
AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

On the concordance of 21st Century wind-wave climate 

projections 

 

Joao Morima*, Mark Hemerb, Nick Cartwrighta1, Darrell Straussa2, Fernando Anduttaa3 

 

aGriffith University, Gold Coast, Southport, Queensland 4222, Australia, Ph: (+61) 7 5552 8572 

 

bThe Commonwealth Scientific and Industrial Research Organisation (CSIRO),  

Hobart, Tasmania 7001, Australia, Ph: (+61) 3 6232 5017 

E-mail: mark.hemer@csiro.au 

 

E-mail1: n.cartwright@griffith.edu.au 

E-mail2: d.strauss@griffith.edu.au 

E-mail3: f.andutta@griffith.edu.au 

 

*Corresponding author, E-mail: joao.morimnascimento@griffithuni.edu.au 

 
  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 
Abstract 

   Understanding anticipated climate-induced changes in the global wind-wave climate is paramount for 

sustainable development of coastal and ocean industry-operations, resources, ecosystems and for the 

mitigation of potential impacts on coastal settlements. Intensive research has been placed into global and 

regional wave climate projections over the past 10 years, but no systematic review has been conducted to 

date. Here, we present a consensus-based analysis of 91 published global and regional scale wind-wave 

climate projection studies to establish consistent patterns of impacts of global warming on the wind-wave 

climate across the globe. Furthermore, we critically discuss research efforts, current limitations and 

identify opportunities within the existing community ensemble of projections to resolve various sources 

of uncertainty amongst the sparsely sampled set of future scenarios. We find consensus amongst studies 

regarding an increase of the mean significant wave height 𝐻s across the Southern Ocean, tropical eastern 

Pacific and Baltic Sea, and conversely, a decrease of 𝐻s over the North Atlantic and Mediterranean Sea. 

Furthermore, we observe that projections of 𝐻s over the eastern north Pacific and southern Indian and 

Atlantic Oceans lack consensus. Similarly, future projections of extreme 𝐻s lack consensus everywhere, 

except for the Southern Ocean and North Atlantic. We note a distinct lack of research regarding projected 

changes in wave direction which is of critical importance particularly for the mitigation of coastal hazards.  

Furthermore, we observe that the projection uncertainty surrounding wind-wave climate projections has 

been poorly sampled. Subsequently, we identify sets of coordinated experiments within existing studies 

that can be used as a basis to systematically quantify these uncertainties. Lastly, we recommend a shift 

towards a systematic, community-based framework (as propose by the COWCLIP) to foster concerted 

efforts and to better inform the wide range of relevant decisions across ocean and coastal adaption and 

mitigation assessments.  
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1. Introduction 

   Wind generated ocean waves are considered one of the eight main climate drivers affecting the coastal 

environment and are key contributors to shoreline erosion, storm surge and flooding (Ranasinghe, 2016; 

Sierra and Casas-Prat, 2014). Whilst there is evidence that the influence of a changing wind-wave climate 

might further exacerbate or even dominate relative to the influence of sea-level rise across some coastal 

regions (Coelho et al., 2009), the combined influence of these non-stationary processes will likely have a 

significant impact on coastal nearshore zones. Despite being a key component of the Earth’s climate 

system  (Young et al., 2011), and increasing awareness of sea-state as an essential climate variable, wind-

wave parameters are not yet available as an output from Atmosphere-Ocean General Circulation Models 

(AOGCMs) which are widely used to characterize the climate system (Nicholls et al., 2007). Consequently, 

and as noted in the Fifth Assessment Reports (AR5) of the Intergovernmental Panel on Climate Change 

(IPCC) (Field et al., 2014), knowledge of projected changes in the wind-wave climate is limited relative to 

other climate variables such as temperature and precipitation; as particularly noted in the Fifth 

Assessment Reports (AR5) of the Intergovernmental Panel on Climate Change (IPCC) (Field et al., 2014). 

   Having recognized that the wind-wave climate responds to climate variability and change, and that 

there are broad socio-economic and environmental consequences of such changes (Hoeke et al., 2013), a 

growing number of studies have been completed by the international scientific research community to 

understand how the global- and regional- wave climate systems may potentially respond to different 

trajectories of increasing greenhouse gas emissions forcing over the 21st century (Fig. 1). While scientific 

efforts are underway to coordinate the next generation of wave-climate projection studies, a lack of 

coordination and integrated consensus exists within the existing ‘ensemble’ of published studies  (Hemer 

et al., 2013a) the IPCC AR5 constrained to state that projected changes are qualitatively uncertain 

(Church et al., 2013, Field et al. 2014). 
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Fig. 1. Number of global and regional-scale studies per year projecting change in wind-wave climate 

completed since 2004. Also indicated on the x-axis are the years of release of IPCC Assessment Reports 

(IPCC AR5 and AR6), IPCC Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC) 

and the COWCLIP Phase I and II inter-comparison analysis. The acronym of each region has been defined 

in the Supplementary Information and in Fig. 3. The list of existing studies considered for analysis is given 

in the Supplementary List S1 with details summarized in Supplementary Table S1 and S2.  

