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KEY FACTS

SIEAEN

What is already happening

e There has been a poleward shift in the storm track since the 1990s and
an increase in the annual mean number of storms.

e Mean significant wave height has reduced over the last 30 years in the
north of the UK, and increased in the south.

e Observed trends in storms and waves cannot be directly attributed to
climate change because of the high variability and limited understanding
of mechanisms.

What could happen in the future

e Climate change could affect storms and waves in the North Atlantic, but
natural variability will continue to dominate over the next few decades.

e The most severe waves could increase in height by 2100 under a high-
emissions scenario, but there could be an overall reduction in mean
significant wave height in the North Atlantic.

e Projections suggest the wintertime storm track could intensify over the
UK.

e The chance of severe storms reaching the UK during autumn may
increase if tropical cyclones (such as hurricanes) become more intense,
and their region of origin expands northwards.

SUPPORTING EVIDENCE
Introduction

Storm-force winds and wind-driven sea waves can cause much damage in
UK coastal waters, particularly in autumn and winter. Understanding the
characteristics and variability of wave climate, and historical and projected
future change, is an important consideration for sustainable development of
coastal and offshore infrastructure, and management of coastal resources
and ecosystems. Waves contribute directly to coastal flooding, and wave
conditions are critical to shipping and offshore industry. Storm waves need
to be avoided on shipping routes, which are evolving in the context of
reduced Arctic Sea-ice (Aksenov et al., 2017, 2022). Waves are increasingly
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being recognised as having an important role in air—sea fluxes and mixing
processes in the ocean as well as contributing to changes in mean water
level (e.g. Bonaduce et al., 2022).

Wind-driven waves are created by the momentum input at the sea surface
under local winds. These wind-sea waves then propagate as swells, with
their effects being felt at great distances from generation. The largest waves
in UK waters tend to be found on the Atlantic-facing coasts where waves
can be generated over large fetches in the ocean. Due to seasonal variation,
waves around the UK are highest during the period October to March when
strong winds are more intense and persistent.

Many factors affect the height of waves in UK waters, but for the Atlantic
margin, the persistence and strength of westerly winds are particularly
important, as well as the intensity and frequency of storms (‘storminess’). In
the North Sea, westerlies have a more-limited fetch, but can still generate
high waves. Northerly winds can generate high waves particularly in the
central and southern North Sea, whereas strong southerly winds can
generate high waves in the northern North Sea. For the UK and Europe, we
are mainly concerned with extra-tropical cyclones (ETCs), also known as
‘mid-latitude storms’. While extratropical storms are routinely forecast,
there are uncertainties in the strength and destructiveness of these storms.
Most commonly in the autumn, ETCs can have transitioned from tropical
cyclones (Baker et al., 2021). The highest winds are sometimes associated
with ‘sting jets” within the cyclone (Clark and Gray, 2018).

Significant Wave Height (SWH, often referred to using the variable Hs)
represents a measure of the energy in the wave field, consisting of both
wind sea and swell, and is approximately equal to the average of the highest
one-third of wave heights. Other important parameters are wave period and
wave direction, which affect how waves impact the coast. In coastal waters,
waves are affected by tidal currents and water depth, and locally by coastal
geometry and man-made structures. Waves will have different impacts on
sandy beaches, compared with rocky coasts, estuaries or saltmarshes. Wave
changes in shallow water are a balance of shoaling (an increase due to
waves slowing down in the shallows), bottom friction (a decrease), depth-
limited wave breaking (a decrease) and refraction (an increase or decrease
dependent on how the wave energy is focused or defocused over shoals and
canyons). Future climate impacts on waves will come from the changing
storminess, but also interaction with sea-level rise (SLR).

Changing water depth will affect where waves feel the seabed, however
there is an insufficient evidence base to understand changes to bathymetry
and, therefore, in detail wave impacts along UK coastlines under SLR.
Future trends in still water levels, and coastal flooding for the UK are
detailed in companion report cards (Horsburgh, 2020; Haigh et al., 2022).
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* Future climate
change may alter
waves and storms
around the UK

* Wave parameters
are used as inputs
for flood risk
assessment and
shoreline &
erosion models

* Global heating changes wind patterns.
The winds generate waves

* Waves & storms contribute to extreme
water level events

* In autumn and winter storm-force
winds and associated sea waves can
cause much damage in UK coastal
waters.

