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Highlights 

 Basin-scale wave model forced with high-resolution atmospheric global climate model  

 Future winter-wave climate projections offshore of French Guiana 

 Decrease in winter mean wave height, period, and clockwise rotation of direction 
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Abstract 

Global warming is altering the atmosphere and ocean dynamics worldwide, including patterns in the 

generation and propagation of ocean waves, which are important drivers of coastal evolution, flood 

risk, and renewable energy. In French Guiana (northern South America), where most of the 

population is concentrated in coastal areas, understanding future wave climate change is critical for 

regional development, planning and adaptation purposes. The most energetic waves typically occur 

in boreal winter, in the form of long-distance swell originating from the mid-latitude North Atlantic 

Ocean. However, existing high-resolution wave climate projections that cover the French Guiana 

region focus on the hurricane season only (summer-fall). In this study, we used a state-of-the-art 

basin-scale spectral wave model and wind fields from a high-resolution atmospheric global climate 

model to simulate present and future winter (November to April) wave climate offshore of French 

Guiana. The model performance was evaluated against wave data from ERA5 reanalysis, satellite 

altimetry and coastal buoys between 1984 and 2013. For the future greenhouse gas emission scenario 

(Representative Concentration Pathway) RCP-8.5, we found a statistically significant overall 

projected decrease (~5%) in wintertime average significant wave height and mean wave period, with 

a ~1° clockwise rotation of mean wave direction. The results suggest that these decreasing trends are 

primarily driven by changes in large-scale patterns across the Atlantic that counteract an expected 

increase in local wind speed. We discuss the implications of such projections for mud-bank 

dynamics along coastal French Guiana, although further local studies are required to address future 

coastal evolution and hazards. Finally, we identify a need for more in situ wave data near French 

Guiana to improve quantitative assessments of model performance and allow a correction of possible 

model biases.  

Keywords: Climate change; Wave projections; Atlantic Ocean; French Guiana. 
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1 Introduction 

Climate change is altering the atmospheric circulation patterns that drive the generation and 

propagation of ocean waves (Reguero et al., 2019), and is expected to reshape global wave climate 

and associated extremes throughout the 21
st
 century (Casas-Prat et al., 2024; Hemer et al., 2013a; 

Lemos et al., 2021). Together with other hydrodynamic features, surface waves contribute to 

numerous coastal processes such as sediment transport, run-up and flooding (Toimil et al., 2020). 

Therefore, understanding the future evolution of wave climate is a key step for coastal management 

in the frame of climate adaptation (Cooley et al., 2022).  

Located in the northern South America/equatorial Atlantic region, French Guiana hosts one of the 

most unique coastal systems on Earth. Embedded in the 1500-km long stretch of coast extending 

between the Amazon and Orinocco river mouths, it features dynamic mud banks formed by the 

Amazon River sediment discharge (Froidefond et al., 1988). These mud banks continuously interact 

with sandy beaches and rocky outcrops (Anthony et al., 2010; Jolivet et al., 2022), causing dynamic 

morphological and ecological changes on monthly to decadal time scales (Gensac et al., 2011; Wells 

& Kemp, 1986). Observations of the local shoreline evolution indicated that most of the erosion 

occurs during the rain season (April-June) in response to northern swells and spring tide (Aertgeerts 

& Longueville, 2018; Longueville, 2017; Longueville & Lanson, 2022). Besides, the French Guiana 

coastal zone gathers ~90% of the local population, as well as important assets such as the European 

Spatial Agency spaceport in Kourou, raising concerns about the exposure of the region to coastal 

hazards.  

The complex morphodynamics of this coast is dominated by the alongshore migration of mud banks 

(Gardel & Gratiot, 2005), which is primarily controlled by ocean waves and currents (Gratiot et al., 

2007). While recent studies have made significant progress in unravelling the inherent link between 

mud bank migration and incident waves (Abascal-Zorrilla et al., 2018, 2020; Gensac et al., 2015; 

Jolivet et al., 2019; Vantrepotte et al., 2013), future regional wave projections are essential in order 

to identify potential variations in the regime of mud bank dynamics and the cascading implications. 

As the local wave climate is strongly influenced by incoming swells from the North Atlantic Ocean, 

especially during the winter season (Anthony et al., 2011; Vantrepotte et al., 2013; Young, 1999), 

future wave projections offshore of French Guiana need to account for the effect of climate change 

over the entire Atlantic basin.  

Over the last decade, much effort has been dedicated to projections of changes in mean and extreme 

wave conditions across the 21
st
 century, on global scale (Camus et al., 2017; Casas-Prat et al., 2018; 

Fan et al., 2013, 2014; Hemer et al., 2013a; Hemer et al., 2013b; Lemos et al., 2019; Lobeto et al., 

2021, 2022; Meucci et al., 2020, 2024; Mori et al., 2010, 2013; Semedo et al., 2012, 2013, 2018; 

Wang et al., 2014) and Atlantic basin scale (Belmadani et al., 2021; Bernardino et al., 2021; Cantet 

et al., 2021; D‘Agostini et al., 2022; Webb et al., 2018). Many individual studies contributed to the 
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Coordinated Ocean Wave Climate Project (COWCLIP, Hemer et al., 2018), forming a multi-model 

ensemble of global wave projections (Morim et al., 2020) forced by different Global Climate Models 

(GCMs) from the CMIP5 (Coupled Model Intercomparison Project, phase 5). This ensemble allowed 

mapping the spatially variable robustness (statistical significance) of the projected wave changes 

while analysing the uncertainties related to the use of different GCMs, wave models/statistical 

approaches and future greenhouse gas emission scenarios (Morim et al. 2019; Yadav et al. 2024). 

While most studies showed a consensus in modelled future trends over a large fraction of the 

Atlantic, the typical resolutions of GCMs (1-2°) and wave models (~1°) (Morim et al., 2020) result 

in hardly robust (not statistically significant) projections in tropical regions (Morim et al. 2019; 

Yadav et al. 2024). In the latter areas, modelling summertime tropical cyclones and the related waves 

requires finer resolutions of the forcing wind fields (Timmermans et al., 2017). However, during 

wintertime (DJF), when tropical cyclones are not expected, the COWCLIP ensemble shows yet a 

lack of robustness and large uncertainties (i.e., ensemble spread) (Morim et al., 2019). In the French 

Guiana area, the COWCLIP ensemble shows statistically significant change only in mean wave 

direction, and only at the north of the French territory‘s coastal area (Morim et al., 2019). Therefore, 

the COWCLIP projections in French Guiana as well as most of the tropical Atlantic region remain 

inconclusive, and more high-resolution studies are required to achieve robust wave projections in 

these areas. 

Lately, updated GCMs with higher resolutions and improved physics have been developed within the 

more recent CMIP6 (Eyring et al., 2016), opening the way for a new generation of global wave 

projections (Meucci et al., 2024). Yet, these projections rely on ~1° resolution GCMs forcing wave 

models on a ~1° grid, and keep showing significant limitations in representing tropical wave climates 

(Meucci et al., 2023, 2024). Therefore, future trends in wave climate and extremes in the French 

Guiana region are still unclear. 

Recently, Belmadani et al. (2021) derived future wave projections over the North Atlantic basin for 

the summer-fall (hurricane) season, focusing on changes in tropical cyclones and related wave 

extremes. They used wind fields from a global atmospheric GCM with a zoomed 0.15-0.25° grid 

over the North Atlantic to force a wave model covering the whole Atlantic basin at 0.5° resolution 

and including a nested 0.1° grid over the tropical North Atlantic band. Such fine resolutions allowed 

accounting for the influence of tropical cyclones on future wave climate, and producing statistically 

significant projections over most of the Atlantic basin. However, projections driven by high-

resolution wind fields are still missing for the winter season, when French Guiana hydro- and 

morpho-dynamic coastal processes are most influenced by wave climate (Gratiot et al., 2007). In 

addition, while occurring typically during summer and fall, Atlantic tropical cyclones can also 

originate during the winter season (Collins & Roache, 2017), reinforcing the need for resolving wind 

fields at fine resolution. The current study aims at addressing future changes in mean and extreme 

wave conditions offshore of French Guiana for the winter season based on high-resolution wind 
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fields, in order to inform future assessments of climate change impact on the local coastal processes. 

