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Abstract

:

This work presents the quality performance and the capabilities of altimetry derived wind speed (WS) retrievals from the altimeters on-board Copernicus satellites Sentinel-3A/B (S3A/B) for the spatial assessment of WS outputs from the weather research and forecasting (WRF) model over the complex area of the Gulf of Cádiz (GoC), Spain. In order to assess the applicability of the altimetry data for this purpose, comparisons between three different WS data sources over the area were evaluated: in situ measurements, S3A/B 20 Hz altimetry data, and WRF model outputs. Sentinel-3A/B WS data were compared against two different moored buoys to guarantee the quality of the data over the GoC, resulting in satisfying scores (average results: RMSE = 1.21 m/s, r = 0.93 for S3A and RMSE = 1.36 m/s, r = 0.89 for S3B). Second, the WRF model was validated with in situ data from four different stations to ensure the correct performance over the area. Finally, the spatial variability of the WS derived from the WRF model was compared with the along-track altimetry-derived WS. The analysis was carried out under different wind synoptic conditions. Qualitative and quantitative results (average RMSE < 1.0 m/s) show agreement between both data sets under low/high wind regimes, proving that the spatial coverage of satellite altimetry enables the spatial assessment of high-resolution numerical weather prediction models in complex water-covered zones.
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1. Introduction


Sea surface wind (SSW) plays an essential role in driving surface ocean currents, since it modulates the amount of energy available for the generation of ageostrophic Ekman currents [1]. Wind speed influences ocean surface circulation as well as climate variability, which is why surface wind speed and direction are included as essential climate variables (ECV) in the Global Climate Observing System inventory [2]. Close to coastal areas, due to the occurrence of atmospheric thermal gradients, along with the existence of orographic constraints [3], SSW is highly variable in the spatio-temporal domain. Accurate SSW maps are crucial in coastal areas for better monitoring and prediction of wind-related hazards, such as storm surges or flooding [4]. Moreover, SSW plays a key role in the estimation of realistic total ocean surface currents from altimetry, especially in coastal areas [5,6]. The effect of the SSW on sea surface dynamics is the focus of coastal altimetry and oceanography research in recent years. Significant progress was made with products, such as GlobCurrent [7] and the Near-Real-Time Version of the Cross-Calibrated Multiplatform (CCMP) ocean surface wind velocity data set [8]. However, the spatial resolution of SSW products is still linked to scatterometer measurements, which generally contain a 25–50 km wide blind zone along the coast [9], except for specific products, such as ASCAT 6.25 km, with a true spatial resolution of about 17 km. This is essential for studying dynamical mesoscale features, although they still present a significant coastal gap [10], which limits the characterisation of mesoscale and fine scale circulation near the coast. The lack of information in the coastal fringe is also transferred to global atmospheric analysis and reanalysis products, which combine numerical weather prediction (NWP) with scatterometers and in situ measurements, restricting the achievement of a realistic assessment of local conditions in coastal areas [11]. In this context, WS retrievals from synthetic aperture radar (SAR) imagery [12,13], improved by new deep-learning based models [14,15], along with altimeter-based techniques derived by the measurement of the backscattering coefficient (σ0) of the sea surface, are of great value since they can provide high-resolution data under complex conditions.



Wind speed altimetry products provide WS at 10 m over the ocean surface (U10) [16], derived at along-track posting rates ranging from 1 Hz to 80 Hz (7 km/85 m between consecutive measurements, respectively). Wind speed from altimetry is empirically estimated from the radar power returned from the sea surface. The returned power waveforms are affected by the sea surface roughness in the footprint area, which might be dominated by the wind-induced capillary waves. As wind increases, the sea surface roughness also increases and the backscattering coefficient (σ0) of the sea surface decreases, as measured by the altimeter [17]. Altimeter measurements of σ0 are therefore inversely related to sea surface WS. It was proven by [18] that consistency in the accuracy of WS data derived from Sentinel-3A/B (S3A/B) altimeters when validated against data from more than 80 moored buoys at different locations, with root mean square errors (RMSE) of 1.19 m/s and 1.13 m/s for S3A (from 1 March 2016 to 31 October 2019) and S3B (from 10 November 2018 to 31 October 2019), respectively. Wind speed data from the Sentinel-3 mission are routinely evaluated by the Sentinel-3 Mission Performance Centre (S3MPC) tasked by the European Space Agency (ESA) to monitor and guarantee the provision of high-quality data to the users [19]. As officially reported in the S3 Wind and Waves Cyclic Performance Report [20] for the period from December 2020 to January 2021, the standard deviation of the difference (a proxy to the random error) is around 1.70 m/s and 1.80 m/s for S3A and S3B, when compared to in situ (mainly buoys) measurements, using a maximum acceptable collocation distance and time interval between the collocated altimeter and buoy observation of 200 km and 2 h, respectively.