« Offshore construction and operations
can be disrupted by storms or waves.

Renewable wind and wave resources
depend on climate

Figure 1: Storms and waves and their impacts

What is already happening?

Atmospheric circulation and storminess

Long-term changes in storminess and waves should be related to changes in
atmospheric circulation. Variability in atmospheric circulation can be either
natural variability or a response to climate change. The most significant
long-term trends of extreme waves can be explained by intensification of
teleconnection patterns such as the North Atlantic Oscillation (NAO) and
West Europe Pressure Anomaly (WEPA). On a global scale and informed
by a dynamical understanding, the greater heating at higher latitudes implies
‘global stilling” of winds, but a general decline of global wind speeds over
several decades has been followed quite recently by a recovery (Wohland et
al., 2021).

Woollings et al. (2015) assess the decadal and longer timescale variability
in the winter NAO. This has considerable impact on regional climate, yet it
remains unclear what fraction of this variability is potentially predictable.
On the shorter timescale the NAO is dominated by variations in the latitude
of the North Atlantic jet and storm track, whereas on the longer timescale it
represents changes in their strength instead. Harvey et al. (2015) show that
the large spread of projections for the extratropical storm track present in
the northern North Atlantic in particular is mostly associated with changes
in the lower-tropospheric equator-to-pole temperature difference.

On Atlantic coasts, change in wave climate are related to the number,
intensity and propagation speed of cyclones (Wolf and Woolf, 2006), the
storm track and the North Atlantic Oscillation. Some other coasts are
exposed to waves from the north or north-east and sea ice loss in the Arctic
and the frequency of strong winds from this quarter are important.

There are also at least two lines of evidence that suggest that the dynamics
pertinent to the UK experience may differ from the global situation. First,
the local mid-latitude storm track is likely to be sensitive to the latitudinal
gradient of atmospheric temperature over the North Atlantic, which will be
affected by the Atlantic Meridional Overturning Circulation. Second, some
of the more intense storms originated in tropical cyclones (Sainsbury et al.,
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2020), which have a distinct dynamical response to global heating. Priestly
et al. (2020) report an increase in the annual mean number of cyclones of all
origins over Western Europe in the two most recent decades. Additionally,
Seneviratne et al. (2021) express a medium confidence in a poleward shift
since the 1990s of where extreme storms are experienced, which will also be
relevant to local trends in wave height.

North Atlantic waves

To investigate historical trends, we can use model hindcasts, e.g. WASA-
Group (1998), STOWASUS-Group (2001), NESS, NEXT and NEXTRA
(Williams, 2005; 2008) and, increasingly over the last decade, re-analyses,
combining models and observations such as ERA5 (Hersbach et al., 2020).
Several global datasets of historical wind waves have recently become
available, e.g. Liuetal. (2021), Alday (2021), Ribal and Young (2019), and
ECMWEF (2019). These can be more accurate than ERAS, particularly in
regions of strong current and large SWH and some offer finer spatial and
spectral resolutions and updated global bathymetry. In addition to long term
records of SWH from satellite altimetry, which have recently been revised
and updated (Young et al., 2019, Dodet et al., 2020, Li et al., 2020), recent
observations of sea state (2015 to 2020) from SAR imagers on board
satellites have been released as part of the ESA Sea State CCI. These novel
products provide parameters beyond SWH, including swell wave height and
estimates of wave period (Pleskachevsky et al., 2022). However, a
conclusion from these datasets is that inconsistencies exist between models,
buoy and satellite data, yielding some differences in SWH trends (Figure 2).
Erikson et al. (2022) analyse a community ensemble of global wave models,
to perform a meta-analysis of trends in global ocean wave hindcasts across a
35-year period between 1980 and 2014. They find spatially coherent
patterns of change including downward trend in both winter and summer
SWH across the North Atlantic (NA). The annual number of rough days
(when daily maximum Hs exceeds 2.5 m) and high-wave days (exceeding
6.0 m) is seen to increase around the UK at a rate of around 0.5 days per
year. Full attribution is difficult but effects at a coast will relate to the
strength, direction and persistence of winds forcing the waves to which that
coast is exposed.