The current results will also complement existing summer season projections, advancing the state of 

the art of wave projections over the Atlantic Ocean.  For this purpose, we use the high-resolution 

GCM winds (0.15-0.25°) and wave model (0.5°) adopted by Belmadani et al. (2021) over the 

Atlantic basin. The simulations are forced with a single GCM and consider a single scenario of 

future greenhouse gas emissions (Representative Concentration Pathway) RCP-8.5. We produced 5-

member ensembles of multidecadal historical and future winter wave conditions over the Atlantic 

Ocean. The wave model performance offshore of French Guiana is evaluated against the ERA5 

reanalysis, satellite altimetry and available coastal wave buoy data. We discuss the complementarity 

of the wave projections presented here with existing studies focused on the summer-fall season 

(Belmadani et al., 2021), leading to year-round state-of-the-art wave climate projections over the 

Atlantic Ocean, with particular focus on French Guiana. Finally, we discuss the annual and monthly 

COWCLIP multi-model projections near French Guiana to provide additional insights on future 

wave climate change in this area. While a full uncertainty assessment is hindered by the 

computational cost of such large-scale models, the current wave projections can provide a valuable 

contribution to future generations of high-resolution multi-model ensembles. 

The remainder of the paper includes a description of the wind and wave data, the wave model and 

the methodology used herein (Section 2). The results of the model performance assessment and the 

wave projections are illustrated in Section 3 and discussed in Section 4. The conclusions of this work 

are drawn in Section 5.   

2 Material and method 

2.1 Wind data  

Modelling the generation of ocean waves requires information on wind speed and direction near the 

sea surface. We used wind fields produced by Chauvin et al. (2020) who applied the very-high-

resolution ARPEGE-Climat model, which is the atmospheric component of the CNRM-CM coupled 

GCM developed at Météo France.  

Chauvin et al. run ARPEGE-Climat in the configuration adopted for CNRM-CM6 within the latest 

CMIP6 (Roehrig et al., 2020; Voldoire et al., 2019), but with a rotated and stretched spatial grid of 

14km – 30km resolution over the tropical Atlantic region (Cantet et al., 2021). These settings allow 

the resolution of small-scale atmospheric patterns such as tropical cyclones (Chauvin et al., 2020), 

and small-scale details of the broader North Atlantic extratropical storms, ensuring that associated 

swells that may reach the coast of French Guiana are not overlooked. 

ARPEGE-Climat was forced with monthly sea surface temperature (SST) fields obtained from the 

CMIP5 CNRM-CM5 model (Voldoire et al., 2013), for the historical period (1965-2013, hereon 

Hist-Model) and future (2031-2080) RCP-8.5 scenario. These prescribed SST fields were previously 
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corrected using observed monthly SSTs (HadISST1, Rayner, 2003). Chauvin et al. (2020) also 

forced ARPEGE-Climat using the observed HadISST1 SSTs directly, from 1965 to 2014, in an 

additional experiment (hereon Hist-Obs) for model comparison with observation data (Table 1).  

Each experiment (Hist-Obs, Hist-Model and RCP-8.5) includes an ensemble of five model 

realizations (members) based on different initial conditions, i.e. forced with the same SST fields but 

exhibiting different chronologies of meteorological events. For instance, in the Hist-Obs experiment 

the five members were run with the same series of SSTs but with initial conditions (1
st
 of January) 

corresponding to HadISST1 observations on the 1
st
 of January of different years. For each 

experiment and respective ensemble members, ARPEGE-Climat simulations provide 6-hourly fields 

of 10-m wind vectors interpolated over a 0.5° regular grid.  

The reader is referred to Chauvin et al., (2020) for further details on the climate model and the 

associated simulations. For our applications, we extracted wind data from the latest modelled 29 

winter seasons (November – April) for each experiment and ensemble member proposed by Chauvin 

et al., (2020), i.e. Hist-Obs, Hist-Model and RCP-8.5 (Table 1).  

Table 1. Summary of ARPEGE-Climat simulations including: SST forcing and experiments; time slices 

modelled by Chauvin et al. (2020) and used in the present study; number of model realizations. 

ARPEGE-Climat 

model experiment 
Forcing monthly SST 

Simulated 

time slice 

Extracted data # ensemble 

members 

Hist-Obs HadISST1 1965-2014 

November 1985-April 1986 to 

November 2013-April 2014 

(hereafter 1985-2013) 

5 

Hist-Model 

CNRM-CM5, 

historical, corrected 

with HadISST1 

1965-2013 

November 1984-April 1985 to 

November 2012-April 2013 

(hereafter 1984-2012) 

5 

RCP-8.5 

CNRM-CM5, RCP8.5, 

corrected with 

HadISST1 

2031-2080 

November 2051-April 2052 to 

November 2079-April 2080 

(hereafter 2051-2079) 

5 

 

Over the historical period, the ARPEGE-Climat wintertime (NDJFMA) mean wind speed 10 m 

above the sea surface (U10) reaches its largest values in the tropical band (roughly along the 15°N 

parallel) and decreases towards French Guiana. This pattern represents typical winter conditions, 

characterized by stronger trade winds and the Intertropical Convergence Zone located closer to the 

equator (Figure 1a) compared to summer (Figure 3a of Belmadani et al., 2021). In the RCP-8.5 

future scenario, ARPEGE-Climat projects a slight intensification of the northeasterly trade winds, 

with a statistically significant increase in mean U10 near northern South America, including the 

French Guiana region (Figure 1b). In addition, over the southeastern area offshore of French Guiana, 
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the wind field undergoes a mild counter-clockwise rotation (Figure S1). In the mid-latitudes (30‒

50°N) of the Atlantic basin, changes are rather heterogeneous, although the projections show a 

statistically significant overall reduction of winter mean U10 in this region (Figure 1b). The projected 

changes and the respective statistical significance are estimated using the method presented in 

Section 2.4.3. 

  

Figure 1. Mean present-climate NDJFMA surface wind speed U10 (shading, m s
-1

) and direction (arrows) for the 

(a) Hist-Obs (1985-2013) experiment, and respective changes (ΔU10 shading, m s
-1

 and directional arrows) for 

the (b) future RCP-8.5 (2051-2080) scenario. Hatchings indicate statistically significant changes based on 

Student‘s t-test and FDR control (see Section 2.4.3). Black boxes indicate the region considered for the French 

Guiana regional analyses (see Section 2.4.1).  

2.2 Wave data  

Data of past offshore wave conditions is fundamental to evaluate the wave model performance, and 

support the interpretation of wave projections with the associated uncertainties in the French Guiana 

region. The following sections introduce the available data used for model comparison over the 

historical period (Hist-Obs). 

2.2.1 ERA5 reanalysis 

ERA5 (Hersbach et al., 2020) is a high-resolution (31 km grid cell size, regridded data available at 

0.5° resolution) hourly reanalysis of global atmospheric, land surface and ocean surface variables 

produced by the European Centre for Medium-Range Weather Forecasts (ECMWF) within the 

Copernicus Climate Change Services. The reanalysis is based on a rich set of globally distributed 

data from modelling and observation starting from 1940, and includes the reconstruction of hourly 

wave conditions obtained from an atmospheric model coupled with the European Centre Wave 

Action Model (ECWAM). For the model comparison, we extracted ERA5 estimates of significant 

wave height (Hs), mean wave period (Tm) and mean wave direction (Dm) from 1985 to 2013.  
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Global estimates of historical wave hindcasts and reanalyses such as ERA5 are affected by 

uncertainties due to different calibration data and modelling approaches (Erikson et al., 2022; 

Kodaira et al., 2023; Morim et al., 2022, 2023). In particular, ERA5 has been shown to 

underestimate wave heights in the North Atlantic region (Dodet et al., 2020; Hawkins et al., 2022; 

Kodaira et al., 2023; Timmermans et al., 2020) and, like most historical datasets (excluding wave 

buoys), is not expected to provide accurate estimates in coastal areas, where complex nearshore 

processes are not resolved by such global models. However, during the winter season, most available 

datasets show consistent trends over most of the Atlantic Ocean (Erikson et al., 2022). For these 

reasons, we conducted complementary comparisons of the historical model runs (Hist-Obs) against 

the observed satellite and coastal wave buoy data (Section 2.2.2).  

