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Abstract: Understanding multi-annual to decadal atmospheric climate controls 
on winter-wave climate is critical for coastal vulnerability assessment and future 
development of ‘season ahead’ forecasting of coastal risk. We examine the 
relationships between winter-average climate indices (NAO and WEPA) and 
directional wave power at 63 inshore locations throughout the United Kingdom and 
Ireland (UK&I). Analysis of hindcast wave data between 1980–2017 illustrate the 
extent of directional bi-modality, with 67% of inshore sites displaying directionally 
multimodal wave climates. Analysis of directional modes as a function of climatic 
indices illustrated the control exerted by NAO/WEPA on directional balance of 
inshore winter wave climate. Along Channel and southern North Sea coasts 
+WEPA significantly explains winter-averaged wave power for southwesterly 
wave directional modes (r=0.58–0.77) and –NAO significantly explains variability 
in all easterly wave modes (r=-0.6–-0.76), providing a mechanism for which 
‘season ahead’ inshore wave climate forecasting and rotational beach response can 
be based. 

 

Introduction 

Improved understanding and awareness of how our coasts and beaches will 
evolve over a range of time scales is critical for effective and sustainable 
management of our coastal infrastructure. Advances in understanding of coastal 
evolution and shoreline change require robust knowledge of the forcing wave 
climate, including spatial, directional, and temporal variability at any given 
location. The advent of long-term (multi-decadal) atmospheric sea-level 
pressure records, hindcast directional wave timeseries and beach morphological 
records have enabled fresh insights into the control multi-decadal atmospheric 
variability has on inshore wave climate and beach morphological response.  

An examination of long-term beach morphological datasets throughout exposed 
western coasts of Europe by Dodet et al. (2019) highlights the important role of 
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winter-averaged waves in controlling local cross-shore shoreline response. 
Further to this, Castelle et al. (2017) demonstrate that two atmospheric indices, 
the North Atlantic Oscillation (NAO; Hurrell, 1995), and the newly developed 
West Europe Pressure Anomaly (WEPA), significantly explain a large amount 
of exposed west-coast winter wave height variability from Ireland to Portugal. 
The winter-averaged NAO expressing the strongest relationship north of 
southern Ireland and winter-averaged WEPA strongest to the south. 

Along exposed beaches in the United Kingdom and Ireland (UK&I), beach 
response is dominated by on-offshore cross-shore sediment transport that is a 
function of total wave power (Masselink et al., 2016; Scott et al., 2016; 
Burvingt et al., 2018). For beaches orientated away from dominant wave 
approach, incident wave angles are more oblique and morphological changes 
are increasingly composed of longshore transport processes, with sediment 
transported in the direction of wave approach (Short and Masselink, 1999); 
within embayed beach environments the subsequent change in planform 
orientation is often known as “rotation” (Klein et al., 2002). Harley et al (2011) 
demonstrated how rotation could be linked to subtle variations in alongshore 
gradients of wave energy, and hence cross-shore sediment exchange, leading to 
out-of-phase response at embayment extremities. In contrast, along many (semi-
) sheltered environments where wave climate is a mix of swell and wind 
components, the incident wave climate can be directionally bi-modal, and 
morphological changes can be controlled by the time-integrated balance of wave 
power from the two directions (Ruiz de Alegria-Arzaburu and Masselink, 2010; 
Bergillos et al., 2016b; Wiggins et al., 2019).  

These (semi-) sheltered rotation-dominated sites often exhibit significant inter-
annual directional variability. Recent research by Wiggins et al. (2019) has 
indicated that winter-averaged variability in NAO and WEPA may have 
significant explanatory power in predicting wave direction in semi-sheltered 
seas. Basin-wide research in the Pacific (Barnard et al., 2015; Mortlock and 
Goodwin, 2016) uncovered subtle links between El Nino Southern Oscillation 
(ENSO) modes and wave direction, and subsequent variability in cross-shore 
beach response. Here we investigate whether climate variability, synthesized 
here by winter-averaged NAO and WEPA, significantly controls directional 
balance of alongshore wave power at inshore locations throughout the UK & 
Ireland (UK&I), characterized by directionally bi-modal (semi-) sheltered seas. 
This study aims to further our understanding of inter-annual climate controls on 
coastal evolution, critical for developing skillful ‘season ahead’ forecasts of 
coastal response. 
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Wave climate in the UK and Ireland 

