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Abstract

:

The influence of the Agulhas Current on the wave field is investigated. The study is conducted by performing high resolution spectral wave model simulations with and without ocean currents. The validation of the numerical simulations is performed for the Significant Wave Height (Hs) using all possible satellite altimetry data available in the study region for a winter period of 2018. Wave spectra and extreme waves parameters are examined in places where waves and current are aligned in the Agulhas Current. Sentinel-1 (S1) wave mode Synthetic Aperture Radar (SAR) spectra are used to estimate the composites of the Hs and BFI (Benjamin–Feir Index). SAR computed BFI and Hs were compared with the respective composites obtained from the Simulating Waves Nearshore (SWAN) model. From the Hs composites using SAR data and modeled data, it can be concluded that the Hs maxima values are distributed in the Agulhas Current Retroflection (ACR) and also in the southern limit of the domain that is affected by the strong circumpolar winds around Antarctic. In addition, the BFI composites exhibit the highest values in the ACR and some few values are observed in the southern border as occurred with the Hs. The results of this study indicate that there is direct correlation between the Agulhas Current strength, the Hs and the BFI. It was found that the modeled directional wave spectra are broadened when the ocean current is considered in the simulation. The analysis of the modeled wave spectra is performed over eddies, rings and meanders in the Agulhas Current region. The transformation of the wave spectra due to current refraction is discussed based on the numerical simulations. The effect of the Agulhas Current on the spectral shape is explored. The spectral wave energy grows when the wave and the current are aligned, resulting in peaked, elongated and widened spectra. A decrease of the peak period was observed before the occurrence of maximum values of BFI, which characterize abnormal sea states.
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1. Introduction


Bad weather is not the main cause of ship losses and it may represent a relatively small percentage of the direct causes of ship losses, as described in [1]. However, ship losses by other causes, such as fire or grounding can have bad weather as a causal factor or even as a direct cause. This has been explored by [2] who have analyzed a sample of accident records of Lloyds from 1978 to 1999 in a total of 547 reports and in these reference was made to bad weather in about 53% of the cases, which makes bad weather appear as an important effect in ship losses. Further analysis of the location of the accidents and the prevailing weather conditions showed that there was a high correlation of the accidents with the occurrence of sea states with high mean steepness.



Severe sea states have caused the loss of many ships and to improve safety in maritime operations, decision making about ship routing [3] must rely upon wave forecast that require the best available knowledge of hazardous wave environments. Improving the understanding of extreme and abnormal waves [4,5,6,7] is also very important to assess the safety of marine operations to avoid ship casualties [8,9,10,11,12,13].



In the Agulhas Current (AC), Mallory [14] examined weather circumstances under which huge waves developed and their effects on vessels. Using satellite altimetry [15] has shown that up to 17% of the investigated wave profiles showed amplification of more than 40% in the Agulhas Current.



The AC is composed of two main parts: the Northern, which is stable with velocities ranging from 1.4 to 1.6 m/s, and the Southern AC with large meanders and mesoscale eddies [16] with velocities that range from 1.5 to 2 m/s [17,18]. The Agulhas Current meanders contribute in the intensification of the thermocline on the Agulhas Bank through the intrusion of warmer water [19,20].



Having passed the Agulhas Bank, the AC overshoots the African continent prograde into the South Atlantic Ocean where it experiences a strong change in direction [21], retroflecting back into the South Indian Ocean as the Agulhas Return Current [22]. The current turns back on itself in a tight loop known as Agulhas Current Retroflection [17].



Moreover, the AC plays a key role in the inter-ocean exchange and in the global interchange of water masses [23]. In addition, one of the global oceanic circulation processes that has received attention, has been the concept of a global oceanic conveyor belt [24] in which the AC plays an important role [17]. Satellite altimetry data and SAR allowed us to investigate different aspects, behavior and features of the AC [15,19,25]. The AC region is one of the places that shows a statistically substantial increase in mean Hs [26,27].



Despite the fact that the most intense ocean currents are located in deep waters in regions where maritime traffic is sometimes intense, few studies on the effect of western boundary currents on the wave field have deserved attention.