 

2.2.2 Wave buoys and satellite data  

Four wave buoys were deployed in different locations off the coast of French Guiana, with data 

records available from the Centre d’Archivage National de Données de Houle In Situ (CANDHIS). 

For the comparison with historical wave simulations (Sections 3.1 and 2.4.2), we used two of these 

buoys located at ~20 km offshore of Cayenne (97304) and Kourou (97303), both at 20 m depth 

(Figures 2a,b). Data from the two remaining buoys are excluded as they are likely affected by local 

coastal processes (Text S1 of Supplementary Material).  

Figures 2c,d show the yearly and monthly distributions of 30-min wave records available from these 

two buoys during winter. The temporal coverage of the datasets is limited (Figure 2c) to one winter 

for the 97303 buoy and two winters for the 97304 buoy, with multiple gaps (Figure 2d).  
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Figure 2. Locations of wave buoys in French Guiana‘s coastal region, offshore of (a) Cayenne (97304) and (a) 

Kourou (97303) (source: https://candhis.cerema.fr/_public_/cartes.php), and the respective (c) annual number of 

semi-hourly records during winter (NDJFMA) and (d) monthly percentage of available winter data. 

Wave observations off the coasts of French Guiana are also available from satellite altimetry. The 

European Space Agency Climate Change Initiative (ESA-CCI) level 4 multi-mission product version 

1.1 (Dodet et al., 2020; Piollé et al., 2020) provides monthly mean Hs with a 1° (~110 km) 

resolution. ESA-CCI data also include monthly exceedance probabilities of Hs for the 1 m, 1.5 m, 2 

m and 3 m threshold values. Along the coastal band, the mean and extreme Hs estimates should be 

interpreted carefully, as they may be contaminated by the influence of land and wave form retrievals. 

We note that satellite data are associated with uncertainties due to e.g. atmospheric corrections and 

sampling frequency, and are only available from 1991, limiting the comparison with the Hist-Obs 

results to the 1991-2013 23-year period. While the satellite data cover a shorter period than ERA5, 

they are derived from observations and are not affected by the limitations of numerical modelling. In 

addition, a 23-year record remains sufficient for an assessment of model performances. On the other 

hand, while buoy records provide in situ direct information that is not affected by biases associated 

with modelling (e.g. reanalysis) and processing (e.g. satellite altimetry), they are limited to very 

localised areas and cover short periods of time. Therefore, the complementary strengths of the three 

data sources (ERA5, ESA-CCI, CANDHIS) provides more confidence in the interpretation of the 

model performance over the historical period. 
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2.3 Wave model 

We modelled past and future wave conditions offshore of French Guiana using the MFWAM 

(Météo-France Wave Action Model), an operational third-generation spectral wave model. MFWAM 

was developed by Météo-France on the basis of WAM (WAMDI-Group, 1988), which is widely 

used for global and regional modelling studies including future projections that contributed to the 

COWCLIP ensemble (e.g. Semedo et al., 2018). 

The model simulates the generation and propagation of wave energy in response to forcing wind 

fields by resolving the spectral energy balance, adopting the dissipation term proposed by Ardhuin et 

al. (2010) and updated by the Copernicus Marine Service. MFWAM also has a similar configuration 

of ECWAM used to produce ERA5 data. The modelled spectra are discretized into 24 directions (15° 

interval) and 30 frequencies ranging from 0.035Hz to 0.58Hz. MFWAM is forced with 2-D 10-m 

wind time series, produces 3-hourly values of Hs, Tm and Dm, and has been extensively validated 

against wave buoy data, showing among the best forecasting skill across the Atlantic Ocean (Bidlot, 

2017).  

Here, we run MFWAM in the configuration adopted by Belmadani et al., (2021), where the model 

domain covers most of the North and South Atlantic basins (59.5°S to 70°N) with a 0.5° grid 

(MFWAM05). We note here that Belmadani et al., (2021) also used a nested 0.1° grid (MFWAM01) 

focusing on the main development region of tropical cyclones. As the finer domain (MFWAM01) 

southern boundary runs close to the coast of French Guiana, here we used the MFWAM05 grid 

alone. A 0.5° resolution is sufficient to accurately model the propagation of swell waves across the 

Atlantic basin, and is of the order of the highest resolutions adopted by existing state-of-the-art 

global wave models (Morim et al., 2020). In addition, previous MFWAM applications suggested 

that, despite the higher resolution of the wind forcing, an increased (0.5° to 0.1°) grid resolution did 

not have a significant impact on the model results in deep waters, except for a weak sensitivity of 

extreme wave conditions (Belmadani et al., 2021). 

2.4 Method  

2.4.1 Wave model setup 

For the wave model applications, we forced winter wave simulations with the ARPEGE-Climat 6-

hourly wind fields obtained from the five members of the three climate experiments introduced in 

Section 2.1 (Hist-Obs, Hist-Model and RCP-8.5). The use of five-member ensembles for each 

experiment allows accounting for the uncertainties related to the inherent variability of the climate 

circulation (Mankin et al., 2020), and increases the robustness of the model results, especially for 

extreme events (Belmadani et al., 2021; Meucci et al., 2020; Timmermans et al., 2017). Given the 

computational burden of multiple MFWAM simulations and the study focus on the winter season, 

we modelled wave conditions (Hs, Tm, Dm) from 1
st
 November to 30

th
 April (NDJFMA) for 29 

                  



11 

 

following years, for each experiment ensemble. This resulted in 435 time series (3-hourly) of winter 

wave conditions (Table 2). 

We run the historical simulations of wave conditions over the period 1985-2013 and 1984-2012 for 

the Hist-Obs and Hist-Model experiments, respectively. The former is compared against historical 

wave data to assess the model accuracy, and the latter is compared to the RCP-8.5 projections to 

quantify future changes in modelled wave climate. Herein, we analyse and discuss the possible bias 

in model results against available data as described in Sections 2.4.2, 3.1 and 4.1, although bias 

correction (e.g. Charles et al., 2012) is not performed (see Section 4.1). The future scenario (RCP-

8.5) is run from 2051 to 2079, which corresponds to the latest 29 years of available wind fields from 

the climate model experience (Section 2.1).  

In order to analyze wave climate change offshore of French Guiana, we extracted the MFWAM 

results over the portion of the domain included between (59.5° - 48° W) and (2° - 12° N), hereafter 

referred as MFWAM05* (Figure 3). As we aim at characterizing the change of deep-water waves, 

this area extends several hundreds of kilometres offshore of French Guiana‘s coasts to ensure deep 

water conditions of the modelled waves. For the analysis of the seasonality of modelled wave 

conditions (Section 2.4.3), the results are spatially integrated over a part of MFWAM05* excluding 

nearshore areas (red region in Figure 3), where waves are strongly affected by complex processes 

that are not resolved by MFWAM (Anthony et al., 2010). For each experiment, an average 2-D wave 

field is derived by averaging the results obtained from the five respective ensemble members. 

Table 2. Summary of the MFWAM simulations including: 6-hourly wind forcing experiments, simulated winter 

period and time slices, and number of model realizations. 

MFWAM model 

experiment 

Simulated 

time slice 

Winter period simulated 

each year  

# ensemble 

members 

Total  

# simulations 

Hist-Obs 1985-2013 November 01 – April 30 5 145 

Hist-Model 1984-2012 November 01 – April 30 5 145 

RCP-8.5 2051-2079 November 01 – April 30 5 145 
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Figure 3. Portion of the MFWAM model domain considered for the analysis over the French Guiana region 

(MFWAM05*), with a sub-portion (red-shaded area) excluding the coastal band, used to calculate spatial 

averages and other statistics for the analysis of mean seasonal cycles of modelled wave variables. 