The directional wave climates throughout the UK&I were analysed at 63 coastal 
locations (~20m depth) utilizing data from the UK Met Office 8-km 
WAVEWATCH III third-generation spectral wave model (version 3.14; 
Tolman, 2009), providing a 3-hourly hindcast of statistical wave parameters for 
the period 1980–2017. This model is described in detail by Mitchell et al. 
(2017) and has been extensively validated with directional buoys and satellite 
altimeters by Saulter (2015). These 63 sites were selected to represent all major 
stretches of exposed coastline throughout the UK and Ireland (Figure 1), and 
ranged from the extremely exposed storm-dominated Atlantic west coasts of 
Ireland and Scotland, to more sheltered locally-derived wind wave dominated 
regions in the Irish Sea, North Sea and English Channel. The following provides 
an overview of the annual wave climate in each region between 1980–2017. 

North West coast (Atlantic) 

W Ireland and NW Scotland: 11 nodes cover these regions that are exposed to 
the NE Atlantic Ocean wave regimes. Mean annual significant wave heights 
(Hs) peak at 2.9 m and 2.2 m on the exposed west of Ireland and Outer Hebrides 
(NW Scotland), respectively. Exposed to Atlantic storms, these regions are the 
most energetic in the UK&I with 1% exceedance significant wave heights 
(Hs99%) of 7–9 m on exposed coasts. Semi-sheltered regions are along the 
Northern Ireland and N Scotland coasts where annual mean Hs (and Hs99%) are 
1.2 m (4.4 m) and 1.7 m (6 m), respectively (Figure 1). Annual modal wave 
directions are from the W-NW (270–280˚ in exposed locations and 290˚ along 
north-facing coasts) and are swell-dominated and unimodal, with a slight 
influence of northern swell from the Arctic along the N Scotland coast (Figure 
2). 

South West coast (Atlantic) 

SW England and Wales: 13 nodes cover these west coast regions that are 
exposed to W and SW Atlantic Ocean swells. Mean annual Hs peak at 2 m on 
the exposed SW of England and 1.2 m in Wales. In the path of more southerly 
tracking Atlantic storms, these regions are highly energetic with Hs99% of 5.5–
6.5 m on exposed coasts. Sheltered regions are along the Bristol Channel coasts 
where there is increasing attenuation of Atlantic swell. Annual mean Hs (and 
Hs99%) are 0.4 m (1.6 m) to 1.1 m (3.9 m) along Bristol Channel coasts. Annual 
modal wave directions are from the SW-W (250–280˚) and are swell-dominated 
and unimodal along the exposed coasts, with increasing wave directional spread 
in the more wind-wave dominated Bristol Channel (Figure 2). 
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Fig. 1. Round-coast: overview of wave climate 1980–2017 around the UK coast (all 63 MO nodes) 

– wave height, max wave height (Hs99.5%), peak wave direction (frequency of occurrence). 

North Sea  

E England and NE Scotland: 17 nodes cover these east coast regions that are 
only exposed to northerly ocean swells derived from low pressure systems 
passing to the north of UK&I. Inshore wave climate is strongly controlled by 
coastal orientation and is sensitive to the wind wave regime. Mean annual Hs 
range from 0.5–1 m and increase to the north. In northern half of the E coast 
where there is a significant swell window to the northerly storm waves, Hs99% 

ranges between 3.5–4 m. In more sheltered regions to the southeast Hs99% < 3 m. 
Dominant annual modal wave directions are from the N-NE (10–30˚) along the 
NE coast with increased variability (40–180˚) as the coastline rotates to a more 
southerly exposure in SE England. All regions are directionally multi-modal, 
increasingly influenced by local wind wave regimes to the south (Figure 2). 