Drivers of variability and wave trends in the North Atlantic

All wind and wave time-series data show a great deal of variability
including inter-annual and inter-decadal fluctuations, but in some cases a
distinct persistent trend is observable within the variability, over various
time periods. Wave trends are highly sensitive to seasonality and affected by
the substantial short-term variability. Meucci et al. (2020) identified the
North Atlantic (NA) as an area of disagreement in trends. The NA is well
known to exhibit high interannual and decadal variability in sea state
(Hochet et al., 2021). The NAO is the main driver of the NA inter-annual
winter sea state variability. A positive NAO is associated with a
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positive SWH anomaly at latitudes higher than 45°N (Hochet et al., 2021).
Variability in winter-mean wave height north of ~52°N is primarily related
to NAO, while the West Europe Pressure Anomaly (WEPA) is dominant
farther south as explained in Castelle et al. (2017).

There is a positive upwards trend if you take a period from the 1960 to the
early 1990s. However a negative trend is evident in the period 1992—2017.
These trends are consistent with a ‘swing’ in the NAO over those decades.
In the late 20th century there was a period of increasing wave heights over
the North-east Atlantic, while trends in wind speed around the UK were
much weaker, and therefore most of the increase in wave heights is
attributed to Atlantic swell (waves generated far outside of UK waters but
propagating here from the ocean) rather than locally generated wind sea.
Wave heights may have been enhanced by an increase in persistence of
westerly winds (Wolf and Woolf, 2006). Looking at a different period,
Figure 2 presents the decreasing trend in mean SWH during
January/February/March around the UK during the period 1992-2017.
These data are from ERAD5, Ribal and Young (2019), (RY2019) and ESA
Climate Change Initiative for Sea State level 4 version 1.1 gridded altimetry
product (CCI2019), and ECMWF WAM hindcast without assimilation
(CY46R1). Yet another different period is analysed by Castelle et al.
(2018). They use a 69-year (1948-2017) numerical weather and wave hind-
cast to investigate the interannual variability and trend of winter wave
height along the west coast of Europe. Castelle et al. was not an assimilating
reanalysis (and is not shown in the figure, or part of (Timmermans et al.
2020. They observe an upward trend in winter-mean wave height. However,
this is mainly related to the NAO, while a periodicity at 6-8 years in recent
decades is related to WEPA.

The choice of time period therefore has a strong influence over what trends
are identified. The strong influence of regional processes, on interannual
and decadal sea state variability, complicates predictability and evaluation
of trends over multidecadal timescales. Within the sea state community,
research effort is currently directed at better understanding these issues.
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(B) CCI2019 [1992-2017]

Figure 2: Distribution of January-March SWH trend estimates on a 2°x2° grid over 1992-2017 for a
selection of satellite and model reanalysis datasets. (a) RY2019, (b) CCI2019, (c) ERA5, and (d)
CY46R1. Dots indicate grid cells where the trend coefficient is significant at the 1% level (replotted
from global data in Timmermans, 2020). The lack of robust trends (and sparsity of dots), is linked to
high sea state variability on interannual and decadal timescales during that period.

Large ensemble runs can help quantify some sources of uncertainty (model
structural uncertainty and internal climate variability). For example, Casas-
Prat et al. (2022) demonstrate the North Atlantic’s large internal climate
variability, where different ensemble-members can show trends of the
opposite signs for the same area. However overall, they conclude a negative
trend for annual mean and maximum SWH.

As well as changes in SWH there is some research around changes in wave
period and direction. This is of particular importance at the coast, for
example when considering logistics around harbours, as well as sediment
transport and coastal erosion. In the meta-analysis of 35-year hindcasts,
Erikson (2022) finds no change in mean wave period around the UK. They
do identify a shift in mean waves to come from an increasingly clockwise
direction (in both summer and winter). The trend is of the order 0.5 degrees
per year to the west of the UK, rising to 1 degree per year to the north of the
UK and in the North Sea. However, these trends are not statistically
significant. In the summer months, there is also an indication of a shift in
the anti-clockwise direction to the south-west of the UK. This trend is
statistically significant; however, it is small, measuring less than 0.5 degrees
per year. Recent work by Wiggins et al. (2019,2020) considers the impact of
bi-directional waves on coastal erosion, demonstrating how atmospheric
drivers such as WEPA and NAO alter coastal exposure through changing
wave power and coastal rotation.