The understanding of the effects of currents on waves has been increasing with time, most papers are based on satellite data, measured data from oceanography expeditions or numerical simulations. Satellite altimetry data have shown that very large significant wave height gradients can be found in the Agulhas Current system [28,29]. The relevance of ocean currents to wave modeling in ocean basins was investigated in [30], who reported that in the Southern hemisphere ocean, accounting for the ocean currents in a spectral wave model reduces the bias of the modeled wave height, among many other interesting findings. The goal of the present investigation is to gain more knowledge about the influence of the Agulhas Current on the wave field and on the wave spectra.



The paper is structured as follows: Section 2 is devoted to the Material and Methods, the set-up of the 3rd generation spectral wave model used and to the validation of the numerical simulations. Section 3 is dedicated to the results and discussions for a temporal and spatial analyses of the integral wave parameters in the AC and in the Agulhas Current Retroflection (ACR). Section 4 discusses a comparison between the 2d wave spectra from simulations with and without currents in three different possible situations regarding the reorientation of waves and current with respect to their directional orientation (waves in opposing current, waves and current not aligned and waves in a following current). Finally, in Section 5 conclusions are given.




2. Materials and Methods


2.1. Wave Model Setup and Forcing


Models such as SWAN are classified as Third Generation Spectral wave models. The configuration of SWAN version 41.31 (Simulating Waves Nearshore) [31,32] grid model covers the AC system region and it extends from 50° S, 19° S up to 5° E, 45° E, at spatial resolution of 0.05°. The bathymetry grid data Etopo1 [33] come from the NOAA’s National Geophysical Data Centre, with a resolution of 1 min of degree in latitude and longitude, which was linearly interpolated to the model grid. Figure 1 shows the bathymetry data and the distribution of the SWAN output locations P1 (31° E, 31° S) and P5 (25° E, 38.36° S).



In this SWAN model configuration, the wave spectrum is provided for 36 directional bands measured clockwise with respect to true north, and 36 frequencies logarithmically spaced from the minimum frequency of 0.030 Hz.



The simulation covers one month from 15 June 2018 up to 15 July 2018 for the integration of the energy balance equation. The integration time step is set at 300 seconds. The wave hindcast wind input and model output time steps were set to 1 hour (Table 1). The wave model was forced with the boundary conditions taken from the ECMWF (European Centre for Medium-Range Weather Forecasts) Era5 reanalysis wave model [34]. For the nested grid shown in Figure 1, the ERA-5 ECMWF wind reanalysis [35] was chosen. More details about the wave model implementation used can be found in Table 1.



ERA5 wind is distributed at 32 km horizontal resolution with 137 vertical levels and at 3-hourly intervals. Analysis fields are prepared hourly with inclusion of newly reprocessed observational data, using the 4D-Var data assimilation technique and the IFS cycle 41r2 model version (operational in 2016). The ERA5 HRES atmospheric data has a resolution of 31km, 0.28125°, and the EDA has a resolution of 62 km, 0.5625°. ERA5 data available from the CDS (Climate Data Store of Copernicus Climate Change service) was pre-interpolated to a regular latitude/longitude grid appropriate for that data.



For the simulation considering currents, current Ocean data from Mercator Ocean in the framework of the Copernicus Marine Environment Monitoring Service (CMEMS) were used. The Operational Mercator global ocean analysis-forecast (phy-0010024) is an hourly product with a 1/12° of horizontal resolution [36]. Mercator Ocean monitoring and forecasting systems have been routinely operated in real time since early 2001. The time series starts on December 26, 2006 until real time [37].



The evolution of the two-dimensional ocean wave spectrum F(f—frequency, θ—mean wave propagation direction, φ—latitude, λ—longitude) with respect to the frequency and direction as a function of latitude and longitude is governed by the transport or balance Equation (1) [38]. The model is formulated in finite differences on regular and rectangular grids. In the presence of currents, the governing equation for deep water can be written as,


    ∂ F   ∂ t   + (   C →  g  +  u →  ) · ∇ F =  S  t o t    



(1)




where, t is the time, u is the current velocity and Cg is the group velocity at which the information travels along the geographical domain. In deep water, the magnitude of the intrinsic group velocity is Cg = cp/2, where the phase velocity is cp.



To the right hand Stot is the source function which considers all the physical processes that allow the growth and the decay of waves: the wave energy generation, dissipation and nonlinear wave-wave interaction. The main processes included in the SWAN model are wave generation by wind [39], nonlinear resonant wave-wave interactions [40], and the whitecapping [41]. The model also considers the shoaling, the refraction due to depth and the refraction of waves due to ocean currents, the bottom friction and the depth-limited breaking [31].