English Channel  

South coast of England: 13 nodes cover the south coast region. Influence of SW 
Atlantic swell waves increase from east to west. Mean annual Hs increase from 
0.6 m in the east to 1.2 m in the west. Atlantic exposure in the west leads to 
significant variation in storm wave climate with Hs99% between 2.9 and 4.3 m in 
the western regions and 2.3–3.2 m in the east. The whole south coast can be 
considered semi-sheltered and directionally bi-modal with a westerly swell 
wave component and significant easterly wind wave component. Dominant 
annual modal wave directions are from the SW (200–240˚) (Figure 2). 
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Fig. 2. Example wave climate data from each region of UK&I demonstrating varying types of 
directional multi-modality present. Insets show directional power distribution as 1980–2017 3-

hourly average kW/m in 5˚ bins. 

Irish Sea  

Coasts of NW England, E Ireland and NW Wales: 7 nodes cover this highly 
variable but sheltered region. Limited influence of S-SW Atlantic swell waves 
means region is dominated by local wind wave regimes and coastal orientation. 
Mean annual Hs vary from 0.6 to 1.1 m. Away from the influence of Atlantic 
swell Hs99% is between 2.7 and3.4 m, increasing to 4.2 m in more exposed 
locations in W Wales. Many nodes in the region are directionally multi-modal. 
Dominant annual modal wave directions are highly variable and dependent of 
local coastal orientation (Figure 2). 
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Fig. 3. Directional modes of 1980–2017 cumulative wave power distribution for each wave node 
around the coast. Black is primary mode, red secondary and orange tertiary. Modes displayed are 
>5% of primary mode peak prominence. Mean primary peak half power width = 22˚; therefore, 

approx. 68% (2σ) of peak distribution within 20˚ of peak. 

Wave directional modes 

Figure 2 indicates that beyond the semi-sheltered sites examined in Wiggins et 
al. (2019; south Devon coast), directionally bi-modal wave climates exist in 
many inshore regions throughout the coasts of the UK&I. In order to assess  

multimodality throughout the UK&I and investigate the explanatory power that 
climate indices have on the directional balance of alongshore wave power at 
these inshore locations, directional modes were extracted from the cumulative 
directional wave power distribution for each wave node around the coast and 
ordered by energy peak. 
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Figure 3 shows that 42 of the nodes (67%) have directionally multimodal wave 
climates where secondary modes are >5% of primary mode peak prominence. 
Across all nodes, mean primary peak half power width = 22˚; therefore, 
approximately 68% (2σ) of peak distribution is within 20˚ of peak. All nodes 
within the English Channel and East Coast regions are directionally multimodal, 
as well as 37% of Northwest coast (Atlantic), 8% of Southwest coast (Atlantic) 
and 71% of Irish Sea nodes. Of particular interest are nodes within the English 
Channel coast and the southern East Coast where primary and secondary modes 
are from opposing directions with respect to the coastal normal, therefore 
having the greatest potential to influence coastal morphodynamics with respect 
to the directional balance of alongshore wave power. 

Role of atmospheric indices 

In order to examine the relationships between long-term atmospheric forcing 
and winter wave climate around the inshore waters of the UK&I, winter-
averaged NAO and WEPA indices were first correlated with total winter-
averaged wave power between 1980 and 2017 for each node (Figure 4a & 4d). 
For this study, a normalized winter-averaged (DJFM) value of the station-based 
NAO index (Hurrell et al., 2017) and winter-averaged (DJFM) values of WEPA 
(Castelle et al., 2017) are utilized (hereafter all references to NAO and WEPA 
are winter-averaged). 
 
Supporting the findings of Castelle et al. (2017), total winter-averaged wave 
power was significantly (p<0.05) positively correlated to NAO in the Atlantic 
Northwest region (r=0.6–0.83), but also significantly correlated with all W-NW 
facing sites in the Southwest coast (Atlantic) and Irish Sea, but with r-values 
between 0.39–0.58 (Figure 4a). As observed by Castelle et al. (2017), the skill 
of NAO in explaining total wave power reduces below southern Ireland 
(~52˚N), below which the skill of WEPA dramatically increases. In fact, WEPA 
is only significantly positively correlated with nodes in the southern half of the 
UK&I and shows highest correlations in the Southwest coast (Atlantic) (r=0.66–
0.79) and W English Channel (r=0.81–0.84). 
 