Numerical weather prediction models, such as the weather research and forecasting (WRF) model [21,22], set with appropriate parameterisations, can provide wind speed data with high spatial and temporal resolution for any terrestrial, coastal, or open ocean area of the globe [10]. WRF is a mesoscale numerical weather prediction system designed for both atmospheric research and operational forecasting applications [21]. Commonly, NWP models, such as WRF, are calibrated/validated using in situ observations from meteorological stations and buoys; however, due to the spatial scarcity of these sources, the uncertainty in the WS of the coastal band persists [9]. Therefore, there is a need for high-resolution measurements of the SSW over coastal areas for assessing NWP models, not only to enhance our knowledge in the mesoscale atmospheric circulation in these areas, but also for a realistic characterisation of the surface current variability linked to it.



Although WS derived from altimetry is used for assimilation into forecasting models [23], to our knowledge it is not yet used for the spatial evaluation of NWP models in coastal areas, where scatterometer data are not available. Satellite altimeter WS measurements can be used to calibrate and validate wind models at any coastal area covered by the orbital configuration of the satellite, enabling the fine-tuning of NWP models over the complex land–sea transition zones.



The main objective of this study is to analyse the capability of S3A/B altimeters U10 retrievals to perform extensive spatial assessments of U10 from the WRF model over complex areas, such as the Gulf of Cádiz (Figure 1), focusing on the possibilities of data comparison in the coastal area (up to 5 km from land due to altimeter limitations). Both datasets are also assessed through comparisons with moored buoy and weather station data. In addition, fine scale spatial variability of the wind at different dominant regimes in the study area is analysed using the outputs of the WRF model and the Sentinel-3 mission. The paper is organised as follows: Section 2 describes the study area (Gulf of Cádiz). Section 2 provides details of the datasets and methods used to compare the different data sources. The results are presented and discussed in Section 3. Conclusions and future perspectives are presented in Section 4.




2. Materials and Methods


2.1. Study Area


The study area extends from Cape San Vicente (CSV) to the entrance of the Strait of Gibraltar (SG) (Figure 1), covering the Gulf of Cádiz (GoC), southern Spain. This area is characterised by abrupt changes in the orientation of the coastline, very complex coastal topography, and links between two basins with different characteristics. Such features favour the existence of a heterogeneous wind field, with topography-induced atmospheric flows [24] that strongly control the zonal sea surface circulation [25,26] and therefore, modulate variables of interest, such as sea surface temperature (SST) and chlorophyll concentration [27]. Such sea surface circulation over the continental shelf alternates westward/eastward modes, the former characterised by a coastal countercurrent, and the latter for inducing cold water upwellings along the coast [6,28]. Moreover, due to differences in the surface temperatures of the land and the sea, the coastal area of the GoC, is characterised by a land–sea breeze circulation, which is generally perpendicular to the coastline and can be extended up to 200 km inland [29]. Apart from the local geographic characteristics, the wind field in the area is also controlled by the large scale. Different studies demonstrated that the North Atlantic oscillation (NAO) is significantly related to the wind field in the area through the modulation of the Azores anticyclone [30,31]. The zonal component of the SSW is the most important meteorological agent affecting the ocean circulation in the area. Its variability is directly related to the sea surface circulation over the GoC [6], but also to the across shore sea level variability of the strait, contributing to the modulation of the water exchange through it, as observed from modelling studies [32], in situ [33], and altimeter data [34].