In the present study, the Benjamin–Feir Index (BFI) is used to characterize the probability of occurrence of extreme waves. BFI is the ratio between non-linearity and dispersion [42]:


BFI = ε Qp (2π)1/2



(2)




where ε = kp(m0)1/2 is the integral steepness parameter (kp is the peak wave number and m0 is the spectral zero moment); Qp is Goda’s parameter (peakedness parameter):


   Q p    =    2   m 0 2     ∫ 0 ∞  f F    f   2  d f  



(3)







F(f) is the 1D frequency spectrum, defined as F(f) =    ∫ 0  2 π   F   f , θ    , where F(f,θ) is the 2D frequency-direction wave power spectrum where f is the frequency and  θ  is the mean wave propagation direction.




2.2. Validation of the Numerical Simulations


The validation of the two wave hindcasts is done using satellite altimetry data from all the missions that coincided with the simulation period (Figure 2). The validation is performed for the significant wave height (Hs) using the collocation method of satellite altimetry data. The satellite observations are compared to model outputs by averaging the satellite measurements inside a grid cell, around the model output time, and comparing to the average of model output at the grid cell corners.



Table 2 shows some of the statistical parameters computed for each sensor for a week (21–27 June 2018). The validation was made for the two hindcasts performed: (1) considering only waves (WWav) and (2) including currents (WCur). The bias was defined as the difference between the mean observation and the mean prediction. The scatter index (s.i.) is defined as the standard deviation of the predicted data with respect to the best fit line, divided by the mean observations.



The best correlation coefficient found corresponds to the collocated data of Jason–3 (0.9557, case WCur with current) and the worst value obtained is for Cryosat (0.9207, case WWav only waves). The scatter index varied in the range of 0.1020 (SARAL–ALtika, WCur) to 0.1502 (Jason–3, WWav), the bias obtained varied from 0.2303 (Cryosat, WCur) to −0.6025 (Cryosat, WWav). The best slope corresponds to Jason–3 with 0.9215 (Figure 3) (WCur) and the highest value corresponds to Jason–3 (1.1351, WWav) (Table 2). The lowest RMSE is obtained from the collocation of the Hs between Cryosat and SWAN from the simulation WCur with 0.5387 and the highest resulted from Jason–3 WWav 0.8142.



As can be seen, although the systematic deviation (bias) seems to be slightly higher for the case with currents, the absolute errors, as measured by the RMS error is lower for the simulation with currents, which also improves the dispersion (s.i) and the correlation coefficient between the hindcast and satellite measurements.




2.3. ESA Sentinel-1 SAR Wave Mode Data


Since the launch of Sentinel-1 satellites in 2014, innumerable investigations using S1 SAR imagery have been developed [43,44,45]. The SAR provides ocean wave and surface wind information on an uninterrupted way and at global scale.



The Ocean Swell Spectra (OSW) component is a 2-dimensional ocean surface swell spectrum and contains an estimate of the wind speed and direction per swell spectrum. The OSW component provides continuity measurement of SAR swell spectra at C-band. OSW are estimated from Sentinel-1 Single Look Complex (SLC) images by inversion of the corresponding image cross-spectra [46].



The OSW is generated from Stripmap and Wave modes only and is not available from the TOPSAR IW (Interferometric Processing Facility) and Extra-Wide Swath (EW) modes. For Stripmap mode, there are multiple spectra derived from the Level-1 SLC image. For Wave mode, there is one spectrum per vignette [47,48].



Wave mode products consist of several vignettes with each vignette processed as a separate image. The wave mode acquires data in 20 km by 20 km vignettes, every 100 km along the orbit, acquired alternately on two different incidence angles. One half of the vignette is acquired with one incidence angle and the other half is acquired with another incidence angle [49].



Ocean wave height spectra are provided in units of m4 and given on a polar grid of wavenumber in rad/m and direction in degrees with respect to North.





3. Results and Discussions


3.1. Winter Synoptic Conditions


During the winter months (May to October) severe storms are common in the Agulhas Current region. According to South African Weather Service synoptic chart, on the 30 June 2018, a deep depression (976 hPa) and the associated cold front located at 47.8° S and 16° E were observed traversing quickly the area of study from West to East on 1 July 2018 (984 hPa). Figure 4 (left) shows the synoptic conditions for the 1 July2018.