2.4.2 Model bias assessment 

When addressing future wave climate, it is fundamental to investigate possible biases in model 

results for a proper interpretation of the projections, especially beyond decadal scale (Bitner-

Gregersen et al., 2022; Khandekar, 1989; Lemos et al., 2020). Therefore, as a preliminary step, we 

compared the wave model results of the Hist-Obs simulation with the available historical data from 

ERA5, ESA-CCI and wave buoys (Section 2.2).  

We remind here that while the MFWAM Hist-Obs simulations are forced with wind data obtained 

from observed SST fields, each ensemble member is based on different initial conditions and does 

not ensure a consistent chronology with the observations. This does not allow the quantification of 

performance metrics derived from the direct comparison of time series (e.g. root-mean-square-error). 

First, we compared Hs and Tm winter mean (  
 ,   

 ) and 95
th
 percentile (     

 ,      
 ) obtained from 

the Hist-Obs simulation with ERA5 data over the period 1985-2013 within the MFWAM05* 

domain. Then, we interpolated the Hist-Obs results to match the grid of ESA-CCI data and compared 

the mean and extreme Hs for the winter season. In this case, extreme Hs are expressed as monthly 

exceedance probabilities of four threshold values 1 m, 1.5 m, 2 m, and 3 m, which correspond to the 

values provided by ESA-CCI (Piollé et al., 2020). Finally, a pointwise analysis is performed for the 

winter season between the wave buoy data and the Hist-Obs results extracted at the nearest grid 

points ([52°W; 5°N] for 97304 i.e. 6 km away, and [52.5°W; 5.5°N] for 97303 i.e. 20 km away). For 
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this comparison, the wave buoy data and 3-hourly model results are represented using box-plots 

indicating the 25
th
, 50

th 
and 75

th
 percentiles for Hs and Tm, and using wave roses for Dm.  

Ultimately, we also compared the Hist-Obs and Hist-Model simulations to verify the consistency 

between the two historical ensembles (Section 3.1).  

2.4.3 Projected winter wave changes 

In order to investigate winter wave climate change between the 1984-2012 and 2051-2079 periods in 

the French Guiana region, we analysed the differences between the RCP-8.5 and Hist-Model 

ensembles by mapping the evolution of winter wave characteristics (mean Hs and Tm, i.e.   
  and 

  
 , and median Dm, i.e.      

 ) and the respective statistical robustness. The latter is evaluated 

applying statistical significance tests with control of the False Discovery Rate (FDR) (Benjamini & 

Hochberg, 1995), which adjusts the resulting p-values. The calculation of p-values requires the 

statistical independence of the analysed variables, which we obtained applying a temporal 

subsampling of the wave data through the computation of decorrelation maps, following the 

approach proposed by Belmadani et al. (2021) (see Text S2 of Supplementary Material). Finally, the 

p-values are estimated at each model grid point using a Student, Welch or Wilcoxon test based on 

the probability distribution and variance of the tested variable (Figure S5 of Supplementary 

Material). This methodology is also applied to the RCP-8.5 and Hist-Model winter U10 fields (Figure 

1b) to analyse the projected winter wave climate in light of future changes in the wind forcing. We 

performed the procedure with the 3-hourly Hs and Tm, and the 6-hourly U10 subsampled every 5 days 

and 10 days, respectively.  

The average of instantaneous wave directions (  
 ) does not correspond to the mean wave direction 

Dm extracted from the winter mean directional wave spectrum and is not necessarily representative of 

typical wintertime values, introducing potential biases. Compared to   
 , the median represents the 

more frequent Dm and is less susceptible to biases. Thus, we evaluated the evolution of mean wave 

direction (rotation) by observing its winter median value (     
 ) at each grid point across the 

MFWAM05* domain. The analysis of directional wave roses at five locations off the French Guiana 

coast for the Hist-Model and RCP-8.5 experiments suggests that the median represents the real wave 

rose well, i.e. the wave directions are distributed smoothly (near Gaussian) and do not show multiple 

peaks that may bias the representativeness of the median (Text S3 of Supplementary Material). 

Herein, a negative (positive) change in      
  represents clockwise (counter-clockwise) rotation.  

Extremes of the 3-hourly winter wave characteristics are represented here by the respective 10-year 

return values, obtained from Generalized Extreme Value (GEV) distributions of the annual maxima 

of the 145 simulated winter seasons for Hist-Model and RCP-8.5. The significance of the estimated 

changes in extreme values is assessed based on the 95% confidence bounds (2.5
th
 - 97.5

th
 percentiles) 
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of the return values (Belmadani et al., 2021) obtained with a bootsrapping of annual maxima (1000 

iterations with replacement) and the respective GEVs. 

We also estimated the RCP-8.5 return period corresponding to the 10-year Hist-Model return values 

in order to identify possible increases/decreases in the occurrence frequency of historical 10-year 

extreme events (Wang et al., 2014).  

Further, we analysed the seasonal variability of the projected wave climate by computing the 

climatological daily means of Hs, Tm and H
2
sTm, spatially averaged over the portion of MFWAM05* 

excluding nearshore areas (red area in Figure 3). Herein, we consider H
2
sTm to synthesize the wave 

energy (E). For each calendar date of the winter season (NDJFMA), we estimated the mean of the 

145 (5 x 29) values from all the simulated members and years, obtaining an average seasonal cycle 

of the different variables over the selected area, for the Hist-Model and RCP-8.5 experiments. Then, 

we applied a 30-day running average to filter out the isolated storm events occurring on intra-

monthly time scales. 

The seasonal variability of extreme Hs, Tm and H
2

sTm is assessed in a similar fashion as the 

climatological daily mean values, extracting the spatial maxima over the same portion of 

MFWAM05* (red area in Figure 3) at each time step and selecting the daily maximum. This results 

in 145 values of spatial maxima for each calendar day of the winter season. Then, we evaluate the 

associated climatological daily exceedance probability, defined as the daily fraction of values (within 

the sample of 145 values) exceeding a prescribed threshold. We defined the latter threshold by 

testing several values and retained those that resulted in realistic probability curves, i.e. characterized 

by a relatively smooth temporal distribution (not too noisy between consecutive days) and a realistic 

occurrence probability (rare enough for the events to qualify as extremes). Finally, we smoothed the 

seasonal cycles applying a 30-day running mean.  

3 Results 

The MFWAM model produced 3-hourly series of Hs, Tm and Dm throughout the winter season (1
st
 

November to 30
th
 April) for 29-year periods under three experiments (Hist-Obs, Hist-Model and 

RCP-8.5), each one including five ensemble members. The following subsections illustrate the 

comparison between modelled wave conditions and available data over the historical period 1985-

2013 (Section 3.1), as well as the MFWAM winter wave changes projected for 2051-2079 (Section 

3.2). 

3.1 Model performance  

The comparison between Hist-Obs results and ERA5 (Section 2.2.1), wave buoys and ESA-CCI data 

(Section 2.2.2) provides an indication of the MFWAM model performance in representing mean and 

extreme historical winter wave conditions over the 1985-2013 period. Figure 4 shows the differences 

between Hist-Obs and ERA5 fields of wintertime mean and 95
th
 percentile Hs (Figure 4a,b) and Tm 
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(Figure 4c,d) over the MFWAM05* domain, and the ERA5 reference values (black contours). The 

ERA5   
  and   

  fields reach 2.2 m and 8.0 s, respectively, and both decrease from the northeastern 

end of the domain to the French Guiana coasts (Figure 4a,c). A similar pattern is observed for      
  

and      
 , which decrease from 3 m and 10 s to 2-2.5 m and ~9 s (Figure 4b,d). Hist-Obs produces a 

northeast to southwest decrease in   
  and   

  consistent with ERA5 data (not shown). The model 

results show an overall underestimation of   
  (~0.15 m, i.e. ~10%, on average), with well 

represented extremes showing a mild overestimation of 0.1-0.2 m (5-7%) and underestimation of 

~0.1 m (~5%) in the northwestern and southeastern areas of the domain, respectively (Figure 4a,b). 

