limited confidence in projections of future
storm intensity and frequency63–66, making their impact on seabed stress
uncertain, as it will depend on the characteristics of individual extreme
events aswe explore in the section ‘Stormsand sea level rise impacting future
seabed stresses’.

Storms and sea level rise impacting future seabed stresses
Beyond SLR, the changing climate will also alter the frequency and
magnitude of storms and extreme wave events12,67. Including predicted
atmospheric changes into our analysis, such as varying winds and
weather systems, together with SLR, permits an assessment of their
combined future contributions to seabed stresses (see the section
‘Simulating impacts from future climate change’ for methodology).
Figure 4 shows the impact of storms on wave-generated seabed stresses,
demonstrating the maximum potential impact of future waves. In
the summer (Fig. 4a, c), we predict a slight increase in mean future
stresses, of the order 0.2−0.5 Nm−2, with largest increases seen in the
Southern North Sea and English Channel. These are representative of
the background climate change signal that can be expected in quiet
conditions45.

The impact of winter storms has the potential to raise seabed stresses
across the whole shelf by more than an order of magnitude. Comparing
winter minus summer, we can see how the combined seabed stresses vary
over the seasonal cycle in the future. Figure 4b, d shows the difference
between summer and winter stresses in the middle and end of the century
respectively. From summer to winter, increases in wave-generated stresses,
in the order of an additional 8 Nm−2 under a strong mid-century winter
stormand 15Nm−2 under a strong end-centurywinter storm, are predicted
(Fig. 4d). These impact the Atlantic-facing west coasts and shallow water
regions most strongly, but almost all areas of the NWES see increased
stresses of at least 1 Nm−2.

To put this in context, future projections of storminess around the
UK45 indicate a stilling of waves in average (and summer) conditions, with
an increase inwinter storminess. This strongdifference betweenwinters and
summers, will lead to more impactful bed disturbance, on more quiescent
background conditions. This is an end-member experiment to see the
maximum possible effect of future storm waves at the seabed. It is a single
realisation of the most ‘extreme’ future month as predicted by this model,
and shown as a bounding example of all possible futures; rather than a
statistically robust estimation of ‘typical’ conditions. It shows that any cli-
mate change signal will be dwarfed by natural seasonal variability.

Future seabed stresses changing sediment transport capacity
Using the newbed shear stressmapswe have generated (Fig. 5), it is possible
to estimate the sediment transport capacity on shelf. Here, the seabed
composition is considered non-cohesive and without biological compo-
nents. This is a practical way of standardising the forces experienced by the
seabed, while being agnostic of existing seabed type. A more complete
estimate of seabed mobility would require shelf-wide measurements of the
existing sediment grain size. However, this is primarily dependent on the
quality and spatial coverage of the measurements of the grain size on the
shelf.While shelf-widemaps do exist (for example ref. 39), they are of lower
resolution than our numerical model (Supplementary Information in S1.3,
Fig. S4). Therefore, we have instead inverted the problem; we calculate
which maximummedian grain sizes would be mobile for a given bed shear
stress at every location on the shelf (Fig. 5).Using this approach,we quantify
how typically calm summer months produce a lower mobilisation of sedi-
ment compared to the stormy winter months. For example in the present
day, average wave stresses are typically of the order 2 Nm−2, which can
move sediment smaller than fine gravel (i.e. less than 2mm). Storms can
increase the combined seabed stress to above 10 Nm−2, which canmobilise
up to pebble-sized sediment (i.e. less than 11mm), therefore increasing the
range of sediment sizes which could be mobilised relative to average
conditions.

Figure 5 showsmaps of themedian sediment grain size (often referred
to as D50), which could be mobilised by modelled monthly maximum
stresses. Figure 5a–f shows the monthly mobilised sediment, separated into
Wentworth classifications68. There are clear seasonal differences in the areas

Fig. 4 | Impact of storminess on seabed stresses.
Left-hand plots show the change in monthly mean
stress (future minus present-day) in summers.
Right-hand shows difference in monthly maximum
winter minus summer for the same decade. Top row
is mid century and bottom row is end century. June
2053 minus June 1992 (a), January 2050 minus June
2053 (b), June 2093 minus June 1992 (c), and Jan-
uary 2090 minus June 2093 (d). Note that we use a
different range in the colorbar axis to better show
summer and winter differences.
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and grain sizes. In winter, large areas of the shelf experience stresses capable
ofmoving gravels greater than 2mm in diameter. In the summer, this drops
to support only fine sands (between 0.0625 and 0.1mm). Where tides are
strong (e.g. in estuaries and English Channel), there is little difference
between summer and winter, with combined stresses able to mobilise
sediments of 11mm ormore. On Atlantic-facing coasts, large wave stresses
can mobilise pebbles above 25 mm at the peak of the storms.