While significant positive relationships with NAO and WEPA for Atlantic 
coasts were expected in the context of previous research, analysis also revealed 
significant negative correlations with NAO along the predominantly wind-wave 
dominated east-facing North Sea coast (r=-0.28–-0.69), providing evidence that 
the inverse relationships between easterly waves and NAO, shown by Wiggins 
et al. (2019) at Start Bay (western English Channel coast), may be relevant 
throughout a broader region (Figure 4).  
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Fig. 4. Correlations between mean winter wave height and wave power with NAO and WEPA 
around the coast. Only locations where correlation coefficients (r) were significant to 95% 

level are shown. Correlations between mean winter wave power and NAO (left) and WEPA 
(right) around the coast for N (315–45˚), S (135–225˚), E (45–135˚) and W (225–315˚) wave 
directional sectors. Only locations where correlations (r) are significant at 95% level (P<0.05) 

are shown. 
 

To explore further the relationships with wave directional modes, winter 
(DJFM) cumulative wave power associated with local directional modes 
(angular window of 20˚ either side of power modal peak) were investigated as a 
function of WEPA and NAO (see Figure 3). Strikingly, results in Figure 5 show 
that NAO and WEPA explain a significant amount of variability in winter-
averaged waves throughout UK&I, even in regions away from Atlantic swell 
waves where local wind wave regimes dominate. In many cases multiple 
directional modes have contrasting and highly significant atmospheric controls. 
 
All nodes in the English Channel and southern North Sea coasts (south-facing) 
are strongly directionally bi-modal (Figure 3), with coastal orientation 
suggesting dominance of alongshore sediment transport processes. Analysis 
shows that WEPA significantly explains variability in winter-averaged wave 
power for all southwesterly wave directional modes (r=0.58–0.77) and NAO 
explains variability in all easterly wave modes (r=-0.6–-0.76).  
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Fig. 5. Relationship between winter NAO/ WEPA (left panels) and directional winter wave 
power for 63 wave nodes around the coast of the UK & Ireland (1980–2017). Relationship 
between winter NAO/WEPA (right panels) with local wave directional modes (+/- 20˚) for 

each node. Colors are correlation coefficients, only results where P<0.05 are shown. 

Beyond the south coast regions, easterly-directed wave modes throughout the 
North Sea region, characterized by short wind waves, showed significant 
relationships with –NAO (r=-0.44–-0.76) decreasing to the north. Interestingly, 
neither NAO nor WEPA had any skill in explaining northerly swell waves 
entering this North Sea region. 
 
Throughout the UK&I, WEPA had significant skill in explaining southerly 
directed wave directional modes, both those characterized by Atlantic swell 
waves and locally-derived wind waves. The strongest influence of WEPA was 
in the southern half of the UK&I, below 53˚N (level with N.Wales). NAO on 
the other hand has strong explanatory power across the domain, with NAO+ 
driving an increase in wave power from W–NW throughout the west-facing 
coasts, and NAO- linked with NE–SE waves (most likely linked with easterly 
dominated airflow) throughout. 

Characterisation of regional response 

The skill of WEPA and NAO in explaining variability in the directional wave 
power balance throughout the bimodal nodes in the UK&I is illustrated in 
Figure 6. A Wave Directional Index (WDI) is computed following Wiggins et 
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al. (2019), which represents the winter-averaged normalized wave power 
balance between two opposing wave directional modes, shown by Wiggins et al. 
(2019) to correlate to beach rotation (Figure 6). For all 8 example sites shown in 
Figure 6, WDI time-series show significant temporal variability over a 20-year 
period. Periodicity in WDI along west and south coast regions (sites 1–5; Figure 
6) displays a <10-year cyclicity. WDI at these sites is significantly positively 
correlated with NAO (all sites) and WEPA (south-facing sites) and the 
periodicity is in range of that of NAO and WEPA shown by Castelle et al. 
(2018) through wavelet analysis. In contrast, the north-facing North Sea 
example sites show a strong >10-year periodicity in WDI, with weak or little 
correlation to the climatic indices tested. 