The fetch and strength of the southwesterly winds develop moderate swell (periods of about 15 s and wavelength of 200 m) with high wave heights reaching the South African coast and pushing the bulk of the wave energy towards the region of the Agulhas Current system. The fetch of the southwesterly winds blowing across the Southern Ocean, is of thousand miles and consequently the Hs shows a maximum of 9 m (Figure 4, right).




3.2. Temporal Analysis


In this section the temporal variability of the main wind and ocean current parameters is analyzed at two locations AC (at P1) and in the ACR (at P5), together with the standard averaged wave parameters retrieved from SWAN.



Along the simulation period (15 June 2018–15 July 2018) windspeed at P1 is lower than at P5 (Figure 5a,b). At P1, only 26% of the time is the wind speed above 10 m/s while at P5 this fraction is 58%. Wind direction at P1 is predominantly alongshore (either NE or SW), while at P5 the wind blows consistently from the West as a result of Antarctic Circumpolar jet. Currents at P1 (Figure 5e,g) are dominated by the southward flowing alongshore Agulhas Current that rarely exceeds 1 m/s (4% of the time). At P5, the circulation is dominated by the meandering of the Agulhas Retroflection. Here, current velocities above 1 m/s occur 23% of the time and the flow is either southwestward or northeastward, which puts P5 in the center of the almost stationary first Agulhas Retroflection meander, when the current changes direction and flows into the Indian Ocean.



At P1 the ΔHs is positive until day 20 (Figure 6). From day 5 it increases until reaching a maximum of approximately 1 m on day 10. From this day onward until day 20 steadily decreases and from day 20 until the end of the simulation the ΔHs is slightly negative.



During this period, variations in wind speed and directions occur at a much faster time scale, so the increase in Hs when using currents should not be related to wind effect on waves or currents.



Rather, the increase in Hs from day 5 to day 10 seems to be due to a blocking effect of the current on the waves because during this period currents and waves flow in opposing directions and we observe a simultaneous increase in current velocity. From day 10 to day 14 the current velocity decreases to 0.5 m/s and remains around this value for the rest of the simulation.



During this period when the wave blocking by current takes place, changes in the peak period (Tp) due to currents are not observed, the BFI differences fluctuate much faster than the blocking and only a slight trend following the increase of Hs maybe perceived in the time series.



At P5, differences in Tp are also trendless (Figure 6). Here, Hs differences are consistently negative: −0.31 m on average, while at P1 the average ΔHs is 0.07 m. A negative trend is observed in ΔHs at P5 from the beginning of the simulation until approximately day 15. From this day onward, ΔHs is slightly negative but steady. The Hs decrease when currents are present during the first half of the simulation appears to be a result of the change in current velocity and heading in the fixed position of P5 due to the passage of a meander. During this period, the current velocity increases from 0.5 m/s to nearly 1 m/s and the current heading changes from the NW to the SW and then South. With reference to the wave direction, which remains steadily eastward during this period, the current goes from crossing to following and to crossing again, so the decrease in Hs must be caused by the stretch of the meander where the current flows eastward with the waves.



In addition, it was observed that, after the decrease of the peak period, the BFI reached the maximum value. In general, at location P1 and P5 the high values of BFI observed are in a direct relation with a decrease of the Tp (Figure 7) as reported earlier in other studies [50,51,52].



The formulation for the BFI that the wave model used does not have any directionality information and is based on a balance between nonlinearity and dispersion for narrow banded sea state. The directionality of the sea state is introduced in the calculation of the Kurtosis that is the statistical measure of the probability of occurrence of extreme waves.



The model uses a quasi-linear dissipation source function that considers the square of the mean steepness which was reformulated in terms of a mean steepness parameter and a mean frequency, giving more emphasis on the high-frequency part of the spectrum and results in a more realistic interaction between wind sea and swell.




3.3. Composite Spatial Analysis of the Extreme Waves


In this section, the monthly composites of Hs and BFI are analyzed. The comparison of the spatial distribution is between the data measured by SAR and the model results. The distribution of the SAR data is depicted in Figure 8 showing a good coverage of the region of study. The monthly mean map of the AC shows that the higher values are around 1.6 m/s distributed mainly in the Northern AC and in the ARC (Figure 9a). In addition, eddies are less intense in terms of current velocity with speeds of about 1 m/s. The current mean map was computed using the MERCATOR ocean data for the period of 15 June 2018–15 July 2018.