    

 Due to a number of factors including limited study scope, computational resources and/or availability of 

suitable climatological data sets, different climate modelling groups have adopted conceptually different 

methods of deriving wave-climate projections, and have considered different forcing conditions obtained 

from a select few emission scenarios, using a select few AOGCM simulations. As a result, projection 

uncertainty has been treated very differently leading to contrasting lines of evidence in the literature. 

Individual studies have therefore been systematically limited within the full uncertainty sample space 

and consequently are unable to quantify the uncertainty inherent to the projection modelling process (Fig.  

2). Distinguishing the anthropogenically-forced climate changes from the variance induced by the 

different sources of uncertainty (and from the natural background variability) is needed to reliably 

incorporate wave climate projections into coastal adaptation and mitigation decision making. Moreover, 

inconsistencies in modelled historical and future time-slices and projected wave climate variables exist. 

These aspects combined have systematically hampered our ability to move forward with consensus and 

need consolidation to support defining the way forward. These has been recognized by the Coordinated 

Ocean Wave Climate Project (henceforth COWCLIP) (Hemer and Wang, 2017; Hemer et al., 2010; Hemer 

et al., 2012), a coordinated international scientific collaboration which seeks to support assessments of 

historical and projected future wave climate variability and change. 

   In this context, we provide the first systematic, consensus-based analysis which consolidates multiple 

independent lines of evidence from 91 published global and regional-scale wave-climate projection 

studies. Furthermore, we critically discuss the research effort to address projection uncertainty and 

analyse the sample overlap amongst existing studies to identify opportunities to isolate/resolve these 
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uncertainties using existing data sets. The analysis presented provides support to the COWCLIP Phase 2 

inter comparison study and represents a critical step in evaluating the robustness of future projections 

of wind-wave climate change at both regional- and global-scales. 

   The article is divided into four sections. In section 2, we describe the wave-climate projection process, 

modelling frameworks, and corresponding sources of projection uncertainty. In section 3 we present the 

findings of the systematic, consensus-based review of projected changes in the global and regional wave 

climate. In section 4, we discuss the sample space coverage (uncertainty, parameter, temporal and spatial 

spaces) in the existing ensemble of wave climate projections. In section 5, we identify opportunities 

within the existing studies to isolate and resolve the subsets of the uncertainty space. In section 6, we 

present key conclusions. 

 

 

 

 

Fig. 2. Schematic representation of the cascading sources of uncertainty (and the different modelling 

frameworks) associated with the various stages of the wave-climate projection process (the definition of 

each source of uncertainty is given in the Supplementary Information). Each subset of the uncertainty 
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space is assigned a different colour code, with the black arrows representing the interaction between the 

different subsets and illustrating the growth of the envelope of uncertainty.  

 

2. Approach 

2.1 Data sources 

   Information was collected from 91 publicly available wave climate projection studies published in the 

peer-reviewed, and grey literature at the time of writing (see Supplementary List S1). The wind-wave 

climate projection studies reviewed in this synthesis are summarised in supplementary Table S1 which 

includes information on (1) publication citation; (2) study area; (3) climate forcing scenarios analysed; 

(4) AOGCM used for future projection; (5) atmospheric downscaling approach, i.e. number and name of 

atmospheric/regional model or statistical methods used; (7) wind-wave modelling approach, i.e. name of 

spectral wave models/source terms and/or statistical methods applied; (8) spatial resolution of 

projections provided; (9) projection time-slices; (10) research institution. In addition, supplementary 

Table S2 summarises information on archived, validated and projected wave variables/statistics and data 

sets, time periods and skill metrics of performance used for verification of wave simulations. To facilitate 

the comparison of findings between global and regional-scale wind-wave projections and account for 

regional variability, studies have been organized in temporal space (Fig. S1) across 21 sub-regions of the 

global ocean defined on the basis that wind-wave climate characteristics in each particular domain are 

qualitatively similar (Alves, 2006; Hemer and Trenham, 2016). A study was allocated to a given region 

when it explicitly examined the projected change in wind-wave parameter(s) within that region.  