Climate change impacts
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Detection and attribution of the human influence on climatic changes in
surges and waves remains a challenge (Ceres et al., 2017). The close
relationship between local extreme sea-levels and long-term mean sea-level
rise implies that observed changes in these extremes can be attributed, at
least in part, to human-caused climate change (Fox-Kemper et al., 2021). A
few studies have attempted to quantify the role of anthropogenic climate
change in extreme sea-level events around the UK (e.g. Turki et al., 2020).
Zappa et al. (2015) suggested that a climate-related signal emerges sooner
from the natural variability if seasonal averages rather than an annual mean
are used to examine the climate response. This suggests that by considering
extreme winter waves, we may be able to see emergent signals more easily
than by looking at the annual means. Waves have also been reviewed in the
latest IPCC report (AR6) Fox-Kemper et al. (2021). Their most robust
conclusion regarding wave trends around the UK, is the effect of sea ice loss
in the Arctic leading to increased wave heights over the period 1992-2014,
which is also reported with medium confidence in the previous IPCC report
(Collins et al., 2019).

In the past there has been little evidence for long-term systematic changes in
storminess emergent above natural variability (Marcos et al., 2015).
However, recent work (Calafat et al., 2022) identifies trends of storm-surge
extremes, separating attribution from natural and anthropogenic variability.
Natural changes display a north—south dipole, with increasing surge north of
52°N and a decrease to the south, while anthropogenic forcing leads to an
increase in surge extremes all around the UK coast. Storm surges and their
coastal impacts are covered in more detail in Haigh et al. (2022).

What could happen in the future?

Atmospheric circulation and storminess

Climate change may affect storminess, storm tracks and hence winds and
wave heights. Future projections in UK waters are very sensitive to climate
models devised for the North Atlantic storm track, which remains an area of
considerable uncertainty. Over the next few decades, the natural variability
of mid-latitude storm systems is likely to more strongly control storminess
around the UK than changes attributable to anthropogenic forcing
(Horsburgh et al., 2021). Seneviratne et al. (2021) project little change in
the number and intensity of extra-tropical cyclones globally. Wohland et al.
(2021) confirm the conceptual model that reductions in latitudinal
temperature gradients lead to global stilling, but expect internal climate
variability to dominate in this century. However, Harvey et al. (2020) show
that successive Coupled Model Intercomparison Project (CMIP) studies
have been mostly consistent in their projections of changes in the North
Atlantic storm track, and changes include an increase in wintertime zonal
winds at the latitude of UK. A recent study (Manning et al., 2022) projects
an increase in the frequency of wind storms over Europe to 2100, with a
specific and substantial contribution from sting jets. While in a global (and
IPCC) perspective, storminess may not increase, there is a likelihood that
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the UK will experience increasing storminess and an intensified wintertime
storm track.

Our latest climate projections come from the CMIP6 (Eyring et al., 2016).
Even some of the most advanced climate models, in the CMIP6 suite,
struggle to represent the observed wintertime atmospheric circulation over
the North Atlantic and Western Europe (Dorrington et al., 2021). The
reduced ability of models to correctly simulate extreme events is often
attributed to poor representation of regimes associated with persistent
atmospheric blocking events, or variations in jet latitude. However,
Dorrington et al. (2021) observed that CMIP6 has a considerably improved
spatial regime structure, and a more trimodal eddy-driven jet when
compared to CMIP5. CMIP6 still struggles with under persistent regimes,
and too little European blocking, when compared to five re-analysis
products.