The seasonal and climate impacts can be explored further by
summing up the active area of the whole shelf for each of the grain size
classes. Figure 5g shows the cumulative area of shelf which is mobile for

each grain size, comparing summers and winters in both present-day and
end-century runs. During the winter, larger areas of the shelf experience
stresses able to mobilise coarser sediments. The seasonality has the
potential to change active sediment class over an area larger than
500,000 km2 showing how storms are generating bed stresses capable of
moving coarser sediments over a larger area. There is little difference in
cumulative activity between historic and future summers, with a slight
reduction shown in mobility of the sands. We also predict an increase in
sediment mobility between past and future winters. In the end-century
storm, we find that areas up to 100,000 km2 have an increased capacity

Fig. 5 | Seabed transport capacity under future scenarios. Median grain size
mobilised by monthly maximum stresses of simulations including climate change
forcing for January 1996 (a), January 2050 (b), January 2090 (c), June 1992 (d), June

2053 (e), June 2093 (f). The colorbars are divided into categories as defined by
Wentworth68. Cumulative area (1000s of km2) of shelf over which each sediment size
class could be mobile for four different periods (g).
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for movement in every class from fine sand and above when compared
with the historic winter.

In all our future projections, tidal stresses on the shelf are expected to
reduce with an overall reduction in seabed currents, as SLR deepens the
water column, weakening momentum transfer between the surface and
seabed. This is true for waves as well as tides (because wave orbital motions
decay exponentially with depth). Conversely, there is amplification of wave-
induced stress from storms, as events in this case study projection are more
intense than those of the present-day storm simulation. In awarmingworld,
higher sea surface temperatures fuel stronger storms towards the end of the
century (e.g. ref. 15,66).This is representedby results (Fig. 5c).The increased
strength ofwinter storms, combinedwith a reduction in stresses due to SLR,
also increases the contrast between seasons in the future. By end-century,
seasonality has the potential to change active sediment class over an area
larger than 640,000 km2 from summer towinter.West-facing coastlines and
shallow sand banks are particularly susceptible to these climate-induced
changes to sediment transport capability.

Whilst our projections are based on a single typical storm track for the
area, each individual seabed disturbance event will have a spatially different
footprint and unique magnitudes across the area. Our predicted values of
sediment transport capacity are therefore not upper limits, but rather
indicate a general direction of change of increased seabed mobility. By
highlighting the range of possible changes inmobile grain size, these results
help identify sensitive regions and magnitudes of potential seabed impacts.

Discussion
This study highlights the influence of SLR and storms on future seabed
mobility, based on the projections of the RCP8.5 scenario. We focus on the
NWES region, as it is a well-studied area, exhibiting a wide variety of
conditions found across continental shelves globally, increasing the broader
applicability of the results. Threemainquestions are addressed:Howwill the
seabed stress be affected by the isolated effect of SLR? How will climate
change (future storms) impact on future seabed stress in a case study
extreme scenario? How can these projected changes in ocean currents and
seabed stresses influence future sediment transport capacity? This study is
purelymodelling-based, and focuses on the effects of SLR and stormswithin
a broader set of controlling factorswhich cannot all be considered here, such
as mixed sediment classes and biological or compositional variability.
Below, we first discuss direct implications of our results, followed by a
broader speculative assessment of important concepts related to these
findings. Limitations and future work are also discussed.