 

2.2. Evaluation of inter study consensus 

2.2.1 Time slice and wave parameters 

  The end of 21st century period (2070−2100) was used for analysis, as the largest temporal overlap is 

available within this period amongst the existing studies (see Fig. S1). We noted differences in the 

definition of the present and future wave climates (time-span and time periods) amongst the studies (Fig. 

S1). To enable the intercomparison, it is assumed that any such differences are attributable to model 

error and are not from the variability of the wind-wave climate and hence choice of time slice  (Hemer et 

al., 2013a). 

   We limited our qualitative intercomparison to the mean and extreme 𝐻s since this is the only wind-wave 

variables with sufficient overlap between existing studies to allow an informed analysis and integration of 

the results. Section 3 provides a detailed discussion on the scarcity of studies examining projected 

changes in wave period and/or direction. To enable a larger overlap in the wave-parameter space 

associated with future changes in extreme storm-wave events, projected changes in return periods (more 

than 20 years), annual mean maximum values and 95/99th percentiles were considered together. 

Whenever duplicated results were encountered, only the most explicit result available was retained (see 

Supplementary Information).  

 

2.2.2 Consensus analysis 
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   The consensus-based analysis of the climate change signal was based on the IPCC AR5 guidelines 

(Mastrandrea et al., 2010; Mastrandrea et al., 2011), in which the direction of change as a response to 

global warming is qualitatively appraised based on (1) the amount of available evidence and (2) the level 

of consensus (the level of concurrence in the literature on the signal of change) (Stanton et al., 2016). No 

weighting, or ranking, of any study over another was applied, since the provision of wind-wave climate 

projections is still in its infancy, and standard metrics for study quality are yet to be defined (Hemer et al., 

2013a; Hemer and Trenham, 2016).  

   For each article reviewed, the signal of change in both the mean and extreme 𝐻𝑠 was ascribed as either 

positive (+), negative (-), or no change (0). For 𝐻s, the climate change signal map was generated by 

normalizing the sum of the signals appraised by the various studies, as the multi-model or multi-run 

ensemble mean difference between present and future wind-wave climates. The reasoning behind this is 

that the skill of an ensemble outperforms the skill of its members (Hemer and Trenham, 2016) because it 

filters out biases of individual GCMs, apart from pervasive errors. When the ensemble mean was not 

available, a sign was attributed solely when all ensemble members agreed in the signal of change. For the 

extreme 𝐻s, the climate change signal map was derived by normalizing the sum of signals assessed by the 

different studies as the individual results from all the ensemble members when available; otherwise the 

ensemble extreme was used.  

       We acknowledge the following limitations to the adopted approach used is inherently subject to as the 

following: the element of subjectivity that is introduced whenever multiple sub-areas within a region 

exhibits contrasting trends in the climate change signal; or when there is agreement at spatial scales 

smaller than the domains considered. In the first case, we avoided attributing a signal of change when 

results are not consistent and explicit regarding the direction of projected change (positive, negative or 

no change) and used a symbol ± to denote regions where the direction of change is inconclusive (spatially 

varying) at the scale of our domains.  

 

2.2.3 Isolation of projection uncertainty amongst the community ensemble 

   There is a large number of forcing AOGCM models used within published studies (Supplementary Table 

1). To support multiple coordinated experiments we grouped CMIP3 and CMIP5 GCMs into 4 different 

statistically analysed clusters each having a different annual-average tropical SST (sea surface 

temperature) spatial anomaly pattern (Mizuta et al., 2014; Murakami et al., 2011). The reasoning behind 

this is that common features in the projected change signal in the mean/extreme wave climate are 

attributable to the SST characteristics of the forcing AOGCM models (Bennett et al., 2016; Mizuta et al., 

2014; Murakami et al., 2012; Shimura et al., 2015a; Shimura et al., 2015b). Since multiple studies have 

used surface wind field outputs from the EC-EARTH AOGCM, we grouped these datasets under cluster EC-

EARTH. We assume that all experiments and datasets within the community ensemble were obtainable 

for each computational grid described. When no information on the AOGCM initial conditions was 

reported, the simulations were assumed to be the standard unperturbed run. The spatial extent of each 

dataset has also been taken into account. The results of this comparison can be found in section 3.5. 