2.2. Altimetry Data


The along-track WS data from altimetry are retrieved from the retracking of the altimeter waveforms. The satellites have a repeat cycle of 27 days. The radar instrument, synthetic aperture radar altimeter (SRAL), has two measurement modes: low resolution (LRM) and SAR, the latter being the high-resolution along-track mode commonly used over the global ocean. Furthermore, the S3A/B SRAL generates level-2 data at 1 Hz and 20 Hz of the Ku and C bands (for more details see Sentinel-3 Altimetry Document Library at https://sentinel.esa.int/web/sentinel, accessed on 1 January 2022). The S3A/B level 2 data used were provided by the ESA Earth Console Parallel Processing Service (P-PRO) SAR versatile altimetric toolkit for ocean research and exploitation (SARvatore) service (https://ui-ppro.earthconsole.eu/, accessed on 1 January 2022), applying the pre-defined processing setup for coastal zones. The SAR Altimetry MOde Studies and Applications (SAMOSA++) model (Dinardo et al., 2020) is used in the retracking process and the final product is posted at 20 Hz, which results in ~330 m along-track spatial resolution measurements. Along-track WS data come from 12 S3A/B tracks over the GoC, detailed in Table 1. For the validation of the altimetry WS data with in situ measurements from the GoC buoy, only S3A/B data in a radius of 25 km around the position of the buoy were used, so the altimetry data can be considered co-located with the in situ data [18]. Only data from relative orbits #265, #322, #385 from S3A, and #057 and #114 from S3B satisfy the 25 km radius criteria (see Figure 1). Raw 20-Hz along-track WS data were edited eliminating the first 5 km of data closer to the coast, since demonstrated by [35], S3-SRAL altimeters start to give accurate data 5 km from the coast, due to coastal and land reflections that might contaminate the radar waveforms, making the retrieval of estimates of the derived geophysical parameters less accurate [36]. Furthermore, the methods presented in [37] were applied, in order to remove outliers and filter out noise signals. The aforementioned editing methodology consists of removing values larger than three times the standard deviation and replacing them with linearly interpolated values; this processing was applied in a 10-times loop [37,38].




2.3. In Situ Data


The in situ coastal wind data were extracted from four sources; (i) hourly time series of 10 m height WS and direction (WD), recorded by the weather station deployed by the Spanish Meteorology Agency (AEMET) in the city of Cádiz, (Cádiz coast station, Figure 1); (ii) same as (i), but located in Rota, (Rota coast station, Figure 1); (iii) in situ offshore wind data collected by two moored multi-instrument buoys. These buoys (GoC buoy and Faro buoy, Figure 1) provide an hourly time series of 3 m height WS and WD and are operated and maintained by the Spanish Port Authorities and the Hydrographic Institute of Portugal, respectively. The hourly data, distributed for public use, are built from averaging 10 min of raw data each hour. It is worth noting that these averages, related to spatially smoother wind fields (removing, for instance, small-scale variability due to eddies), should match better with the S3A/B data, which are averaged over the track segment inside the circular area with a radius of 25 km. Considering that the buoy registers wind parameters at 3 m over the surface, it is necessary to extrapolate the buoy data to a 10 m height wind speed, so it can be compared with altimetry derived WS data. For this purpose, the typically accepted logarithmic wind profile method [39,40,41] was applied to extrapolate the measured winds by the buoy from 3 to 10 m over the sea. Although there are several methods and variations used for this purpose, e.g., stress equivalent winds [42] that consider the air mass density and stability, for practical reasons, here we used the logarithmic wind profile method, which is suitable for our aim, requiring only WS and WD measurements and proven to be consistent over the first 30 m of sea surface [43,44].




2.4. Weather Research and Forecasting Model Data


Model data were obtained using the mesoscale, non-hydrostatic WRF model version 4.2 [22]. The model was used to produce dynamically downscaled hourly 10 m WS and WD over the complete study area during 2020, with a temporal resolution of 1 h and 3 km grid (d02). The d02 domain was one-way nested within a parent domain of 9 km grid (d01), as depicted in Figure 2, in order to allow communication from the parent (lower resolution) to the child domain (higher resolution), but not vice versa.



The initial and boundary conditions were supplied by the NCEP/NCAR operational Global Forecast System (GFS) with 0.25° of spatial resolution and 6 h of temporal sampling (National Centers for Environmental Prediction/National Weather Service/NOAA/US Department of Commerce, 2015). Boundary conditions were applied to the parent domain (d01). The dynamical setup of the simulation was based on the optimised design presented by [45] after performing 4150 daily simulations over southern Spain (Table 2). Unlike previous studies in the area [40,44,45], which consider constant sea surface temperature (SST), in our study, the SST was updated every 6 h. Although the overall impact is expected to be small, it is a more realistic approach and might have an impact under specific conditions or in specific areas [46].