Oudar et al. (2020) evaluated the wintertime midlatitude atmospheric
circulation in CMIP6 models and identified a tripole structure in the North
Atlantic, where the zonal wind strengthens over Western Europe and
decreases north and south. The zonal wind is observed to shift poleward in
the Pacific while it is squeezed and strengthened over Northern Europe. It
was concluded that the present-day zonal wind biases have been reduced
between CMIP5 and CMIP6. The storm tracks need evaluation in detail for
the CMIP6 models. Priestley et al. (2020) presents a representation of the
winter and summer extratropical storm tracks in both hemispheres.
Comparing the state of the storm tracks from 1979 to 2014 with ERAS it
was found that the main biases present in the previous generation of models
(e.g. CMIP5) persist but to a lesser extent. CMIP6 exhibit some lessening of
biases in the higher-resolution models, notably in the zonal tilt of the North
Atlantic storm track. The low-resolution models tend to underestimate the
frequency of high-intensity cyclones with all models simulating a peak
intensity that is too low for cyclones in the southern hemisphere. In the
northern hemisphere, most improvements can be attributed to increased
horizontal resolution. Song et al. (2021) compared 14 CMIP6 models with
ERAS. The comparison reveals that both the individual models and their
ensemble mean can simulate the spatial distribution of the density of
cyclone tracks with reasonable capability. The Atlantic zonal negative bias
of track density is stronger in winter than in summer, while location-field-
related and density-field-related variables (i.e. cyclolysis, cyclogenesis,
track, and lowest centre pressure densities) of Arctic cyclones are generally
better represented in winter than in summer.

Future wave projections

A leap forward in future wave climate projection comes from the work of
Morim et al. (2019): a model intercomparison analysis of a suite of global
wave climate models ‘COWCLIP’, with datasets published in Morim et al.
(2020). The Coordinated Ocean Wave Climate Project (COWCLIP) is a
multi-method ensemble of 155 global wave climate simulations derived
using both dynamical and statistical downscaling method from 10 separate
studies. This ensemble approach helps overcome issues related to
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standardisation of wave-climate datasets and limited sampling of
uncertainty space inherent to individual studies. Analysed in detail by
Morim et al. (2021), there are some robust findings for the North Atlantic,
generally showing it to become calmer over time: reduction in number of
rough days by around 10% increased frequency of low days and reduced
frequency of high days, and reduction in wave-storm-spell duration (10%).
These signals are consistent for end-of-century projections between, and
become stronger and more robust when moving from RCP4.5 to RCP8.5.

Aside from but in agreement with COWCLIP Amores and Marcos (2020)
project a decrease in ocean swell peak period and wave energy for European
coastlines at the end of the century under emissions pathway RCP8.5,
Mentaschi et al. (2017) identified a negative trend in extreme Wave Energy
Flux along Northern Hemisphere coastlines for the 21st century under
RCP8.5. Meucci et al. (2020) uses a GCM ensemble to force wave model
simulations and pool the outputs to conduct a reduced uncertainty extreme
value analysis of wind-wave events. The results show no statistically
significant changes in 1 in 100-year extreme significant wave height events
in the North Atlantic and along UK coastlines under RCP8.5 by the end of
the century, but statistically significant increases are projected for some
parts of the North Sea. D'Agostini (2022) use a Lagrangian approach to
further investigate future wave conditions in the North Atlantic. They
predict fewer, but more intense mid-latitude storms by the end of 21st
century under RCP8.5. They also project a significant increase in the
number of storm tracks in latitudes above 65°N for the same period.

The latest high-resolution wave projections for the UK coast were made
under UKCP18 (Palmer et al. 2018). For the 21st Century, projections of
average wave height suggested changes of the order of 10 to 20% and a
general tendency towards lower wave-heights. Changes in extreme waves
are also of the order of 10 to 20%, but there is no agreement in the sign of
the change among the model projections. High resolution wave simulations
suggest that the changes in the climatology of waves over the 21st Century
is sensitive to the position of the storm track, and differs depending on the
exposure of the coastline. For exposed coasts, the changes in waves are
dominated by the global response to climate change through the 21st
Century. For sheltered coastal regions, the changes in waves are dominated
by the local weather variability over the 21st Century.
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Figure 3: Historical conditions (top) and projected changes (below) in future mean (left) and
AnnMax (right) SWH (m). Areas masked in black have a confidence below 50% and those masked in
grey a confidence below 75 % (left) Middle century. (right) End century, Representative
Concentration Pathway RCP8.5. (After Bricheno and Wolf, 2018, and Palmer et al., 2018.)

Bricheno and Wolf (2018) use dynamical downscaling to make higher
resolution future wave climate projections for UK forced by the EC-Earth
climate model. Increases in the annual maximum and 99th percentile wave
height as large as 0.5-1 m are observed in some areas, but with a more
complex spatial pattern. An increase in waves to the north of Scotland is
also observed, mainly caused by a reduction in sea ice. Widening of the
probability density function is observed, suggesting an increased intensity of
rare high-wave events in the future.