Results show that increasedwater level alone, when isolated fromother
climate change effects, will lead to an average reduction in seabed stress,
reducing tidal bed current speeds anddecoupling thewaves fromthe seabed,
diminishing wave-derived stress. These changes are on the order of 0.3 and
0.2 Nm−2 for tidal current-driven and wave-driven stresses, respectively,
which is relatively small compared to seabed stresses driven by present-day
spring tides (6 Nm−2) and storms, which can generate even higher stresses
(up to 10 Nm−2). These natural wave and current stresses are smaller in
magnitude than the anthropogenic stresses generated by seabed structures
and fish trawling. For example infrastructures such asmonopiles are known
to influence seabed stress69,70, potentially doubling the seabed drag coeffi-
cient in their wake and thereby increasing shear stress70. Another example is
bottom-contactfishing,which is oneof the strongest humandisturbances to
the seabed. Each pass of a bottom trawl can penetrate 1–10 cm into soft
sediments71. Themost impactful gear (beam trawls) canproduce short-lived
spikes of up to 20–40 Nm−2. The most widespread approach (using Otter
trawls) can generate trawl-induced bed shear stress values of 1–10 Nm−2 72.
Overall, future changes to the seabed stress signal driven by SLR (and related
tidal changes) are small in this context, but they are predictable and can be
estimated for a range of future scenarios, as it was done here for RCP8.5.
Conversely, based on this work, extreme storms are anticipated to increase
seabed stresses and associated sediment mobilisation. There is a strong
seasonal impact of seabed stresses mobilising sediment in the present-day.
In future, we expect the strength of the seasonality to increase, widening the

differences between winter and summer stresses. It was demonstrated that
in this case study, seasonality can alter the active sediment class across an
area exceeding 640,000 km2 from summer to winter by end century.Where
bed stresses are altered due to the effects of climate change, particularly in
shallow regions, there will be an increased sensitivity of seabed sediment
mobility, regardless of any potential seabed infrastructure development.
Numerical simulations developed in this work reveal that storms can
increase the seabed stress with up to an order of magnitude compared to
average calm conditions, and this difference will increase in future. Indivi-
dual storms are unpredictable (where and when they occur), but here we
quantify the impact that an individual event can have, and how this is
projected to change in the future. While a general stilling of the mean wave
conditions is predicted in the context of global climate change, more fre-
quent and more intense storms are predicted to cross North West Europe,
bringing more energetic waves45. This study quantifies how and where
increased sediment mobilisation may occur by the end of the century from
such intensified storms (see Fig. 5). The combination of the general stilling
and the increased stresses from transient events (storms) could exacerbate
impacts on seabed habitats, as longer quiescent periods would be inter-
rupted by more intense seabed disturbance during storms.

It is important to consider all these results within the context of the
CMIP5 RCP8.5 projection, used here on a downscaled regional
application50,73, and the associated uncertainties. This work provides an
understandingof seabed stress and transport capacity changes in anextreme
scenario case, therefore it improves our understanding of the tail risk of a
specific physical projection; these results do not show a statistical char-
acterisation of future conditions. There is high confidence on the effect of
tides, that in present-day simulations can contribute up to 3 Nm−2 to the
total combined stress during spring tides in the NWES (tidal range of up to
12m). There is less confidence in the effects of present-day storms, which,
although generally well understood, involve short-timescale processes that
remain complex to predict with high natural variability. In this work’s
simulation storms contribute up 12Nm−2 to the total stress. When inter-
preting the projected results, there is high confidence within the scientific
community that sea level will rise, with UKCP18 indicating an uncertainty
range of 0.56–1.12m50. This study shows that SLR can lead to a reduction of
up to 1Nm−2 in the total combined tide and wave-driven seabed stress
under average conditions. However, there is low confidence on the state of
future climate and storms, which we show are expected to contribute up to
15Nm−2 to the seabed stress. Therefore, while SLR and associated back-
ground changes are expected to produce largely predictable, predominantly
reduced seabed stresses, extreme storm events remain far less predictable
andmay continue to exert a dominant and potentially disruptive influence.