 

3.  Results  
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3.1 Scientific consensus amongst wind-wave climate projections 

   Fig. 3a shows the projected changes in annual and seasonal mean significant wave height (𝐻s) for the 

end of the 21st century period (2070-2100) for different climate forcing scenarios across 21 subregions of 

the global oceans. An agreed increase in 𝐻s is projected in the Southern Ocean and tropical eastern Pacific 

Ocean across all seasons and projection scenarios, consistent with the intensification and poleward shift 

of the westerly winds (Sigmond et al., 2011), and also with the increasing Southern Ocean southerly swell 

contribution (Hemer et al., 2013a). In the tropical western south Pacific, an agreed increase is projected in 

annual and winter 𝐻s. In the North Atlantic Ocean, Mediterranean Sea and western North Sea, a projected 

decrease in 𝐻s is found spanning all seasons and scenarios, generally consistent with projected wind 

changes in the CMIP3 A1B multi-model dataset (McInnes et al., 2011). In the Baltic Sea, a projected 

increase is observed across all seasons and scenarios. The eastern North Sea is a region of projected 

increase in 𝐻s under the SRES A1B scenario and of decrease under the RCP8.5 scenario, suggesting that 

𝐻s in this region is more sensitive to the strength of the climate-forcing scenario.  

   In the western north Pacific a projected decrease in annual and winter 𝐻s is found under RCP4.5/RCP8.5 

forcing scenarios. In the northern Indian and southern extra-tropic regions, an agreed decrease in annual 

and summer 𝐻s is projected based on the SRES A1B and RCP8.5 scenarios respectively, but no consensus 

is observed for any other forcing scenario and/or season. In the Arctic Sea, a projected increase in annual 

𝐻s is expected owing to increasing fetch associated with retreating sea-ice coverage (Aarnes, 2017; Casas-

Prat et al., 2018; Khon, 2014),  but is based on a limited number of projections. The predominant patterns 

of projected future change in 𝐻s in our analysis are generally consistent with the current understanding 

of future changes in the atmospheric circulation in response to anthropogenic global warming (Arblaster 

et al., 2011; Ma et al., 2016; McInnes et al., 2011). 

   In contrast, the projected change in 𝐻s lacks consensus across the remaining global ocean basins, most 

prominently in the northern eastern Pacific and southern Indian and Atlantic oceans. The observed lack 

of consensus over these regions can be attributed to the variable skill of AOGCM-forced wave simulations 

to represent the wind-wave field response associated with atmospheric climate mode variability 

depending on the region (Hemer and Trenham, 2016).  

   Limited studies provide information on extreme 𝐻s, where concurrence in projected change across all 

scenarios is limited to the Southern Ocean (agreed increase) and the eastern North Atlantic and 

Mediterranean Sea (agreed decrease) (Fig. 3b). The lack of agreement across many regions can be 

attributed to several factors: the forcing AOGCMs of many of the considered studies have insufficient 

spatial resolution to adequately resolve extreme storm events; extreme wave conditions vary with 

shorter length scales than the scale of our adopted ocean domains (Fig. 3) and therefore variability of 

extremes within subdomains will be present; a lack of standardization within the community in terms of 

statistics used to define extreme conditions (e.g. return periods vs percentiles) (Fig. 5). 
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Fig. 3. Level of consensus in projected future changes in significant wave height. Signals of climate change 

in annual (A), winter (W) and summer (S) mean 𝐻s (a) and extreme 𝐻s (b) for the end of the 21st century 

(~2070 to 2100) relative to the present-climate period for alternative greenhouse-gas concentrations 

pathways (SRES A1B/A2 and RCP4.5/8.5) across the global ocean. The consensus in the direction of the 

projected change is expressed as the normalized sum of the signals as estimated by the different wave-

climate studies (see colorbar and section 3) where dark blue indicates a projected decrease and dark red 

indicates a projected increase. The symbol ± is assigned to regions with spatial variability at the sub-

region scale. 

 

 

 

3.2 Sample space analysis 

3.2.1 Spatial distribution of regional projections 

 

a) 

b) 
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   Regional wind-wave climate projections generate valuable input to regional coastal impact and adaption 

assessments. These studies have used dynamically-downscaled data derived from Atmospheric-Ocean 

General Circulation Model (AGCM) and Regional Climate Models (RCM) nested within and driven by 

boundary conditions taken from coarser time-space AOGCM data. The higher spatial-scale resolution (ca. 

10-50 km) enables AGCMs/RCMs to capture the details of orography and resolve important cyclonic 

disturbances that are not captured in AOGCMs (spatial resolution of ca. 100-400 km) (Flato et al., 2013). 