A meta-analysis of seven global wave models driven using winds from the
CMIP5 global climate models was analysed for future waves around the UK
coast (Lowe et al., 2018). These simulations suggest an overall decrease in
mean SWH around most of the UK coastline of 10-20% over the 21st
Century under RCP8.5. The model projections show changes in annual
maximum SWH also of up to 10-20%, but the sign of change differs among
models and coastal location. It is also important to note that only a subset of
the CMIP5 models were used in this part of the assessment limiting the
confidence of the findings.

Wave properties other than SWH are also projected to change in the future.
Mean wave period is projected to decrease around the UK of the order 2-3%
by the end of the century (Morim et al. 2019). These trends are statistically
significant, and stronger in RCP8.5 than RCP4.5. Mean wave direction is
also projected to change — to come from an increasingly clockwise around
the UK. Changes are of the order 3-5 degrees by the end of the century,
however these projections are not statistically significant.

Coastal impacts

Waves are a primary driver of coastal evolution and as such changing wave
and storm climates will affect shoreline erosion around the UK. Wave bulk
parameters are used as inputs to shoreline models, so capturing future
changes in these parameters is of importance to understand the
morphological response of the UK’s coastlines to climate change and the
associated risks (see, for example, Masselink et al., 2020; Hilton et al.,
2020; Montafio et al., 2021).

10
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Waves and storms are also a contributing factor to extreme water level
events, which are caused by a combination of local tides, storm surges and
waves superimposed on changing sea levels (Palmer et al., 2018; Haigh et
al., 2022). Although extreme water level events are set to increase due to
secular sea-level rise, no significant sign of change in contributions related
to atmospheric storminess is detected, however more work is needed to
improve understanding of the contribution of both storm surges and waves
to these events (Palmer et al., 2018).

Wave contributions to total water level are made up of wave setup (time
mean dynamic elevation of sea level due to wave breaking) and swash
(waterline oscillations at the time scale of individual waves and wave
groups) (Dodet et al., 2019). Wave setup can be a substantial contributor to
regional departure from global mean sea level. In projections for 2081-2100
for UK coastlines, the trend in the contribution of wave setup contribution to
coastal mean sea level change is negative (Melet et al., 2020).

Muis et al. (2020) presents the Coastal Dataset for the Evaluation of Climate
Impact (CoDEC), a global dataset of extreme sea levels which can be used
to map the impact of climate change on coastal regions. Although the
projected changes in return period are mostly driven by sea level rise, in
certain areas the change in water level is amplified by storm surges and tidal
interactions.

Storms and waves are a hazard to infrastructure and transport along UK
coastlines as well as in offshore waters, and the influence of climate change
will directly change the risk posed. Coastal developments as well as marine
industries and infrastructure, including shipping, ports, offshore wind farms,
oil and gas rigs, pipelines and communications and power cables, are all
vulnerable to impacts from changing waves and storms (lzaguirre et al.,
2021; Jaroszweski et al., 2021). For renewable energy from offshore wind
and waves, the resource is directly related to storms and waves. Scott et al.
(2021) examine inshore wave climate at 63 locations throughout the United
Kingdom and Ireland for the period of 1980-2017. They show that 73% of
the inshore waves are directionally bimodal. They find that winter-averaged
expressions of six leading atmospheric indices are strongly correlated with
both total and directional winter wave power (peak spectral wave direction)
at all studied sites.

Malagon Santos et al. (2017) derive spatial footprints for extreme wave
events from buoy data around the UK, 2002-2016. The winter of 2013/14
appears as an outlier. Brown et al. (2016) discuss the evolution of coastal
systems in the aftermath of the winter of 2013/2014, when there were
several severe storms tracking across the UK. Masselink et al. (2016) show
that the 2013/2014 winter wave conditions were the most energetic along
most of the Atlantic coast of Europe since at least 1948. Along exposed
open-coast sites, extensive beach and dune erosion occurred due to offshore
sediment transport. More-sheltered sites experienced less erosion and one of
the sites even experienced accretion due to beach rotation induced by
alongshore sediment transport. Storm-wave conditions such as these have

11
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the potential to dramatically change the equilibrium state (beach gradient,
coastal alignment, and nearshore bar position) of beaches along the Atlantic
coast of Europe. Some parts of the coast have changed their state (passed a
tipping point) so they may be more vulnerable to future storms and
overtopping by waves.