Beyond the direct results of this study, possible consequences and
related concepts are considered, which remain uncertain but may be
important for understanding the broader context, the significance of these
findings, and guiding future research. Firstly, changes in sediment mobili-
sation can impact the development of offshore infrastructures40,74,75. The
latter are developing quickly and worldwide in coastal and shelf regions,
with aquaculture, platforms (oil and gas), as well as offshore wind farms, as
some of the most frequently observed76. North West Europe and Asia
(China in particular) are expected to show some of the largest increases in
offshore infrastructures in the coming decades77, largely in relation to the
development of offshore wind farms77. The NWES region already supports
operational offshorewindfarms,with turbine arrays installed in increasingly
deep waters76,78,79. This region will experience greater exposure to future
storm events16,45,66,80,81 and the associated enhanced seabed shear stress. Near
offshore infrastructure, forces will be dominated by local flow amplification.
In the far-field of infrastructure, however, the impacts on the seabed driven
by the changing climate, as shown in this work, will interact and combine
with the modified flows around the infrastructure, and this requires further
investigation as it defines the future integrity of the seabed, its habitats and
associated benthic biodiversity and ecosystem services25,82. Enhanced bed
shear stress driven by climate change modifications to waves and tides will
also change sediment mobility around offshore infrastructure. Enhanced
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seabed stresses can force a live-bed regime to transition to one that supports
bedform development and migration83 or drive change towards an upper-
stage plane bed by flattening bedforms; seabed scour can result from both,
exposing foundations and seabed cables to potential damage.These changes
will also enhance the energetics of the turbulentwakes that form in the lee of
seabed infrastructure such as offshore windfarm monopiles. At the scale of
an offshore wind farm, the co-occurrence of enhanced stress resulting from
climate change and the turbulent wakes from seabed infrastructure can
combine. These enhanced stresses have the potential to increase seabed
heterogeneity (the spatial variability of seabed morphology) and modify
grain size mixtures70; all of which are critical for the functioning of the
benthic ecosystems84. Sediment transport capabilities also impact the suc-
cess of nature-inclusive designs of marine infrastructure. The rock grade
chosen to keep infrastructure protected should not be mobilised in the next
few decades, whilst modifiedmattresses (a different type of rock armouring
used in OWF foundations85) to be nature-inclusive may not withstand
intense currents86. Changes to sediment mobility can cause cage sinking,
where protective cages used to contain restoration substrates (e.g. oyster
shells or other habitat material) become partially buried due to sediment
movement. This, in general, calls for improved reef and housing designs to
ensure long-term restoration success87. Our results point towards hotspots
of areas where future changes in seabed mobility will need to be taken into
consideration.

Another important broader implication in the context of this study is
the way in which seabed stress may modify benthic habitats, and how this
can consequently affect the design and management of Marine Protected
Areas (MPAs) or measures to compensate for potential habitat losses. SLR
and storms can both have a significant impact on these areas, and previous
studies indicate that adaptive measures represent an effective approach for
enhancing their environmental resilience88–91. Sediment transport, which
canbe inducedbyboth SLRand storms92, also canhave an impact over these
areas93. Impacts ofwinnowing and sandwavemigrationwill alter the habitat
suitability for different benthic communities94. Benthic habitats are also
sensitive to periodic extreme events. The passage of a storm can lead to a
step-change in benthic habitats and infaunal communities95. In areas of high
flows and bed stress, benthic communities are exposed, more robust and
opportunistic, so they can withstand a large range of natural variability96.
Increased storminess may create more and bigger disturbance regimes for
benthic communities. A better understanding of future transport capacity,
as the one presented in this work, can be helpful to identify regions more
vulnerable to changes. However, it is not yet clear whether sediment
mobilisation will be sufficient to really alter the seabed composition and
therefore the habitats. Sediment transport capacity does not easily translate
to sediment composition.Moreover, D50 sediment classes do not represent
sediment heterogeneity, and the changes in sediment also need to be
modelled together with all the other drivers for benthic community dis-
tribution (e.g. temperature, primary production) to estimate what the
combined effects will be. If the storms are only rare events, then the dis-
turbance may not be enough to alter the benthic habitat (sediment com-
position) over a longer time. In that case, they will mainly change (increase)
the disturbance regime to which the current benthic communities are
exposed, causing additional stress to the species present.The impactwill also
depend on the underlying sediment type and thickness. Increased shear
stress might not immediately change the substratum type. If changes are
regular and long-term, it might change the energy climate for benthic
communities, and therefore cause changes in species presence/absence and
community composition. These seabed composition results must therefore
be evaluated togetherwith other factors that determine species composition.
For example rapid warming and marine heatwaves97. However, the out-
comes of this work give indications of potential changes in seabed drivers
and identify regions of theNWES that are exposed andneed to be taken into
account when carrying out future species distribution predictions.