However, regional studies to date have mostly been conducted in developed regions such as the eastern 

North Atlantic and North, Baltic and Mediterranean Seas (Fig. 4). Consequently, many coastal regions at 

greater risk have been overlooked with wide gaps in the global coverage particularly in those areas where 

effects of climate change are likely to be more detrimental for coastal human settlements (see red line in 

Fig. 4). This is the case for southeast Asia, where countries like China, Indonesia, Bangladesh, Viet Nam 

and India have some of the largest populations living within the Low Coastal Elevation Zone (LCEZ) and 

the highest rate of population growth urbanisation (Neumann et al., 2015), but wind-wave climate 

projections are seen to be sparse (Fig. 4).  

   This indicates that further efforts should prioritize these areas where policies and adaptive planning for 

coastal human settlements are not only desirable but rather essential (Neumann et al., 2015). Other areas 

of the global ocean that should be likewise prioritized are the highly vulnerable low-lying tropical Pacific 

and Indian Islands where impacts of seal-level rise and wave-induced flooding are likely to be severe and 

adaptive capacity is reduced (Albert et al., 2016; Hoeke et al., 2013). Whilst the future effects of wave 

climate change will be highly variable in terms of the extent of projected change, the adaptive capacity of 

the coastal settlements (including industries) considered will also play a key role.  
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Fig. 4. Global distribution of regional-wave climate projection studies in terms of datasets coverage. The 

colour code expresses the number of spatially overlapping data sets within the community ensemble of 

wind-wave climate projections. The spatial extent of each dataset was considered as reported by each 

study. The red borderlines indicate the top 20 countries with highest projected population within the Low 

Elevation Coastal Zone (LECZ) in the year 2030 and 2060 (Neumann et al., 2015). 

 

4.2. Projection uncertainty space 

    Fig. 6 shows the sampling of the different subsets of the uncertainty space at global and regional -scales, 

with each uncertainty previously defined in Fig. 2. These results show that community scientific efforts to 

sample across the different subsets of the uncertainty space has been systematically limited regardless of 

the ocean regions considered. The influence of uncertainty is currently greater than the extent of any 

projected changes (Hemer et al., 2013a). Study efforts have tended to concentrate on sampling inter-

model and/or inter-scenario uncertainty and rarely consider intra-model variance stemming from the 

natural chaotic variability of the climate system. Similarly, little effort has been devoted towards 

systematically sampling atmospheric downscaling and/or modelling uncertainty despite the fact that 

many studies have relied on high-resolution AGCMs/RCMs to obtain enhanced representation of wave-

generating synoptic systems at regional scales (Supplementary Table S1). Such downscaling approaches 

introduces another level of variance which is difficult to quantify (Giorgi and Jr., 2015). The COWCLIP 

Phase-I global intercomparison analysis suggests that the uncertainty introduced through atmospheric 

wind downscaling and wave modelling dominates the variance observed within an ensemble of wind-

wave climate simulations  (Hemer et al., 2013a; Hemer and Trenham, 2016). The relative magnitude of 

these sources of uncertainty remains largely unquantified, with international research groups currently 

attributing the full observed spread between GCM-forced wave simulations solely to inter-model and/or 

inter-scenario differences. 
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Fig. 5. Comparison of the relative modelling effort within the wave community in terms of sampling 

across the uncertainty space at the global (a) and regional-scales (b). Numbers are presented as the 

normalized percentage of studies that sampled each of the different sources of uncertainty intrinsic to the 

projection modelling process (see Fig. 3 for the schematic representation of cascading uncertainty). The 

blue colour code corresponds to global-scale projections and dark yellow code to regional-scale 

projections. The legends for each plot are the same with each specific colour code representing a specific 

region. The region acronyms have been geographically defined in Fig. 3. 

 

  

a) 

b) 
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4.3. Wave parameter space 

   Fig. 6 shows the sampling of the wave parameter space at global and regional-scale. Given the wide 

range of statistics reported, results have been grouped into 9 different classes defined based on their 

similarity. Research efforts have primarily focused on projecting changes in annual 𝐻s. At regional scales, 

modelling groups have considered potential changes in extreme 𝐻s based on different extreme-value 

statistics to address concerns of local policy makers in developed regions, particularly North Europe. 