Future improvements to the evidence base

As shown from the confidence assessment, there is work to be done to
improve understanding of long-term trends and decadal variability in wave
climate. In particular, work is needed on the drivers of long-term variability,
focussing on how wave conditions respond to climate indices such as the
NAO. Improvements of wave model physics (including coupling to
atmosphere and hydrodynamics) will help with our model hindcasts, and
thus give confidence in any future projections which are made with the
same dynamical models. Better representation of the atmosphere in the
latest generation of climate models (CMIP6) will be used to make future
wave climate projections of an improved quality. Bias correction methods
also have scope for improvement. There is still work to done with regard to
understanding and simulating extreme waves. This can be addressed
through novel statistical approaches which explore plausible events. The
length of the observational record will also improve this issue, as longer
datasets will represent more of the natural variability, and have scope to
capture a fuller range of extreme events. Relatively short datasets will be
improved over time through sustained in-situ observations and the launch of
new satellite missions (e.g. SWOT launched December 2022, Morrow et al.,
2019).

Dynamical understanding

Climate indices, in particular the NAO and WEPA, are recognised to have
strong correlations with wave climates around the UK, with atmospheric
setups determining wind strength and direction over the region, and hence
driving the generation and propagation of waves (Masselink et al., 2014;
Castelle et al., 2017, 2018; Patra et al., 2020; Wiggins et al., 2020; Scott et
al., 2021). The link between these wave climates and atmospheric indices,
which are inherently more predictable than local wind fields, has the
potential to be exploited for seasonal predictions of wave climates and
related coastal impacts, as well as informing future trends over the 21
century (Mentaschi, 2017; Hilton et al., 2020; Wiggins et al., 2020;
Montafio et al., 2021).

The importance of natural variability in storminess over the next few
decades above that of either climate-change-induced changes or mean sea-
level rise is demonstrated by Horsburgh et al. (2021). The study uses
artificially synthesised storms to create ‘grey swan’ events, which represent
plausible events within the range of natural variability but outside of the
observational record, showing that potential storm events capable of
generating more extreme waves and storm surges than have been observed
are likely to occur without any climate-driven changes.
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Data quality and bias correction

Inconsistencies within and between datasets complicate interpretations of
historical trends. Methods to reduce those inconsistencies are essential, and
improvements have been made in the field of bias correction. Lemos et al.
(2020a) studied systematic biases in wave climate simulations, exploring
different bias correction methods commonly used for climate impact
variables (e.g. precipitation, temperature), and the analysis of bias-corrected
wave climate projections. Under the RCp8.5 scenario, a bias-corrected 8-
member ensemble was analysed for a future timescale of 2081-2100. The
results indicate the significance of bias correction in both the ensemble
estimation of mean SWH projected changes and in the ensemble spread
magnitude. The outcomes indicate the need for a quantile-based bias
correction, able to deal with extreme events, which have a disproportionate
impact in coastal processes. In another study by Lemos et al. (2020b) the
relevance of a quantile-based bias-correction method in the estimation of the
future projected changes in global wave climate was explored. They used
the empirical Gumbel quantile mapping (EGQM) and empirical quantile
mapping (EQM) methods for bias correction. The original SWH biases
(annual mean, and extreme mean: mean above the 99th quantile) showed a
consistent overestimation over the period of 19792005 relative to ERA5,
especially in the extratropical latitudes of both hemispheres for extreme
SWH values. A generalised overestimation was also shown for the mean
wave period (Tm), for the mean wave direction (MWD), the highest biases
in both hemispheres were shown to be present along the tropical and
subtropical latitudes. The correction (EGQM method for SWH and Tm, and
EQM method for MWD), reduced biases by between two and three orders
of magnitude, to values generally below 0.01m, 0.01 s, and 0.2° for SWH,
Tm and MWD, respectively. The bias-corrected projected changes show
decreases in the North Atlantic Ocean that are more pronounced during
local winter.