In contrast, the model generally overestimates Tm over the domain with biases of the order of 0.5-0.8 

s (5-10%) for the winter mean values and 10-15% for the extremes (Figure 4c,d). 

 

Figure 4. Comparison between Hist-Obs and ERA5 winter wave conditions (Hist-Obs minus ERA5) over the 

1985-2013 period, including changes in: (a) winter mean Hs (   
 ); (b) 95

th
 percentile Hs (      

 ); (c) winter 

mean Tm (   
 ); and (d) 95

th
 percentile Tm (      

 ). Black iso-contours indicate the reference ERA5 values. 

Compared to ESA-CCI data, the Hist-Obs   
  shows a larger bias than the one observed against 

ERA5, with an overall underestimation of 0.3-0.4 m (20-30%) (Figure 5a). The results show a 

smaller bias and   
  overestimation in the coastal areas north and south from French Guiana, 

although both ESA-CCI and MFWAM data are highly uncertain in nearshore zones (as stated in 
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Section 2). The probability of Hs exceeding 2 m or 3 m (extreme waves) is consistent between Hist-

Obs and ESA-CCI, with a decay in the occurrence of Hs>2 m and Hs> 3 m as waves approach the 

continent (Figure 5b, 5c). However, Hist-Obs results in a slightly more gradual decay (milder 

gradients) than ESA-CCI 2- and 3- m exceedance probability across the MFWAM05* domain 

(Figure 5b,c). Such difference is also observed for lower thresholds of exceedance (1 m and 1.5 m), 

as shown in Figure S7 of Supplementary Material.  

 

Figure 5. Comparison between Hist-Obs and ESA-CCI winter wave conditions over the 1991-2013 period, 

including differences in: (a) winter mean Hs (   
 , Hist-Obs minus ESA-CCI); (b) 2-m and (c) 3-m monthly 

exceedance probability, expressed as the ratio (Hist-Obs/ESA-CCI) of probabilities on a power (base 2) scale, 

i.e. -0.05 corresponds to 2
-0.05

 ~0.966. Black iso-contours indicate the reference ESA-CCI (a)   
  values and (b) 

probabilities. 

The analysis of MFWAM performance is complemented by comparing the Hist-Obs results with in 

situ data from coastal wave buoys (Section 2.2.2). The 97304 buoy data and the nearest model results 

([52°W; 5°N]) show nearly matching values of the median winter Hs (     
 ~1.32-1.33 m), though 

with a narrower confidence interval for the model results, which overestimate and underestimate the 

25
th
 and 75

th
 percentiles, respectively, by ~8% (Figure 6a,b). In respect to the 97303 buoy, located in 

the vicinity of Kourou (Figure 2a), the nearest model predictions ([52.5°W; 5.5°N]) overestimate the 

median winter Hs (     
 ~1.39 m vs 1.22 m) and the 25

th
 percentile (     

 ~1.16 m vs 1.02 m) by 

~14%, and underestimates the 75
th
 percentile (     

 ~1.66 m vs 1.72 m) by ~3% (Figure 6c,d). The 

25
th
 and 75

th
 percentiles, and median values of Tm are very consistent with differences of 1-2% off 

Cayenne (Figure 6c,d) and <1% off Kourou (Figure 6c,d). The agreement with winter wave data 

from the buoys provides a good validation of the model, considering that the Hist-Obs climate 

simulations are forced with observed monthly SSTs without any data assimilation in the wave model 

or its wind forcing. 
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Figure 6. Box plots (25
th

, 50
th
 and 75

th
 percentiles) of Hs and Tm from (a) the CANDHIS 97304 buoy and (b) 

Hist-Obs [52°W; 5°N] MFWAM grid point near Cayenne; and (c) the CANDHIS 97303 buoy and (d) Hist-Obs 

[52.5°W; 5.5°N] MFWAM grid point near Kourou.  

The wave roses representing the buoy records offshore of Cayenne (97304) and Kourou (97303) 

both show an incident direction of winter waves primarily from the NE (>50%) and NNE (~35%) 

sectors, with most of the largest waves (Hs > 2 m) coming from the NE sector (Figure 7a,c). 

Consistently, the modelled winter waves and their extremes at the two nearest grid points mainly 

come from the NE (>60%). On the other hand, in both locations, less than 20% of modelled waves 

come from the NNE sector and include only waves up to 1.8 m (Figure 7b,d). Offshore of Cayenne, 

this difference is mostly compensated by more waves falling into the NE sector, while near Kourou it 

is evenly distributed in the neighbour directional sectors (NNE and ENE) (Figure 7b,d). Both buoys 

also recorded ~10% of waves (up to 1.8 m) coming from the N sector, which do not appear in the 

model results. Hence, both comparisons offshore Cayenne and Kourou suggest a mild clockwise bias 

of the model.   
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Figure 7. Wave roses of winter conditions offshore of: Cayenne from (a) the 97304 wave buoy, and (b) Hist-Obs 

[52°W; 5°N]; and Kourou from (c) the 97303 wave buoy and (d) Hist-Obs [52.5°W; 5.5°N], with colour scale 

indicating different ranges of winter Hs.  

The Hist-Obs and Hist-Model results over the 1985-2012 period show notable differences mainly in 

the mid-high latitudes, corresponding to a westward shift of winter mean and extreme Hs in the Hist-

Obs experiment (Figures S8 of Supplementary Material). However, in the tropical latitudes and 

French Guiana region the two experiments reproduce the same overall wintertime wave climate 

(Figure S9 of Supplementary Material), consistently with the outcomes of Chauvin et al. (2020) and 

the summertime comparison performed by Belmadani et al. (2021) over the Atlantic Ocean. 

Overall, despite some biases between the Hist-Obs experiment and the three reference datasets, and 

recalling the uncertainties and limitations affecting reanalysis, satellite and buoy data, it is concluded 

that the model reproduces fairly well the winter wave climate in the study area over the historical 

period. This, together with the agreement between the Hist-Obs and Hist-Model experiments 

(Section 2.4.2), confirms the MFWAM suitability to evaluate future changes in winter wave climate 

offshore of French Guiana. 

3.2 Winter wave projections  

The future wave projections from RCP-8.5 (2051-2079) and the historical wave conditions from 

Hist-Model (1984-2012) are used to derive projected changes of the winter wave climate off the 

coasts of French Guiana in the RCP-8.5 scenario. Figure 8a,b show that the model predicts a 
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statistically significant reduction (3-5%) of   
  and   

  over the whole study area (MFWAM05*) by 

2051-2079. The projected changes in mean   
  (  

 ) are larger in the northern (coastal) area of the 

domain, and gradually decrease towards (away from) the French Guiana coast (Figure 8a,b). The 

modelled historical (Hist-Model) winter waves show a rather homogeneous spatial pattern of      
  

(black arrows in Figure 8c), characterized by median direction mostly from the NE, turning towards 

ENE in the northwest area of the domain and NNE in the southeast. Figure 8c also shows an overall 

projected clockwise rotation between 1° and 3° of winter wave angle, with larger changes in the 

northwestern area of the domain and smaller changes in the southeast, accentuating the spatial 

variability of      
 . The examination of wave roses extracted from the RCP-8.5 and Hist-Model 

results at five locations confirm that the median of Dm well represents the actual incident wave 

direction offshore of French Guiana (Text S3 of Supplementary Material).  

 

Figure 8. Projected changes in winter mean wave climate (2051-2079) for the RCP-8.5 scenario relative to Hist-

Model historical conditions (1984-2012), including: (a)    
  and (b)    

  with black contours indicating the 

reference Hist-Model values and hatchings indicating statistically significant changes (using p-values and control 

of False Discovery Rate, Section 2.4.3); and (c)       
 

 with arrows indicating the reference Hist-Model wave 

directional pattern. Negative       
  indicate clockwise rotation. 