Furthermore, little regard has been given to future changes in temporal variability and/or other wave 

parameters such as wave period (T) and direction (𝜃). Longshore sediment transport and hence 

shoreline stability is known to be particularly sensitive to directional wave changes over all time-scales 

(Goodwin et al., 2013; Harley et al., 2017; Ruggiero et al., 2010). The IPCC Working Group 2 (WG2) 

emphasizes that sediment-budget information is paramount for estimating coastal erosion and deposition 

(Field et al., 2014), hence knowledge on projected changes in wave direction is needed to satisfactorily 

inform adaption and mitigation strategies in ocean/coastal environments. Similarly, projected changes in  

wave direction are needed in other fields such as renewable wave energy (Morim et al., 2016), where 

non-axisymmetric wave conversion technologies have to be aligned towards the prevailing wave 

direction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Comparison of the relative modelling effort within the wave community in terms of sampling 

across the parameter space at the global (a) and regional-scales (b). Numbers are presented as the 

b

a
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normalized percentage of studies that projected each of the different wave-climate variables and/or their 

divergent statistics. When a study provided projected changes for multiple statistics within the same 

category, we considered it as one entry and when duplicated results were encountered, we retained only 

the most explicit result (see Supplementary Information). The blue colour code corresponds to global-

scale projections and dark yellow code to regional-scale projections. The legends for each plot are the 

same as in Fig. 5 in terms of colours with each specific colour code representing a specific region. The 

region acronyms have been geographically defined in Fig. 3. 

 

 

4.4. Temporal space 

   Considerable inconsistencies in the time-slices considered to represent the historical and projected 

wave-climates exist (Fig. S1 and Fig. 7). The most targeted projection window for the future climate is the 

end of the 21st century period (2080−2100), which corresponds to the period of availability of high 

spatial-temporal resolution surface wind field outputs from the CMIP5 experiments  (Taylor et al., 2012) 

(Fig. 7). In terms of time-span, the length of time-slices used within the community (typically around 20-

years) insufficiently accounts for inter-decadal variability and hence it is currently difficult to distinguish 

between the magnitude of projected wave-climate change and the long-term, background variability.  

 

 

 

 

 

 

 

 

 

 

Fig. 7. Comparison of the relative modelling effort within the wave community in terms of sampling across the 

temporal space at the global (a) and regional-scales (b). On the left hand side of each pair, we show the overlap 

in temporal space in terms of historical (1950−2012) time-slices amongst the different studies. On the right 

hand side of each pair, we show the overlap in temporal space in terms of future (2012−2100) time-slices 

amongst the different studies. The scale is normalized by the number of studies. The blue colour code 

corresponds to global-scale projections and dark yellow code to regional-scale projections. The legends for 

each plot are the same as in Fig. 5 in terms of colours, with each specific colour code representing a specific 

region. The region acronyms have been geographically defined in Fig. 3. 

 

4.5. Analysis of systematic uncertainty 

4.5.1 Model validation  

1950 1971 1981 1991 2012 2012 2035 2055 2075 2100

a) 

b) 
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  Projected changes to the wave climate should be viewed in the context of the adopted models ability to 

reproduce the observed historical wave climate. To understand how well climate-model derived wave 

fields represent the climatological mean state and temporal variability of the historical wave climate, 

results are required to be compared against long-term wind-wave records. Historical validation of models 

used in wave-climate projection studies against historical observations has been variable with no 

standard wave dataset for verifying wave-climate simulations established within the community. Fig. 8 

shows that historical GCM-forced representations of wave climate have been verified (or not) against a 

range of historical wave-climate datasets which differ in their climatologies. Each research modelling 

group have used different observation datasets each have their own characteristics which affect the 

representation of extremes and/or model parameterisations (e.g. assimilated data sources, time-spans, 

spatio-temporal resolutions and methods of interpolation amongst others). Therefore, the community 

‘ensemble’ contains projection datasets of varying skill.  

   Fig. 8 shows that the ERA-Interim and ERA-40 global reanalysis along with in-situ observational data 

sets have been the most used within the community to verify the historical/present global wave climate. 

Regionally, most studies have either used in-situ observations (usually taken from Waverider buoys). 

Notably, 10% of regional studies and 25% of global studies have not reported any verification at all which 

raises questions regarding model uncertainty, deficiencies and the processes responsible for these. Whilst 

no specific validation dataset is preferred, establishing the variance amongst available datasets (including 

newly released datasets such as ERA5 (ECMWF, 2017) and GOW2.0 (Perez et al., 2017) and the variance 

amongst them (in representing wave climate variability and its drivers) is needed to improve our 

understanding of both historical wave-climate change and the quality of GCM-forced wave simulations.  
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Fig. 8. Wave datasets used by the research community to describe and verify historical wave-climate 

climate at the global and regional scales. The blue colour code corresponds to global-scale projections and 

dark yellow code to regional-scale projections as in Fig. 5. The different sources of data have been 

grouped by type as: observational data (measured either by Waverider buoys, acoustic doppler 

velocimeter, acoustic doppler current profiler and/or platform stations); satellite data (altimetry); wave 

hindcasts driven by the NCEP CFSR global wind reanalysis; wave hindcasts driven by the NCEP NCAR 

global wind reanalysis; regional hindcasts and operational forecasts; ERA-Interim and ERA-40/CERA-40 

reanalysis. Studies where verification of GCM-forced wave simulations was not reported or undertaken 

have been grouped under ‘Model verification not reported’.  The region acronyms have been 

geographically defined in Fig. 3. 