The accuracy of SWH trends from the long-term multi-mission altimetry
record has also been shown to be limited by the composite nature of the
dataset (Young et al., 2022). Potential issues with data buoys that are
typically used as the ‘gold standard’ for in-situ measurement of sea state,
continue to be identified (Collins et al., 2022). Considerable effort is being
focussed on better understanding the range of uncertainties that affect these
various data sources (Dodet et al., 2022). Disagreement in long term trends
found in re-analysis versus observations has been linked to changes in the
re-analysis data assimilation methods that took place in the earlier part of
the record (Meucci et al. 2020).

Modelling techniques Traditionally, spectral wave and hydrodynamic
models have been run separately, with no hydrodynamic forcing of the wave
models. However, it is becoming increasingly clear that coupling improves
behaviour and accuracy, and the importance of waves is more recognised.
For example, Bonaduce et al. (2020) found the wave-induced component of
sea-level can contribute up to 20% of total water level during extreme
events. Interactions between wave and atmosphere can also impact surface
winds and storm progression. Including this process explicitly in coupled
models can reduce sea-surface wind speed (e.g. Wu et al., 2019).
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The majority of General Circulation Models (GCMs) do not include wave
parameters as a standard output. However, the First Institute of
Oceanography-Earth System Model version 2.0 (FIO-ESM v2.0), a GCM
coupled with an ocean wave model, was developed and participated in
CMIPG6 (Bao et al., 2020; Song et al., 2020). Comparison against ERA5 re-
analysis data showed that SWH and mean direction (Dm) were generally in
good agreement, however spectrum peak wave period (Tp) and zero-
crossing wave period (Tz) were less well represented in the model (Song et
al., 2020). Regional biases were also noted over the North Atlantic, with
annual mean SWH approximately 0.5 m higher than ERAS.

In recent years, the use of machine learning methods as a statistical
approach to predict wave properties has been increasingly demonstrated.
Studies have applied machine-learning techniques to determine wave
conditions over a domain from limited observations (e.g., Sanchez et al.,
2018; Shamshirband et al., 2020; Chen et al., 2021), or for short-term wave
forecasting, out to 24—72 hours ahead, using either observational data (e.qg.,
buoy observations) or primary variables from a physics- based model (e.g.,
wind and wave boundary conditions) as inputs (e.g., Ibarra-Berastegi et al.,
2015; Oh and Suh, 2018; O’Donncha et al., 2019; Mooneyham et al., 2020;
Pirhooshyaran and Snyder, 2020). Use to date of machine learning
techniques to project future wave climates on longer timescales is more
limited, and they are more successful for wind-dominated than swell
dominated waves. The open seas around the UK, particularly along the
western coasts, are influenced by remotely generated swell, necessitating
consideration of the atmospheric setup over a much larger domain and
posing a greater challenge for this type of approach.

CONFIDENCE ASSESSMENT
What is already happening?

Level of
agreement or H
consensus

(inc. dataset N X
agreement
and model
confidence)

L M H
Amount of evidence (theory /observations /models)

While our evidence base has continued to grow, with longer observational
datasets and more model re-analysis available, there is not a consensus in
the trend in SWH, which is highly sensitive to seasonality and short-term
variability. No dataset or re-analysis is perfect and it is unclear which of
those currently available for wave climate is the most reliable.
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What could happen in the future?

Level of
agreementor H
consensus

(inc. dataset |\
agreement
and model
confidence) X

L M H

Amount of evidence (theory /observations /models)

The future changes depend on model projections, which have improved on
moving from CMIP5 to CMIP6 but still have shortcomings when
representing the most intense storms. There are still quite substantial
differences between different climate models, but new higher-resolution
models promise better representation of storms. Meta-analysis through e.g.
COWCLIP has led to better understanding and quantification of intra-model
uncertainty, and helped identify areas of (no) consensus.

KEY CHALLENGES AND EMERGING ISSUES

e There is inconsistency between models, in-situ observations, and
remotely sensed wave data.

e We need to improve the simulation of storms in climate models.

e We need to improve understanding of how North Atlantic storms
and blocks respond to external forcing.

e We need to use new techniques: meta-analysis and statistical
methods to reduce historical and future uncertainty.
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