2.5. Assessment of Altimeter and Model Data


Prior to the comparisons, the WRF wind data were linearly interpolated to the position of in situ instruments, as well as to the S3A/B along-track measurement positions. Several statistical parameters were used to compare the wind speed and direction from the altimeter and model, according to previous studies [44,47,48]. Root mean square error (RMSE) (1), normalised root mean square error (NRMSE) (2), bias (3), and Pearson’s correlation coefficient (r) (4) were used to evaluate wind speed, while bias and standard deviation error (STDE) (5) were applied to the wind direction comparisons results.
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where P represents the co-located WS or WD from the data source that is being evaluated (model: WS, WD, and altimetry: WS); O denotes the co-located WS or WD from the reference data source (in situ stations). Note that WD is an angular variable, therefore, to avoid errors related to 0° and 360° overlapping, WD bias and WD STDE were calculated for a new circular variable (d) (6), bounded between [−180, 180], and obtained from the observed (O) and predicted (P) wind directions as follows:
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3. Results and Discussion


3.1. Preliminary Validation of the Data Sources


3.1.1. Altimetry Wind Speed Validation Using In Situ Data


All available WS data derived from altimetry and corresponding to relative orbits #265, #322, and #385 from S3A, as well as #057 and #114 from S3B that matched the 25 km radius criteria (presented in Section 2.2) from 6 January 2017 to 31 December 2020, were compared against the moored GoC buoy and the Faro buoy, using some of the statistical parameters presented in Section 2.4, to ensure the correct performance of the altimetry sensors over the area of interest. The results from the comparison are shown in Figure 3. The scatterplots present the GoC buoy (Figure 3a) and Faro buoy (Figure 3b) WS measurements against the average of all the S3A and S3B measurements within the 25-km radius around the buoys; the corresponding standard deviation threshold of each track segment is also shown. Due to the different starting points of S3A (since 2016) and S3B (since 2018), the number of available data for the latter is lower than that of S3A.



These results are in line with the reported accuracy in the S3 Wind and Waves Cyclic Performance Report for the period from December 2020 to January 2021 [20]. They are also in agreement with those reported by [18], who compared WS from S3A/B with more than 80 moored buoys. There is a strong linear relationship between the altimeters and the GoC buoy dataset according to the average r coefficients (0.94 for S3A and 0.90 for S3B, 99% of confidence level). As it was expected, the best results correspond with the relative orbits closer to the location of the buoys S3A #265.



The differences observed between the two data sources might be related with the representativeness of the spatio-temporal domains. Firstly, in the spatial domain, the in situ data represent a local estimate and therefore include the wind variability over all scales [49]. However, the radar altimeter considers the entire footprint [50]. Secondly, the time difference between the satellite passing over the buoy and the operating period of the in situ instrument; this difference was calculated to be 30 min maximum. This temporal difference could also explain the presence of outliers, since unlike the in situ data, the altimeter WS is estimated from instantaneous measurements of the sea surface state. An example is the outlier observed in the S3B #114 vs. GoC buoy scatterplot (Figure 3a), which affects the statistical scores and could compromise the comparisons. This mismatch represents a S3B WS value of 8.00 m/s against an in situ measurement of 2.50 m/s, approximately, and corresponds to 21:00 UTC in situ data and 21:26 UTC altimetry data of 25 November 2020. As depicted in Figure 4e, where hourly WS from the GoC buoy for that day is presented, WS was highly variable during the entire day, especially between 14:00 UTC and 23:00 UTC, with WS ranging from 2.00 m/s to 11.50 m/s. Sentinel-3B passed over the GoC buoy position at 21:26 UTC and detected high variability in the spatial domain, as shown in Figure 4a. The radargram of the power waveforms for S3B relative orbit #144 in the vicinity of the buoy is shown in Figure 4c, together with the along-track WS (Figure 4a) and the along-track backscattering coefficient (σ0) (Figure 4b). Note that only the power from gates 320 to 365 are shown in the radargram; moreover, since the product used to generate this radargram is not yet corrected by the retracking process, a leading edge deviation over latitude 36.30°N is observed. Regarding the power represented in the radargram (Figure 4c), a fall is clearly observed in the segment between latitudes 35.80°N and 36.25°N. The strong decrease in power affects the retracking of the waveforms and, therefore, the retrieval of the geophysical parameters, as shown in [35]. The retracking of these waveforms results in a strong decrease in the retrieved σ0 and therefore, a rise in the derived along-track WS. This may be related to the existence of a strong and sporadic wind gust, which would agree with the high spatio-temporal variability observed during the day by the in situ sensor. Wind gusts can exceed 20 m/s over the area [51], also dramatically increasing the roughness of the sea surface. If the satellite crosses the area affected by the wind gust, a decrease in the returning signal received by the altimeter should be observed. However, this cannot be confirmed by the buoy data due to its sampling time (measurement recorded 26 min before the satellite pass).