The Hs monthly composite (Figure 9c) shows that the model captured the AC and the ACR features as can be seen with maximum values of 5–6 m in those places where the current is intense both in the mainstream and in the meanders and eddies (Figure 9a). Whereas, the Hs composite constructed with the SAR data (Figure 9d) show a similar pattern with the maxima values distributed in the ACR where strong wave-current interactions take place together with the focusing. Unfortunately, the Sentinel 1 SAR instrument did not pass in the region of the Agulhas Current (Northern part) as can be seen from Figure 8. The other region where Hs maximum values were observed by SAR was especially in the southern limit of the domain that is affected by the strong westerly circumpolar winds around Antarctic (Figure 9b).



In the Southern Ocean it has been reported that the reduction of the mean wave energy in presence of currents is mainly due to the relative wind effect in a global scale, except where strong local currents occur. The Antarctic Circumpolar Current plays a key role in reducing the momentum transfer from the wind to the waves [30].



In general, a direct correlation was found between the modelled Hs and the Hs SAR data patterns.



In the case of the BFI, the comparison between the modeled and observed composites (Figure 9e,f) exhibits the highest values located in the ACR and a few high values are observed in the southern border, as occurred with the Hs. A remark can be done emphasizing the fact that the numerical simulations are very useful since they can provide information in those places where the satellite instrument lacks as happens in this case with the AC (Northern part was not observed by SAR, Figure 8). The modeled monthly composite of BFI shows that the highest values are located in the AC and in the ACR. It is necessary to point out that the BFI did not result too high as to say that we found freak waves, but the results of this study indicate that there is direct correlation between the Agulhas Current intensity and the Hs and BFI.





4. Analysis of the Wave Spectra


4.1. Influence of Currents on the Modelled 2d Wave Spectra


This section presents a comparison between the 2d wave spectra from the simulations with and without current at two locations: P1 and P5 located in quite different places since the North part of the AC (P1) is more stable than the ACR (P5) (Figure 9a) where the current fluctuates, having a meandering character with different current directions and deflections that could have some effects on the wave field and consequently in the spectral shapes.



Wave spectra often have one swell component and one wind sea condition, which are combined to represent what is denoted as the total wave spectra [53]. The concept is also adopted when more sea components are present [54].



From the obtained results it can be seen that the intensity of the current is very important and modifies the wave spectrum in a noticeable manner. In addition, the attention was focused on the wave and current directions. Three different situations are analyzed below.




4.2. Case 1: Waves in Opposing Current (P1)


Wave spectra were retrieved from SWAN at P1 (Figure 1) for the date 24 June 2016 at 23 UTC, when the current speed (0.99 m/s) from the NE (blue arrow in Figure 10) as well as the wind direction (from NE red arrow), whereas waves propagate against the current and the wind from the SW direction (black arrow). The effect of the current on the spectrum is therefore to broaden as can be observed and to grow the spectral wave energy.



The analysis of the wave spectra evolution at P1, showed that in general if the current velocity is about 1 m/s and the wave and current propagate in opposing directions (aligned), an increase in the spectral wave energy occurs.



The Hs is higher (4.41 m, Figure 10, right panel) from the simulation with current in contrast with the wave spectrum from (Figure 10, left panel, no current) where the level of the spectral wave energy is inferior. In particular, the difference between the Hs (with and without current cases) was 91 cm.



In the region of the ACR, which is a region with a noticeable variability due to the meandering, the modeled wave spectra resulted quite different that those obtained inP1.




4.3. Case 2: Waves and Current Not Aligned (P5)


The complexity of the spectra is shown in Figure 11 and Figure 12. Two different dates are analyzed at P5 (coordinates −38.36° S, 25° E. Figure 1) without and with current, respectively, on the 1 July 2018 at 17 UTC and 12 July 2018 at 19 UTC.



From these spectra (01/07/2018 at 17 UTC, Figure 11) it is possible to see how in presence of a strong current (velocity = 1.33 m/s) the wave spectrum is transformed due to the wave refraction induced by the current. In this case the wave energy decreased (Figure 11 bottom panel). As can be seen the Hs in the wave spectrum (simulation without current (left panel)) is higher than the spectrum from the right panel (simulation with current (right panel)). In this case the difference between the Hs from the simulation considering current and without current was 90 cm. This is the largest difference in Hs found at P5 and occurs when a meander crosses P5 flowing to SE (Figure 11, top panel). In this situation, although the waves and current are separated by 45 degrees, the current speed is high enough (1.33 m/s) to cause a decrease in Hs. In addition, the spectral energy (with current considered) covers almost whole the circle as the wave and current are not aligned.