This study has given a new understanding of future seabed mobilisa-
tion over the NWES and changes to the near-bed hydrodynamics. Further
advancement could be achieved running a coupled NEMO-WaveWatchIII

system, as opposed to combining the stresses offline. Live coupling would
better capture the feedback interaction between wave and ocean
components98–101, as in this configuration we are missing the transfer of
momentumbetweenocean andwavemodels. This is beneficial to accurately
represent shallow waters and should be implemented in future work. Many
of the largest impacts we observe are taking place in shallow water regions,
where the hydrodynamic-wave couplingwill bemost impactful. In this pilot
study,we ran themodel uncoupled and combined stresses offline to simplify
themethodology, reduce technical complexity, optimise computation time,
and maintain applicability. Another area of future study would be to have
thehydrodynamics coupled to a shelf-wide sediment transportmodel, to see
dynamic evolution of the seabed. Future work should also aim to con-
textualise these individual storms in a longer climatology. Here, we focus on
representative events to demonstrate how these processes can influence the
background system changes. Running longer simulations, over decadal
periods, would also be useful to provide longer time series, from which we
could infer statistically robust predictions of future changes to wave and
ocean currents derived stresses. Moreover, we have focused here on the
widely used RCP8.5 projections; this could be further developed by con-
sidering high-end sea-level scenarios that target regional, unlikely but not
impossible, extreme sea-level changes even more explicitly (e.g. ref. 102).
SLR will tend to decouple from the seabed. This is another area which has
scope for follow-on work. For example the wave energy dissipation is
reduced, allowingmore wave energy to reach coastal regions in some areas,
resulting in a slight increase in seabed stress asdemonstrated in this study for
the German Bight. This is an unexplored area which could stimulate future
work and may benefit from a coupled wave and hydrodynamic model.

Part of the future work outlined above is already underway as part of
the ECOWind ACCELERATE project (https://ecowind.uk/projects/
ecowind-accelerate/), as for example the inclusion of OWF infrastructure
on top of the climate change impact discussed in this paper, or the effect of
changes over benthic ecosystem and seafloor habitat.

Conclusion
In this study, we investigated the impact that changes to future climate can
have on the seabed. Having categorised areas of the seabed which are most
exposed towaves and/or currents, we identified areas where seasonality and
storminess are important. We quantified the magnitude of seabed stresses
which are generated by spring and neap tides, and calm and stormy con-
ditions. Next, this analysis was performed for future scenarios of SLR and
climate change (combining storms and SLR), to identify the areas of seabed
which are most likely to change in future. Our results show that SLR will
impact on ocean currents near the seafloor andwill alter the seabed stresses.
The impact of SLR alone (including impacts on tidal range and phase) leads
to small but highly predictable changes which will be consistent over time.
SLR also causes waves to decouple from the seabed (relative to the present-
day), leading to an overall reduction in seabed stress and energy dissipation.
While the SLR brings a small but predictable and consistent change, future
storminess is expected to bring rare but large seabed stresses. The
increased difference between summer and winter stresses strengthens the
seasonality, and therefore impact of episodic storm events. These storms
will be able to locally increase the seabed stress by up to an order of
magnitude in some regions. These larger events have the potential to
outweigh the impact of the small (but regular) baseline change, and need
to be understood and considered when planning operational structures.
While individual storms can not be predicted years ahead of time, the
potential impact of an extreme storm can be calculated to account for
worst-case scenarios. The expected changes to the seabed stress have the
potential to alter seabed mobility, and the benthic communities which
rely on them. Experiencing a stilling of the seabed due to reduction in
summer waves, and SLR, we expect longer quiescent periods. But an
increased number and strength of winter storms, will lead to larger areas
of seabed, and coarser sediments becoming mobilised. These altered
sediment dynamics may impact on the benthic habitats, and the suit-
ability of the seabed for offshore infrastructure.
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Methods
Numerical model setup
The models used are described in the sections ‘Hydrodynamic NEMO
model; AMM15 configuration’ and ‘WaveWatchIII spectral wave model;
AMM15 configuration’. The model forcing used for each experiment is
specified in the sections ‘Isolating the impact from sea level rise’ and
‘Simulating impacts from future climate change’. The underpinning
hydrodynamic and wave models have been tuned and run in this AMM15
configuration, with previous calibration and validation studies published by
refs. 99,100,103,104. In all experiments, an ocean model and a wave model
are run in standalone mode (i.e. uncoupled). The seabed stresses derived
frombothmodels are combined offline to estimate the joint contribution to
the seabed stress. The validation of our model outputs is provided in the
Supplementary Information Section S1. For readability, wemay refer to the
different experiment periods as ‘present-day’, ‘mid-century’, and ‘end-
century’ in the text. Below is a table summarising the details of each
experiment (Table 1):