For the Hist-Model experiment, the 10-year return values of Hs (Tm) vary between 3 m (13.5 s) a few 

tens of kilometres off the coast, and >4.2 m (>15.5 s) in the northern area of the domain as shown in 

Figure 9a (Figure 9b). The historical extreme values of E show similar contours as Hs, with 

magnitudes ranging between 50 m
2
s and 250 m

2
s (Figure 9c). The simulated future winter wave 

climate (RCP-8.5) shows an overall 5% decrease in 10-year return Hs, which is stronger and 

statistically significant in the northwestern to central area of the domain (7-8%) and smaller near the 

coasts and in the southeastern part of the domain (3-4%, Figure 9a). For the extreme Tm, the 

projections show a small increase (1-2%) in the northeast, and a decrease of the order of 3-4% 

towards the coasts, although these changes are statistically significant only in over a small part of the 

southeastern coastal region (Figure 9b). An overall decrease of ~10% in the derived extreme E is 
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projected, with changes statistically significant in the central portion of the domain (where projected 

change reach 15%) and in isolated coastal areas off French Guiana (Figure 9c). Figure 9d-f shows 

the RCP-8.5 projected return periods corresponding to the Hist-Model 10-year return values for Hs, 

Tm and E. For Hs, the historical 10-year return values are projected to be associated with a return 

period ranging from 15 years at the French Guiana coast, up to 35-40 years in the western part of the 

domain (Figure 9d). The future return periods for the historical decadal Tm values gradually increase 

from the northeastern end of the region (~10 years) to the coasts (~20 years, Figure 9e). For wave 

energy, future return periods grow up to 15-25 years, peaking in the central-western part of the 

domain (Figure 9f). 

 

Figure 9. Projected changes in (a-c) 1 in 10 years winter waves for the RCP-8.5 (2051-2079) scenario relative to 

Hist-Model historical (1984-2012) conditions, illustrating the evolution of extreme values for: (a) Hs, (b) Tm and 

(c) E=H
2
sTm; and (d-f) future RCP-8.5 return periods (years) corresponding to the Hist-Model (1984-20123) 10-

year return (d) Hs, (e) Tm, and (f) E. Black contours indicating the reference Hist-Model values and hatchings 

indicating statistically significant changes (using p-values and control of False Discovery Rate, Section 2.4.3). 

Figure 10 shows the seasonal variability of historical and projected mean wave characteristics and 

the respective exceedance probabilities within the winter season (NDJFMA). Between November 

and February, the historical climatological daily mean Hs and Hs
2
Tm gradually increase from 1.5 m to 

2.2 m and from 25 m
2
s to 50 m

2
s, respectively, and then decrease to Hs=1.9 m and Hs

2
Tm=30 m

2
s by 

April (Figure 10a,c). In contrast, in the beginning of the season, the daily mean Tm undergoes a rapid 

growth (within a few days) from 8.6 s to 9.2 s, followed by a gradual decrease to 8.8 s by March, and 
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an accelerated decrease to 8.2 s by April (Figure 9b). Figure 9a,b indicates that the statistically 

significant decrease observed for   
  and   

  (Figure 8a,b) persists evenly throughout the winter 

season. Consequently, the daily mean energy (E) exhibits a similar trend, although with enhanced 

projected decrease at the season peak, in January-February (Figure 9c). 

Figure 10d-f illustrates the probabilities that the climatological wintertime daily maxima of historical 

and future modelled Hs, Tm and E exceed 3.5 m, 13 s, and 110 m
2
s, respectively. All the analyzed 

variables exhibit an overall reduction of exceedance probability of the respective thresholds, which is 

consistent with the projected changes observed for the 10-year return values (Figure 9). The 

projected probabilities for Hs and E are the highest in the second half of January compared to the 

longer period (early January to mid-February) observed in the Hist-Model experiment, with a ~30% 

decrease for both parameters (Figure 10d,f). The peak occurrence probability of future Tm extremes 

decreases by 35-40% (from ~0.08 to ~0.05) and remains stable between November and February, as 

per the historical simulation, although with a predicted drop in December-January (Figure 10e). 

 

Figure 10. Seasonal variability (in winter) of climatological daily mean (a) Hs, (b), Tm, and (c) Hs
2
Tm, and daily 

probability of exceeding (d) 3.5 m for Hs, (e), 13 s for Tm, and (f) 110 m
2
s for Hs

2
Tm, including Hist-Model 

historical (green curves) and projected RCP-8.5 data (red curves). Bold red lines indicate statistically significant 

(p < 5%) projected changes.  

4 Discussion 

4.1 Model performance  

The Hist-Obs results over the French Guiana region showed a general underestimation of the winter 

mean significant wave height compared to ERA5 reanalysis and ESA-CCI satellite data (Section 

3.1). Moreover, the model shows larger differences against ESA-CCI data (20-30%) than against 

ERA5 (~10%). This appears consistent with the tendency of ERA5 reanalysis to underestimate Hs 
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observations in the North Atlantic basin (Hawkins et al., 2022; Timmermans et al., 2020), although 

ESA-CCI data is also affected by uncertainties due to the sampling frequency and data processing.  

In a recent assessment of global wave model skill against ERA5 wave data, the 1979-2004 average 

Hs from two wave models forced with CMIP6 GCMs exhibited mild positive biases (<10% 

overestimation) in the French Guiana region (Meucci et al., 2023). Interestingly though, over the 

1985-2014 period, one of the models (forced with the EC-Earth GCM) showed a statistically 

significant decreasing trend in annual mean Hs near French Guiana, in contrast to the ERA5 

statistically significant increasing trend, both larger than 1.75%/decade (Figure 12 of Meucci et al., 

2023). Consequently, over the 1985-2014 period, this wave model tends to increasingly 

underestimate the ERA5 annual mean Hs data offshore of French Guiana, supporting the findings of 

our comparison for the wintertime season (Section 3.1). The second CMIP6-driven model (forced 

with the ACCESS-CM2 GCM) also produced a decreasing Hs trend in the French Guiana region, 

although not statistically significant.  

MFWAM performs better in reproducing extreme Hs, with biases generally <7%. The source of this 

bias may be attributed (at least partially) to the surface wind speed (U10) produced by ARPEGE-

Climat, which underestimates the ERA5 data both in the tropics (by up to 1.5 m/s off French Guiana) 

and north of 50°N (by up to 2-2.5 m/s) (see Figure 1a and S9). In addition, the model reproduces 

very well the mean Hs conditions measured by the wave buoys offshore of Cayenne and Kourou, 

with much weaker negative biases.  

MFWAM also proved to have good skills in reproducing the wintertime mean wave period, with 

excellent performances relative to wave buoy data, and a relatively small bias against ERA5 

estimates (10-15% overestimation). In terms of median Dm, the model features a systematic, though 

small, clockwise rotation compared to the buoy wave roses. While the latter bias may be partly 

related to a corresponding bias in the forcing wind fields, which show a slight clockwise difference 

against ERA5 winds (Figure S11b of Supplementary Material), the origins of the mild biases in Tm is 

not straightforward. 

Overall, despite the presence of some biases, the model performs well over the historical period, thus 

supporting the application of MFWAM for the simulation of future winter wave climate. However, 

further assessment of the model performance and the application of bias correction methods to the 

wave projections require the development of long uninterrupted wave data from measurements or 

extensively validated hindcasts (e.g. Charles et al., 2012). 