4.4. Case 3: Waves in a Following Current (P5)


As can be seen, when wave and current are aligned (12 July 2018 at 19 UTC, Figure 12) the effect is the opposite: the spectral wave energy decreases, and the shape of the wave spectrum lengthens and broadens as reported in [55,56]. When currents are included (right panel) in the simulations the Hs decreases 0.57 m with respect to the simulation without currents. In presence of currents, the decrease of wave energy was also reported in [30]. If winds and currents are running in the same direction, the momentum flux to the waves is reduced and the resultant waves are smaller. Instead, if waves and currents are opposed, the wind stress increases and so does the momentum flux from wind to waves.





5. Conclusions


The obtained results demonstrate that in the presence of a strong current (of the order of 1.38 m/s) the wave spectrum suffers a transformation due to wave-current interaction. However, in the present study the nonlinear mechanisms that might have generated extreme waves are not discussed because the SWAN model is a phase-averaged model.



The explicit representation of abnormal waves in the spectrum of waves is not possible as only statements about the probability of occurrence of individual waves can be related to spectral parameters. The present study uses the standard extreme wave parameter BFI computed by the SWAN model to get more information about dangerous waves in the Agulhas Current Retroflection region and nearby the coast where an intense maritime traffic takes place. The high values depicted in the ACR are located in the zones where waves experienced rapid changes due to the interaction with this strong ocean current.



The wave-current interaction and the focusing due to the current in the Agulhas Current Retroflection result in many peaked wave spectra if the wave and the current are in an opposite direction (aligned or almost aligned), as was shown in the present study inferred from high resolution numerical simulations.



In the Agulhas Current Retroflection region, the modelled wave spectra are broader than those obtained from simulations without currents. Similar spectral shapes have been reported in [54]. Results obtained in present work must be taken with caution since the present spatial resolution of the oceanic current data used (MERCATOR) does not fully resolve the mesoscale vorticity and for this reason the simulation considering ocean currents may likely underestimate the effects of currents on waves.



The exclusion of oceanic current in a simulation, in regions of strong currents such as the Agulhas Current system could lead to a wrong prediction of the extreme wave parameters and consequently to an unrealistic extreme sea states which is essential for the maritime activities and safety. In addition, when surface currents are taken into account in the model, a significant improvement is seen in the modeled wave parameters.



The current effects basically produce blocking, whirling and bunching. It remains to be fully understood why spectral models cannot fully deal with the special circumstances such as rapid changes in the flow of intense currents such as the Gulf Stream, Agulhas or Kuroshio. Correctly reproducing the refraction produced by this kind of currents in the swell through numerical simulations mainly requires that the current gradients be sufficiently exact as input data to the high resolution (not only in time and space, but also in the spectral domain) wave models. Even so, having the best existing ocean current product to date, the physics of the wave model will present limitations.