 

4.5.2 Verification approaches 

   A range of methodologies have been used to verify GCM-forced wave simulations with no standardized 

methodology defined in the community. To date, most verification approaches have been deficient with 

most studies solely focusing on the performance of climate-forced wave simulations to reproduce annual 

and/or seasonal 𝐻s. Little to no regard has been given to the skill of climate-forced wave simulations in 

reproducing temporal variability and/or other wave parameters such period/direction and their 

extremes (see Supplementary Table S2). Understanding the reliability of GCM-forced wave simulations to 

represent extremes is essential as the effects of climatological variability of wind-waves are likely to be 
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experienced in response to extreme events. In addition, most studies typically present only a limited set 

of model skill metrics (usually basic bias measures) as an indicator of models’ performance, leaving many 

unanswered questions about the skill of the different aspects of the simulation such as variability. This, 

combined with the limited spatial-temporal availability of observational data, magnifies the issues 

regarding projection uncertainty and makes it more challenging to identify the underlying reasons for 

discrepancies between simulations and observations. The suitability of GCM-forced wave simulations for 

a specific region, or wave variable, is dependent on the performance metric  chosen (Hemer and Trenham, 

2016). A standardized range of statistical and cross-validation techniques would help improve confidence 

(Arlot and Celisse, 2010) and provide a basis to exclude unreasonable models. 

 

5. Addressing uncertainty using available experiments 

   The lack of a standardized methodology amongst the wave-climate projection studies has systematically 

limited the sample space that can be used to compare experiments to quantify the sources of uncertainty 

within available datasets (Fig. 6 and 7). Multi-study datasets strictly described as ensembles of 

opportunity encompass different sources of uncertainty and have limited applicability for extracting 

policy-relevant data and quantifying these uncertainties  (Hemer et al., 2013b). Rather than completing 

extra simulations at prohibitive computational expense, we have identified multiple sets of experiments 

within the existing community ensemble of projections where subsets of the uncertainty could be fully or 

at least partly resolved (Table 1).  

 

Table 1. Sources of uncertainty that can be potentially resolved by combining sets of coordinated 

experiments within the community ensemble. The different sources of uncertainty have been defined in  

the Supplementary Information and schematized in Supplementary Information. The numbers represent 

the number of datasets that could be combined to address each subset of the uncertainty space.  

✓ - uncertainty that can be fully isolated to resolve 

 Atmospheric 
downscaling 
uncertainty 

Wind-wave modelling 
uncertainty 

Regio
n 

Inter-
scenari

o 

Inter-
mode

l 

Intra-
mode

l 

GCM vs  
AGCM/RC

M 

AGCM/RC
M vs 

AGCM/RC
M 

Sourc
e 

terms 

Wave 
model

s 

Statistica
l 

approac
h 

Dynamica
l vs 

Statistical 

Global ✓ (2-4) ✓ (2)  ✓ (2) ✓ (2-3) ✓+ 
(4) 

✓ (2-
4) 

✓ (3) ✓ (4) 

MS    ✓ (2) ○    ✓ (3) 
BS  ✓ (2)  ○ ✓ (2)    ✓ (2) 

NS ✓+ (3) ✓ (2)  ✓ (2) ○ ✓+ 
(2) 

  ✓ (3) 

AO         ✓ (2) 

ENA  ✓ (2)  ✓ (3) ✓+ (3) ✓+ 
(2) 

✓+ (2)  ✓ (5) 

WNA         ✓ (3) 

ENP ✓ (2) ✓ (2)        

WNP ✓ (2)         
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✓+ - uncertainty that can be potentially isolated to resolve after ✓ 

○ - uncertainty that can be potentially resolved with EURO-CORDEX data 

 

 

   Given the current context of wave-climate projections, one approach to limit the experimental sample 

space within the community ensemble of projections is to cluster forcing models together on the basis of 

their representation of SST distribution and projected change (see methods section 3.3 and Fig. 9). Under 

the assumption that clustered GCM models act similarly, the forcing scenario uncertainty can be 

disregarded. On this basis, there is opportunity to potentially resolve the cascade of uncertainty 