Hydrodynamic NEMO model; AMM15 configuration. The ocean
model used in this work is the Nucleus for European Modelling of the
Ocean (NEMO; ref. 105). The configuration used is the Atlantic Margin
Model (AMM15; ref. 106), and is based on the publicly available revision
of AMM15_C09_p2107, with additions to read 360-day calendar bound-
aries and changes to the seabed stress diagnostic that are described below.
This configuration features a domain with 1.5 km horizontal resolution
and 51 vertical levels using a terrain-following coordinate system.

For efficiency, the AMM15 configuration uses a split-explicit time-
stepping algorithm that separates the computation of the depth-mean
velocity trends from the ‘baroclinic’ velocity trends, where the latter uses a
longer timestep. In this case, the computation of bed stress is separated into
two components: one associated with the depth-average current and
another associated with the depth-dependent current. For stability, the
AMM15configuration also uses an implicit bed stress scheme,whichmeans
that bottom friction is calculated together with other processes using the
velocity at the current timestep via a matrix inversion. The standard diag-
nostics in NEMO are not set up to output an accurate bed stress when the
split-explicit and implicit schemes are used together. We have therefore
modified the source code to account for these model configuration choices
and thus enable us to output the bed stress. Note that changes are onlymade
to diagnostic outputs; the underlying physical equations used byNEMOare
unchanged.

WaveWatchIII spectral wave model; AMM15 configuration. The
wave model used is the WaveWatchIII spectral wave model108, ver-
sion 7.12 created as part of the UK Met Office development’s efforts.
The domain covers the same area as the ocean model (i.e. NWES),
with the same rotated 1.5 km resolution over shelf region. Model
bathymetry is rounded to the nearest integer number of metres to the
water depth of the NEMO model. This configuration of

WaveWatchIII is forced by lateral boundary conditions updated
hourly from a single-level SMC global wave with resolution ~50 km
(run in-house). The reanalysis atmospheric forcing is given by the
ECMWF ERA-5 Numerical Weather Prediction reanalysis109. Future
projections are forced by HadGEM3-GC3 in both the regional and
global wave models. The wave model has a spectral resolution of 10
degrees (36 directions) and 30 frequencies, with a high frequency cut-
off at 0.04118 s. For the HadGEM3-GC3 climate model, the Gre-
gorian calendar was switched to ingest forcing with a 360-day
calendar (30 days per month). There is no sea-ice in the regional
model, but the global model updated sea-ice maps daily.

Calculating the seabed stress
In this study, the bed shear stress at the seabed is calculated offline, as part of
themodel outputs post-processing. It is obtained by combining the current-
generated shear stress estimated from NEMO with the wave stress derived
from the WaveWatchIII bottom orbital velocities.

Current bed shear stress (τc) is estimated as per110, as a function of the
water density (ρ), barotropic current velocity in the model’s bottom level
(Ubar), and the drag coefficient (Cd) defined in the NEMOmodel based on
roughness length (z0) and the VonKarman constant (κ), with (e3b) defining
the model cell thickness111:

τc ¼ ρCdUbar
2 ð1Þ

Cd ¼
κ

logð0:5e3b=z0Þ

� �2

ð2Þ

Wave-induced bed stress (τw) is estimated through thewave orbital velocity
(Uw) as a function of the near-bottom root mean square velocity (Urms), as
per refs. 38,110. The friction factor (fw) based on the roughness length (z0), is
derived inWaveWatchIII using a static look-up table112, which is itself based
on field and laboratory experiments reported by refs. 113,114.