4.2 Wave climate change  

4.2.1 Projected winter wave changes 

The MFWAM RCP-8.5 experiment results predict an overall negative trend in winter mean Hs and 

Tm as well as a slight clockwise rotation of      
  in the French Guiana region by the 2051-2079 

period. This appears to be in contrast with the projected intensification of wind speed and the 
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counter-clockwise rotation of the northeasterly trade winds (Section 2.1). However, the general 

decrease observed for   
  and   

 
 in the French Guiana region can be explained by the larger-scale 

signal of modelled wave conditions. In fact, an analysis of the model results over the North Atlantic 

basin reveals a basin-wide reduction, the strongest decrease in   
  occurring around 60°N and 30-

40°N, thereby reducing the historical gradients between the larger mid-latitude waves and the 

smaller tropical waves (Figure 11a). Such   
  changes are most likely linked to an overall 

weakening of the mid-latitude future winds (Figure 1b) and to those weather types (synoptic 

patterns) that associate weaker storms along the mid-to-high latitudes, which are projected to become 

more frequent during winter (Lemos et al., 2021). 

As North Atlantic swells are the dominant component of sea states approaching the French Guiana 

coasts in the winter season (Anthony et al., 2011; Young, 1999), the weakening of such swells may 

be identified as the main driver of projected changes in   
  offshore of French Guiana compared to 

wind sea. However, the increase in wind speed projected for the RCP-8.5 scenario over the tropical 

band (Figure 1b) may contribute to the attenuation of Δ  
  (decrease) equatorward from 30°N 

(Figure 11a). In contrast, the modelled changes in   
  are more pronounced south of 30°N, near the 

west-African and South-American coasts, including the French Guiana region (Figure 11b). The 

stronger reduction in   
  over the latter area is located on the edge of the signal observed for the 

main changes in   
 , suggesting that these two variables are linked by the southwards propagation of 

North Atlantic swells. Indeed, if North Atlantic swells are reduced in the future, the wave dispersion 

in deep water will drive a decrease in   
  that intensifies with distance from the source.  

The trends featured in our winter projections between 1984-2012 and 2051-2079 in the French 

Guiana region are consistent with the COWCLIP winter projections between 1979-2004 and 2080-

2099, with   
 ,   

  and      
  changes falling in the respective ranges of values predicted by the 

multi-model ensemble (Section 4.2.3).  
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Figure 11. Projected changes in winter mean wave climate for the RCP-8.5 scenario (2051-2079) relative to Hist-

Model historical conditions (1984-2012) over the North Atlantic basin: (a)    
  and (b)    

 , with black contours 

indicating the reference Hist-Model values and hatchings indicating statistically significant changes. 

The analysis of 10-year return values for wave height, period and energy suggests that current winter 

extremes will occur more rarely in the future (Figure 9), and will be more concentrated around the 

month of January (Figure 10). Indeed, the historical (Hist-Model) 10-year events are projected to 

associate return periods between 15 and 40 years in the future (RCP-8.5). This is in line with existing 

global projections, which predicted an overall annual decrease in 20-year (Lobeto et al., 2021) and 

100-year (Meucci et al., 2020) return Hs by the end of the 21
st
 century for the RCP8.5 scenario in the 

North Atlantic basin. While the results of the latter studies are associated with low statistical 

significance near French Guiana (Lobeto et al., 2021; Meucci et al., 2020), the statistical significance 

of our projections provide more confidence to the predicted trends. However, our projected extremes 

may still present some uncertainties, e.g. stemming from the uncertainties affecting future 

extratropical storm tracks (Lobeto et al., 2021; Meucci et al., 2020). 

4.2.2 Seasonality of wave climate change 

Our winter wave projections are complementary to Belmadani et al. (2021)‘s projections of summer-

fall wave climate (hurricane season) over the Atlantic basin, which are based on the same modelling 

framework. The summer-fall season simulations (Figure 5b,c of Belmadani et al. 2021) showed a 

statistically significant decrease in seasonal mean Hs over the French Guiana region, and in seasonal 

mean Tm near French Guiana‘s coast (and non-statistically-significant increase offshore), both at 

rates similar to the ones obtained from our winter projections,  resulting from changes in large-scale 

patterns. The latter lead to an overall mean reduction of 5-10% in Hs and ~5% in Tm throughout most 

of the year near French Guiana coast. We note here that the summer-fall (July - November) and 

winter (November - April) projections do not include the May - June period. On a larger scale, this is 

in line with the outcomes of previous studies, which obtained the same order of decrease in annual 
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mean Hs by 2100 over the North Atlantic region for the RCP-8.5 scenario (Bricheno & Wolf, 2018; 

Charles et al., 2012). Similar trends, though with different intensities (0-7% decrease), were 

observed also by Meucci et al., (2023) across the Atlantic Ocean for a similar greenhouse gas 

concentration scenario. 

Similarly to our modelled changes of 10-years return winter wave events (Figure 9), Belmadani et al. 

(2021) also projected a decrease in extremes during the summer-fall season over the Atlantic 

Equatorial region by 2051-2080, though of lower magnitude and statistically significant only near 

the coast. The Authors attributed this change to a poleward migration of extreme wave heights in 

response to the associated summertime tropical cyclone activity. Instead, the decrease of 10-years Hs 

projected near French Guiana during the winter season is mostly driven by a decrease in extreme 

wind-wave significant height (Hs0) over the mid- and high-latitudes (20°N-30°N), and the 

consequent decrease in significant height of primary swells (Hs1) coming from the North (Figure S10 

of Supplementary Material). 

4.2.3 COWCLIP multi-model projections 

The COWCLIP projections indicate a statistically significant clockwise change in annual mean Dm 

of ~1° in the northern coastal area of French Guiana (Figure 3 of Morim et al., 2019), which is in 

line with the MFWAM results for the wintertime season (Section 3.2). Further north, along the 

Surinam coast, COWCLIP also predicts a statistically significant decrease in annual mean Tm 

(Figure 3 of Morim et al., 2019), which, given the relatively coarse resolutions of the ensemble 

members, may extend to the French Guiana region. This is consistent with the combined MFWAM 

summertime and wintertime projections offshore of French Guiana (Section 4.2.2).  

We further investigate the annual and monthly averages of COWCLIP wave projections at the 

interpolated grid point (see Text S4 of Supplementary Material) closest to the French Guiana coast 

(52°W; 6°N) for the RCP4.5 and RCP8.5 scenarios. This allowed a qualitative comparison with the 

MFWAM winter projections, and the investigation of the marginal (scenario-based) uncertainties 

associated with future greenhouse gas emissions, as well as uncertainties in climate model and wave 

modelling approach (Morim et al., 2019). The projected changes in Hs, Tm and Dm are estimated as 

the difference of the respective annual and monthly averages between 2081-2099 and 1979-2004, for 

each available climate-wave model combination of the ensemble (Table S1 of Supplementary 

Material). It is worth noting that, unlike our analysis, COWCLIP considers the changes in mean Dm 

and not its median value. For each ensemble of projections (and for both annual and monthly 

means), we estimate the 95% confidence interval (2.5
th
 - 97.5

th
 percentiles) of the ensemble mean by 

applying an empirical bootstrapping method (1000 iterations).  

The multi-model ensemble predicts larger changes in wave characteristics for the RCP8.5 scenario 

compared to RCP4.5 for both annual and monthly means (Figure 12), suggesting that the respective 

uncertainties are mostly driven by the combination of GCM and wave model. This corroborates the 
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findings of Morim et al. (2019)‘s investigation of the relative contributions of uncertainties in RCP 

scenario, GCM and wave model (including their interactions), to the COWCLIP projection total 

uncertainties (Morim et al., 2019).  

The monthly changes show an overall reduction in Hs and Tm, with stronger changes from December 

to April (winter) for both RCP4.5 and RCP8.5 scenarios, while the monthly mean Dm is predicted to 

rotate clockwise throughout the year (Figure 12d-f). Although the monthly changes in Hs and Tm 

remain negative across the respective confidence intervals between December and March, some 

ensemble members yet predict opposite trends (positive) over this period (Figure 12d,e). Meanwhile, 

the monthly confidence interval of projected Dm always includes positive (counter-clockwise) values 

of modelled rotation, although with a strong asymmetry towards negative (clockwise) values (Figure 

12f). Hence, an increase in Hs and Tm, and/or a counter-clockwise rotation of Dm cannot be excluded, 

undermining the robustness of the COWCLIP projections at this location and confirming (Morim et 

al., 2019) results.  