In the future, we plan to continue this investigation using high resolution coupled wave-current simulations able to represent better the current gradients and sub-mesoscale vorticity.
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Figure 1. Bathymetry grid and locations of the SWAN outputs. P1 (31° E, −31° S) located in the Agulhas Current (AC) and P5 (−38.36° S, 25° E) located in the Agulhas Current Retroflection (ACR) zone. 
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Figure 2. Orbit segments of Jason–3 (green), Jason–2 (red), Saral–Altika (blue) and Cryosat (magenta). 
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Figure 3. Scatter plot after the collocation of the SWAN model Hs (considering currents) to the altimeter Hs for a six-day period (21 June 2018–27 June 2018). 
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Figure 4. The synoptic map showing the weather conditions (left) for the 1 July 2018 at 12 UTC. Right image is the Simulating Waves Nearshore (SWAN) model. 
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Figure 5. Time series for the Wind speed (a,b), Wind Direction (c,d), Current speed (e,f), Current direction (g,h) at P1 (left) and at P5 (right). Simulation period: 15 June 2018–15 July 2018. 
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Figure 6. Differences (WCur-WWav) between the different averaged wave parameters. Left (at P1), Right (P5): Hs (a,b); Peak Period Tp (c,d); BFI (e,f); Mean wave propagation direction (g,h). Simulation period: 15 June 2018–15 July 2018. Vertical black lines indicate the date where the 2d wave spectra are analyzed in Section 4. (WWav) considering only waves and considering waves and currents (WCur). 
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Figure 7. Evolution of the Peak Period (Tp) and BFI at P1 and P5 showing the decrease of the Tp some hours before the increase of the BFI. 
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Figure 8. Distribution of the Sentinel 1 (S1) SAR wave mode data. 
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Figure 9. Monthly composite map of the ocean current (a), monthly mean wind (b), Modeled Hs monthly composite map (c)(from the simulation considering currents) and SAR observations monthly mean of Hs (d), BFI composite map from the wave model (e) and the computed from SAR mean BFI (f). 
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Figure 10. SWAN wave spectrum at P1 (31° E, 31° S) from the simulation considering only waves (left), affected by the current wave spectrum (right) (Velocity Current = 0.85 m/s) for the 24 June 2018 at 23 UTC. Symbols: φ (wind direction), θ (wave direction), α (current direction), U (Current velocity). The arrowhead (circle) points to where the waves and currents propagate (oceanographic convention). 
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Figure 11. Zoom of the current field on the 1 July 2018 at 17 UTC and location P5 (top). SWAN wave spectra at P5 (25° E, 38.36° S) from the simulation considering only waves (left) and considering waves and currents (right). Symbols: φ (wind direction), θ (wave direction), α (current direction), U (Current velocity). The arrowhead (circle) points to where the waves and currents propagate (oceanographic convention). 
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Figure 12. SWAN wave spectra at P5 (25° E, 38.36° S) for the 12 July 2018 at 19 UTC, from the simulation considering only waves (left) and considering waves and currents (right). Symbols: φ (wind direction), θ (wave direction), α (current direction), U (Current velocity). The arrowhead (circle) points to where the waves and currents propagate (oceanographic convention). 
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Table 1. Parameters of the SWAN model implementation for the Agulhas Current region.
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	Parameters
	Nested Grid





	Geographical domain
	50° S, 19° S, 5° E, 45° E



	Spatial resolution
	0.05°



	Number of points
	(801, 601) 481401



	Number of directional bands
	36



	Number of frequencies
	30



	Frequency range (Hz)
	0.03–0.5 Hz



	Type of spectral model
	Deep water



	Propagation
	Spherical



	Wind input
	Komen (1984)



	Whitecapping dissipation
	Janssen (1991)



	Nonlinear interactions
	4 waves nonlinear interaction (DIA-discrete interactions approximation) (Hasselmann et al. 1985)



	Current refraction
	Yes



	Wind input time step (hour)
	1



	Wave model output time step (hour)
	1



	Integration time step (seconds)
	300



	Wind data
	Era-5 reanalysis



	Ice
	no



	Bathymetry data
	Etopo 1
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Table 2. Statistics for the Hs. S.I.—Scatter Index; cc—correlation coefficient, n—number of records. Bias, the best-fit scatter index and slopes between wave buoys observations and modelled Hs from SWAN. Left column-results from simulation without current (WWav); Right column—results from simulation considering wave-current interactions (WCur).
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Parameter

	
Jason–3

	
Jason–2

	
Saral–Altika

	
Cryosat






	
simulation

	
WWav

	
WCur

	
WWav

	
Wcur

	
WWav

	
WCur

	
WWav

	
WCur




	
bias

	
−0.6467

	
0.2382

	
−0.5215

	
0.3467

	
−0.5349

	
0.3161

	
−0.6024

	
0.2303




	
slope

	
1.1351

	
0.9215

	
1.1047

	
0.8976

	
1.1108

	
0.9000

	
1.1323

	
0.9197




	
S.I.

	
0.1382

	
0.1061

	
0.1395

	
0.1120

	
0.1356

	
0.1020

	
0.1502

	
0.1073




	
RMSE

	
0.8142

	
0.5549

	
0.7466

	
0.6537

	
0.7270

	
0.5977

	
0.8033

	
0.5387




	
cc

	
0.9372

	
0.9557

	
0.9209

	
0.9300

	
0.9382

	
0.9518

	
0.9207

	
0.9438




	
n

	
9883

	
8492

	
8765

	
16696
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