τw ¼ ρf wU
2
w

2
ð3Þ

Uw ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2U rms

p ð4Þ

Total combined bed stress (τcombo) values are estimated from combined
currents and wave bottom orbital velocities, and the angle between current
direction and wave travel direction (Φ) as per ref. 110:

τcombo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τm þ τwj cosΦj� �2 þ τwj sinΦj� �2q

ð5Þ

where

τm ¼ τc 1þ 1:2
τw

τc þ τw

� �3:2
( )

ð6Þ

We take hourly wave stress fromWaveWatchIII and hourly current stress
from NEMO to calculate a monthly mean and monthly maximum τcombo.

Present-day experiments
A present-day simulation covers the January/February 2017 andMay/June
2018 periods. It is initiated from the operational configuration of AMM15
run at the UK Met Office. The ocean lateral boundary from Atlantic and
Baltic is alsoprovidedby theMetOffice; these are thepreviously-operational
Met Office forcing products, based on the NATL12 model115. The ocean
surface forcing data are from the ERA5 re-analysis109. The files are re-
gridded to be used as forcing for the wave model over the same period. The
wavemodel is nestedwithin a global configuration ofWaveWatchIII, run at
0.5° spatial resolution. Spectral wave data from this model are used to force

Table 1 | Average estimate of SLR at the boundary of the full
climate forcing under RCP8.5 scenarios (see the section
‘Simulating impacts from future climate change’)

Scenario Year Season SLR (m) Referred in
text as

Jun-low 1992 June 0.00 present-day

Jan-low 1996 January 0.00 present-day

Jun-mid 2053 June 0.14 mid-century

Jan-mid 2050 January 0.19 mid-century

Jun-end 2093 June 0.25 end-century

Jan-end 2090 January 0.32 end-century

Values shown here are used as indicative estimates derived from the average difference between
1990’s runs and the future projections; in practice, the sea level footprint is spatially variable.
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the later open boundaries of the AMM15 wave model at hourly intervals.
This present-day simulation represents real weather conditions and the
water levels, mean currents, directions and bed shear stresses have been
validated against observation, see Supplementary Information Section S1.

Isolating the impact from sea level rise
In order to isolate the impact of SLR alone from the more complex climate
change signal, we run a set of experiments where estimates for mid-century
and end-century SLR are added onto a present-day simulation without
including any additional climate change impacts to the system. By adding
SLRestimates to theboundaries and restart conditionsof themodel,without
including projections of the atmospheric forcing (i.e. impact of storm and
winds changes), we quantify the influence of the rising sea levels alone in
idealised experiments, before moving onto a more complex picture.

The spatially varying values of SLR, which were imposed on the
present-day simulation, were estimated from maps of total relative sea
level change based on the RCP8.5 scenario, as per the storyline of ref. 50.
SLR projections for mid-century (2050) and end-century (2100) periods
were added to the ocean model water level at the boundary. The NEMO
model bathymetry and coastline are held constant at the present-day
level throughout all simulations. For the wave-alone future SLR experi-
ments, an additional 1 m was added to all water depths to simulate a
homogeneous rise. This is due to a restriction on precision in the wave
model bathymetry. The seabed stresses from these two simulations
(present day and forced with SLR), estimated as described in ‘Calculating
the seabed stress’, are then compared. Moreover, a harmonic analysis of
the ocean model’s sea surface height outputs allows to investigate the
impact of SLR changes on the tide’s (M2 and S2 components) phase and
amplitude.

Simulating impacts from future climate change
To broaden the scope of the research beyond the impact of SLR alone, we
run a different set of experiments forcing the models with climate forcing
projections, also under the RCP8.5 scenario’s assumptions73. As well as
including the SLR impact, this accounts for projected changes to ocean
dynamics, atmospheric temperatures, winds, and related low-pressure
systems that are expected in future under extreme, yet possible,
conditions.

The simulation periods are selected from a HadGEM3-GC3 climate
projection dataset50. The projection of wind data at Constable Bank (in the
Eastern Irish Sea) is extracted from 1980 to 2100. The Eastern Irish Sea is
close to the centre of our NWES model domain, and thus captures the
majority of the storm tracks crossing this region.