Examining winter WDI values in WEPA-NAO parameter space provides some 
further insights into regional response in the directionally bimodal examples 
sites in Figure 6. South-facing sites below 53˚N (sites 2, 4 and 5) are 
characterized by strong positive WDI (above average southwesterly wave power 
contribution) under a combination of +NAO and +WEPA, but tend to show 
neutral or negative WDI (above average easterly wave power contribution) 
under all other combinations. In contrast, variability in WDI at north-facing 
sites throughout UK&I (sites 3, 6, 7 and 8) is best explained by NAO, but the 
response characteristics are somewhat variable dependent on location. Sheltered 
north-facing sites in the west, like site 3 in the Bristol Channel, experience 
westerly waves dominance under +NAO and easterly under -NAO, largely 
driven by impacts of NAO on local wind regime. But, the WDI at the north-
facing sites in the North Sea is responding only to the relationship between 
easterly waves and -NAO, leaving the dominant northerly swell component of 
directional climate unexplained and hence the WDI timeseries has only weak 
correlation to NAO.  

In summary, this analysis has shown that the winter-averaged climate indices 
NAO and WEPA have significant skill in explaining variability in directional 
wave climate throughout the UK&I. There is particularly strong explanatory 
power within (semi-) sheltered south-facing coasts, below 53˚N (level with 
N.Wales), where winters with combined +WEPA and +NAO are associated 
with southwesterly wave power dominance, and winters with –NAO, regardless 
of WEPA are easterly wave power dominated. This is significant for coastal 
morphodynamics at these sites as: (1) the second directional mode typically 
contributes >20% of the peak prominence of primary mode; and (2) primary and 
secondary modes are from opposing directions with respect to the coastal 
normal. Therefore variability in alongshore wave power balance has a real 
influence on beach rotation. 
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Fig. 6. Temporal variability of Wave Direction Index (WDI) for 8 example sites that are located in 
sheltered coastal locations throughout the UK&I. Top left panels show winter-averaged WDI 

timeseries with 5-year running mean, for each site correlations with winter-averaged NAO and 
WEPA are shown (bold is significant at the 95% level). Bottom left panels show annual winter-

averaged WDI values within associated WEPA-NAO parameter space. Color is WDI value (low to 
high is blue to red, white is zero), bubble size is standardized winter wave power for the associated 
year. Top right panel is UK&I map showing site locations and primary and secondary modes used, 

where WDI is positive (red) then primary wave directional mode is dominating (red). 

Conclusions 

This work examined the role of winter-averaged climate indices WEPA and 
NAO in explaining variability in the directional wave climate throughout the 
UK&I. Using a hindcast wave record spanning ~40 years (1980–2017) the study 
provides new insights into potential climatic controls of multi-annual shoreline 
variability and highlights the huge potential of using climate indices to support 
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coastal management practices, with assessment of NAO and WEPA ‘season 
ahead’ forecast skill for explaining winter-wave forcing the next step.  

The key findings are: (1) 67% of inshore sites examined displayed directionally 
multimodal wave climates (where secondary modes are >5% of primary mode 
peak prominence), with all sites within the English Channel and North Sea 
regions found to be directionally bimodal; (2) along the English Channel and the 
southern North Sea coasts primary and secondary modes are opposing with 
respect to the coastal normal and have the greatest potential to influence coastal 
morphodynamics with respect to the directional balance of alongshore wave 
power; and (3) analysis of directional modes as a function of climatic indices 
illustrated the control exerted by NAO and WEPA on directional balance of 
inshore winter wave climate. Along the Channel and southern North Sea coasts 
the combination of +WEPA and +NAO significantly explained winter-averaged 
wave power variability for southwesterly wave directional modes and –NAO 
significantly explains variability in all easterly wave modes, providing a 
mechanism for which ‘season ahead’ inshore wave climate forecasting and 
rotational beach response can be based in this region. 
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