Nonetheless, while uncertain, the COWCLIP projections are in line with the MFWAM projections 

discussed herein (Sections 4.2.1 and 4.2.2), providing a qualitative validation of our projected trends. 

Indeed, despite the different time slices being considered, for the RCP8.5 scenario the wintertime 

(NDJFMA) ensemble mean COWCLIP projected changes in Hs, Tm and Dm are of the order of -3%, -

4% and ~1° clockwise, respectively, against -3‒5%, -3‒5% and 1‒3° clockwise for MFWAM.  

The choice between a dynamic or statistical downscaling approach does not seem to have a 

significant impact on the uncertainties (ensemble confidence interval) for the changes in monthly 

mean Hs (Text S4 of Supplementary Material). In fact, Figure 12d shows that the statistically 

downscaled members (ECCC-s) are well distributed within the range of modelled results in the 

winter months. 
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Figure 12. COWCLIP 2081-2099 ensemble projections relative to 1979-2004, including projected changes in 

annual (a-c) and monthly means (d-f) of (a,d) Hs, (b,e) Tm and (c,f) Dm, for the RCP4.5 (blue) and RCP8.5 (red) 

scenarios, extracted at the nearest grid point to French Guiana (52°W; 6°N). Box-plots (a-c) indicate the 25
th

, 

50
th

 and 75
th

 percentiles of the ensemble projections. Shaded areas indicate the 95% confidence intervals of 

ensemble mean values.  

                  



28 

 

4.3 Implications for coastal French Guiana  

The projected changes in future wave climate may affect the evolution and migration of mud banks, 

which control the morphodynamics of the French Guiana coast. As mud-bank dynamics respond to 

the wave-driven longshore currents (Eisma et al., 1991; Lakhan & Pepper, 1997), the expected 

clockwise rotation of wave direction may reduce the northeast component of the incident power, 

altering the rates of bank migration. In addition, the largest effects of waves on mud occur during 

high-energy events that follow extended low-energy periods (Gratiot et al., 2007). Hence, despite the 

projected decrease in   
  and   

 , the narrowed period of likely winter extremes in Hs and in wave 

energy (more concentrated in January, Figure 10d,f) results in longer calm periods preceding high-

energy events, which may lead to increased suspension of sediment from the mud banks. On the 

other hand, the general decrease in   
  of North Atlantic swells (Figure 11a) will likely reduce the 

resuspension of sediments (Vantrepotte et al., 2013). However, the future evolution of mud-bank 

dynamics along the coasts of French Guiana also depends on changes in the Amazon River sediment 

supply and in tidal currents (Anthony et al., 2010; Froidefond et al., 1988; Gardel & Gratiot, 2005). 

Therefore, the effects of wave climate change on the dynamics of French Guiana mud banks are not 

straightforward and require further investigation of the concurrent action of waves and other drivers 

(Vantrepotte et al., 2013).  

In terms of coastal hazard, future sea-level rise is already expected to trigger or increase chronic 

flooding in tropical regions (Le Cozannet et al., 2021), including French Guiana  (Longueville et al., 

2022; Thiéblemont et al., 2023). Our analysis of future wave climate evolution suggests that the sole 

effect of waves should not exacerbate flood hazard (assuming no significant impact on mud bank 

migration), and that considering an unchanged wave climate is a conservative assumption for coastal 

flood hazard assessment in French Guiana (Longueville et al., 2022). However, neglecting the 

impact of wave climate change on the migration of mud banks, which can behave as flood defence, 

is a strong assumption. Therefore, a detailed assessment of future flood hazard in French Guiana 

requires more local studies accounting for the influence of wave climate change on mud-bank 

migration.  

4.4 Assumptions and limitations 

Wave modelling is affected by uncertainties related to model calibration, forcing conditions, and 

parametrization of some physical processes. Such uncertainties can cascade through the assessment 

of important processes, e.g. future shoreline evolution (D‘Anna et al., 2022; Toimil et al., 2021) and 

coastal flooding (Parodi et al., 2020; Vousdoukas et al., 2018), and affect the support of decision 

making for coastal adaptation to climate change (Hinkel et al., 2019, 2021) . Although based on 5-

member ensembles, the projections presented here are based on a single combination of wave model 

and GCM, which does not allow the quantification and analysis of uncertainties. However, our 

winter projections may be integrated in future ensemble-based seasonal assessments of wave climate 
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change, or combined with existing summertime projections and complementary May-June 

projections (Section 4.2.2) for annual assessments over the Atlantic Ocean, in a similar fashion to the 

COWCLIP ensemble (Morim et al., 2019).  

The wave projections presented here did not undergo any model bias correction. The application of 

bias correction methods, such as quantile-quantile corrections (Déqué, 2007) is becoming a common 

practice in the context of wave climate modelling (Casas-Prat et al., 2024; Charles et al., 2012; 

Lemos et al., 2020, 2024; Lira Loarca et al., 2023), and can help reducing the uncertainties in future 

projections, including those for extreme waves (Lobeto et al., 2021; Meucci et al., 2020; Morim et 

al., 2023). Such methods require long and reliable time series of wave conditions (long enough to 

capture the main modes of the local wave climate variability), which then constitute a reference 

dataset for the comparison with historical model simulations in order to derive parametrized 

‗correction formulae‘. The historical wave datasets currently available for the French Guiana region 

are not suitable to be used as references for bias correction. Indeed, ERA5 underestimates the wave 

variables in the Atlantic Ocean, ESA-CCI satellite data is available at monthly frequency and only 

provide Hs measurements, and the CANDHIS buoy data cover relatively short periods with multiple 

gaps. Yet, the current model results provide state-of-the-art wave projections, and the application of 

bias corrections are advised in future research, as appropriate datasets will become available. 

The MFWAM model is forced using projected surface wind fields from ARPEGE-Climat (Chauvin 

et al., 2020), which considers the RCP8.5 future greenhouse gas emission scenario, and include data 

through 2080. Recently, new Shared Socio-Economic Pathways (SSP) have been developed (Riahi et 

al., 2017) and adopted within the IPCC 6
th
 Assessment Report (AR6) together with CMIP6, a new 

generation of climate models (Eyring et al., 2016). ARPEGE-Climat is developed from one of the 

CMIP6 models (Roehrig et al., 2020; Voldoire et al., 2013) and has been specifically adapted to 

properly resolve the atmospheric circulation over the Atlantic basin (Chauvin et al., 2020). However, 

while ARPEGE-Climat provides state-of-the-art wind projections for our study area, further 

applications based on SSP scenarios and extending through 2100 would allow coordinating the 

approach with existing wave projections, such as COWCLIP. 

5 Conclusions 

Five-member ensemble simulations of present-day and future (RCP-8.5) wave climate over the 

Atlantic Ocean at 0.5° resolution are forced with wind fields from a single high-resolution GCM to 

investigate winter wave climate change offshore of French Guiana. Despite an expected increase in 

wind speed over the French Guiana region, the future wave projections revealed a decrease in 

average and extreme wave heights and periods across winter, mostly associated with weaker swells 

from the North Atlantic. A slight clockwise rotation of the incident waves is also expected. The 

consistency between our projected changes and the COWCLIP multi-model predictions for the 

French Guiana region strengthens the confidence in the wave projections presented here. The 
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simulated changes in mean winter wave properties are similar to the ones resulting from existing 

projections for the summer season, and may contribute to changes in coastal morphodynamics for the 

French Guiana coast, particularly mud bank dynamics. The comparison between modelled wave 

climate and the available data highlighted the need for the acquisition of long time series of wave 

conditions offshore of French Guiana, in order to better assess model skill and correct possible 

systematic model biases. 

Our winter wave projections may have significant implications for the prediction of French Guiana‘s 

coastal evolution and flood hazard. We highlight the importance of accounting not only for sea-level 

rise but also for future wave climate change.  
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