The mean wind speed is estimated for each decade, and the monthly
mean that deviates the least from the overall average is considered as a
‘typical’ period within that decade. This way we select a baseline near pre-
sent-day, mid-century and end-century calm periods to investigate,
respectively, June 1992, 2053 and 2093. To select extreme (i.e. stormy)
periods, we rank the 90th, 95th and 99th wind speeds to select the month
with windiest weather within the decade.We select January 1996, 2050, and
2090 as extreme winter periods.

The WaveWatchIII model is initiated from rest, and permitted a
1-month spin-up period, before each experimental run. The NEMOmodel
is initiated from a downscaled AMM7 projection run73. The coarser (7 km
grid) AMM7 dataset is interpolated over the AMM15 (1.5 km) grid. The
northwestern area of our domain is not covered by the coarser dataset;
however, a set of AMM15 boundaries consistent with these simulations was
provided by the Met Office73; this data is not publicly available. By com-
bining the AMM15 boundaries with the consistent, downscaled AMM7
dataset, it was possible to interpolate data over the missing region to create
suitable initial conditions for the model. The method was validated by
running a short case study that could be compared against overlapping 20
years simulation forced with the same set of boundaries. We developed this
method to be able to run short simulations without a long spin-up time and
include ourmodifications to the shear stress code. The same set of AMM15

boundary files were used to force the ocean boundaries in the simulation.
The surface forcing was also preprocessed by the Met Office from a set of
HadGEM3-GC3 simulations73 under the RCP8.5 projections; this dataset is
also not publicly available, but access can be granted by theMetOffice. Each
simulation lasted 2 months, one of spin-up time, the second month (Junes
and Januaries) being considered for the analysis. The seabed stresses are
then estimated as per the section ‘Calculating the seabed stress’. To explore
the spatial variation and relative dominance of wave vs. current stresses, we
decompose our results into spatial regions. In this way, we can visualise the
relative importance of driving factors and map the total stress from ocean
currents or waves over the shelf regions.

To quantify the implications of these changes for sediment transport
capacity, we calculate the coarsest sediment type that can be moved by
the modelled seabed stresses. Seabed stress has the potential to mobilise
or resuspend sediments. Different classes of sediment will have different
thresholds of motion, beyond which they can be moved by the stress
acting on the seafloor. The models used assume a homogeneous bed type
and associated bottom drag. The value of the roughness length (z0) used
in the hydrodynamic model (3 × 10−3 m) corresponds to a median
sediment diameter D50 of 36mm, which would be categorised as pebble-
sized. However, at our model scale (1.5 km), the z0 must represent a
‘form drag’ associated to seabed features such as ripples and dunes,
opposed to simply the grain size alone. Even with this simplified picture
of homogeneous roughness, we can combine the modelled stresses with
observed mapped sediment type D50 to improve our picture of potential
seabed mobility. For each grain size, a critical shear stress (τcr) can be
derived from the non-dimensional critical Shields parameter (θcr) to
determine where sufficient stress is generated to move the sediment. The
critical Shields parameter is calculated using the empirical solution of
ref. 116. If the bed stress (τcombo) is larger than this value (τcr), then the
seabed will mobilise. (θcr) is defined as:

θcr ¼
τcr

ðρs � ρÞgd ð7Þ

Where ρs is the density of the sediment, ρ is the density of the fluid, g is the
acceleration due to gravity, and d is the particle size.

Please note that further details on the validation of this method for
estimating D50 from the modelled seabed stress are provided in the Sup-
plementary Information Section S1.3. Also note that complete outputs from
our simulations are publicly available onCEDA archives; we share themain
physical variables from the oceanmodel components117, as well as the main
parameters output by the wave model118, and summary data on our seabed
mobilisation analysis119.

Data availability
The outputs of the regional-scale numerical modelling projection simulation
supporting these findings of this study are publicly available on CEDA
archives; we share the main physical variables from the ocean model com-
ponents https://doi.org/10.5285/38626589-5885-fff9-e063-7086abc09721117,
as well as the main parameters output from the wave model https://doi.org/
10.5285/38624d82-baec-fcd8-e063-7086abc0e25c118, and summary data on
our seabed mobilisation analysis https://www.bodc.ac.uk/data/published_
data_library/catalogue/10.5285/3bc6687c-00ad-d305-e063-
7086abc08650/119.
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