(excluding intra-model variability) inherent in projecting future wave-climate change. At the regional 

scale, the North Atlantic and North Sea are regions where multiple sources of variance can be 

isolated/resolved (Table 1). However, the number of overlapping experiments, in some cases, might be 

too limited to systematically sample the full range of variance from a specific uncertainty source. In 

comparison, the other regions are notably limited in the number of uncertainty sources that could be 

quantified. In these cases, significant benefit could be alternatively obtained by combining a greater 

number of datasets to systematically resolve the variance associated with study methodologies  (Hemer et 

al., 2013a). 
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Fig. 9. The number of datasets available in each oceanic region grouped by SST cluster and forcing climate 

scenario (SRESA1B – purple, RCP8.5 – yellow, RCP4.5 – blue). a) Cluster 2. b) Cluster 3. c) Cluster EC-

EARTH. The definition of each cluster is provided in the methods. Clusters 0 and 1 are not shown as the 

sample overlap between datasets only occurs at the global scale (ranging between 2 and 6 datasets).  
 

 

   Process-oriented wave climate projection experiments, in the context of those described in the CMIP5 

(Taylor et al., 2012) and CORDEX (Giorgi and Jr., 2015; Gutowski Jr et al., 2016) strategies, will be 

required to resolve uncertainties that cannot be sufficiently resolved and to more adequately explore the 

full range of uncertainty in GCM-forced wave simulations (and expose irreducible uncertainties). The 

CORDEX coordinated sets of CMIP5 regional downscaled projections can be used as a basis to resolve the 

uncertainty introduced by the downscaling step into climate-forced wave simulations across several 

c) 

a) b) 
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regions of the global ocean. This would help establish the benefits of using high-resolution GCMs when 

projecting the climate change signal in these regions relative to direct forcing of spectral wave models 

with AOGCM outputs. 

 

6. Conclusions 

    The present study synthesises and reconciles multiples lines of evidence in the literature on projected 

changes in wind-wave climate in response to global warming by analysing the level consensus between 

91 published wind-wave climate projection studies. We show that despite large inconsistencies in the 

study methodologies employed amongst existing wave-climate projection studies, there is strong 

consensus in the projected signal of change in both the mean and extreme ocean wind-wave height over 

the end of this century across 15 and 5 of 21 regions of the oceans, respectively.  Whilst the evidence base 

available in the literature provides considerable confidence in the sign of projected change in 𝐻s in these 

regions, it should be viewed in the context of the relatively narrow sampling of the uncertainty space seen 

in the community ensemble of wind-wave climate projections. Notably, we find that published projections 

of future changes in the full wave field (including wave period and direction) are limited, despite being 

pre-requisite knowledge for coastal management/climate-adaption assessments as suggested by the IPCC.  

Also, we show that regional wind-wave climate projections have been applied to Europe, thus leaving the 

regions of the world at greater risk and with lower adaptive capacity largely overlooked. 

   In the last decade, much effort has gone into investigating possible scenarios of future wave-climate 

change. Whilst a specifically designed experiment would best resolve the sources of uncertainty 

introduced during the process of wave climate projections, added value can be extracted from the existing 

studies. We have identified multiple sets of inter-comparison experiments, using pre-existing studies, 

where these uncertainties could potentially be isolated (or limited), to improve understanding of which 

other sources of uncertainty dominate, and which are relatively insignificant. Our approach need not be 

limited to wave-climate research and could be applied to other research communities (hydrological, 

stream flow, storm surge and sea-level rise, Little et al., 2015), where future changes driven by global 

warming are derived through a similar multi-step projection modelling process and uncertainty is 

likewise poorly understood. 

   Climate-driven variability of the wave climate, together with storm-surges and seasonal water level 

anomalies, has been shown to have broad-scale implications for coastal vulnerability (Little et al., 2015). 

The development of adaptation and mitigation strategies to respond to the potential impacts of climate-

induced changes to the coastal- and open-ocean environments is hence heavily reliant on high levels of 

confidence in wave-climate projections (height, length and directions).  Whilst various sources of 

uncertainty are yet to be adequately quantified, we take confidence from the level of consensus amongst 

studies on the sign of projected change over most of the oceans. Increased certainty in wave climate 

projections can only benefit coastal stakeholders as we look towards the development of improved 

regional coastal sea-level information from the climate community  (Stammer et al., 2018). 
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Highlights 

 Consensus-based analysis of 91 published wind-wave climate projection assessments 

 Regions at high risk and with lower adaptive capacity have been largely overlooked 

 Projection uncertainty surrounding wave climate projections has been poorly sampled 

 Current knowledge on future wind-climate changes is limited to significant wave height 

 Added value can be extracted from existing studies to resolve uncertainty sources 
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