3.1.2. WRF Model Wind Velocity Validation against In Situ Data


In this section, hourly WS and WD data for 2020, obtained from the WRF model simulations, are compared to in situ data from the Cádiz and Rota coast meteorological stations and the GoC and Faro buoys to ensure that the model performance over the study area is adequate. The wind rose diagrams representing the WD and WD data used to estimate the statistical parameters represented in Table 3 are shown in Figure 5, where the predominant zonal component of the wind over the area can be observed. The four figures depict the high variability of the wind over the study area. The resulting scores, shown in Table 3, demonstrate the overall good performance of the dynamical setup applied to the model, which are in line with similar studies [40,44] usually performed only for open ocean comparisons. However, the model overestimates/underestimates the WS at the Faro and GoC buoy and Rota coast station/Cádiz coast station positions, respectively, as indicated for the bias scores in Table 3. Although there are differences among WS RMSE from the three stations, once the parameter is normalised (NRMSE) using the range of variation in the WS, these differences are reduced. The best results are obtained for the Faro buoy site, which is the farthest location from the coast.





3.2. WRF Model Spatial Assessment Using Altimetry Data


In this section, the innovative use of altimetry WS for the spatial evaluation of WS from the WRF model over the study area is carried out through quantitative comparisons using WS retrievals from S3A and S3B altimeters. Special focus is on the coastal fringe, where other sensors, such as the scatterometers, cannot provide useful data for validating the model. The statistical results from the evaluation of WS data from the WRF model simulations with WS from the S3A/B tracks over the study area are presented here. In order to assess the accuracy of the WRF WS spatial variability, model outputs were linearly interpolated over the positions of the satellite track measurements for 2020. As depicted in Figure 6a,b, the averaged WS spatial variability obtained from both altimetry (Figure 6a) and the WRF model (Figure 6b) matches for almost the whole study area. This agreement between the WRF model and the S3A/B WS data for the set of tracks used is confirmed by the r Pearson’s values, which are mostly over 0.80, being the average correlation value for all the tracks 0.85 (confidence level: 99%, Figure 6c). The RMSE (Figure 6d) is small for all tracks, frequently below 1.0 m/s (average RMSE: 0.65 m/s). Lower correlations and larger RMSEs are generally found near the coastal fringe. In the sector [5–20 km] from land, the averages of the statistical parameters are r = 0.79 and RMSE 0.88 m/s, which is also evident in the WS average maps, since altimetry WS is slightly lower over the coastal area than the WS from WRF. Considering that the altimetry data over the 5 km closest to land were removed, the decrease in the statistical scores from the comparison adjacent to the coast is not due to the land contamination of the altimetry signal, but rather to the WRF simulations. The model WS overestimation in coastal areas is an issue previously described by different authors [39,52,53] and is most likely caused by the high spatial variability of the wind field over these areas due to the thermal atmospheric gradients [3], which may not be properly reproduced by the WRF model at fine scales. Such misrepresentation could be related to the lack of information and crude representation of the land surface that can considerably affect the simulation of the fluxes driving the associated boundary layer processes [54]. Although satellite tracks do not cover the entire WRF domain area, the results prove that using along-track WS from altimetry enables the estimation of the correlation coefficient and RMSE spatial maps for the area, which facilitate the assessment of the WRF model performance over the study area. Moreover, the presence of altimetry data up to 5 km from land allows the detection of weaknesses in the model performance over the complex land–sea transition fringe.




3.3. Observability of Spatial Variability


The wind field over the GoC is characterised by its high spatial variability and high-intensity events. In this section, a qualitative comparison of the spatial variability of the WS reproduced by the WRF model with the S3A/B data is presented to investigate the capabilities of using altimetry data for assessing the WRF model under complex conditions. For this purpose, WS from three S3A/B tracks under different atmospheric situations are compared with the wind field obtained from the corresponding WRF model simulations. The comparisons are shown in Figure 7. Figure 7a depicts the simulated wind field on 31 December 2020 at 11:00 UTC. The satellite crossed the area at 10:35 UTC. A weak northerly wind dominated over the whole GoC. The along-track spatial variability observed from the altimeter measurements agrees with the outputs of the WRF model, especially for the northernmost part of the track, stating the good performance of the WRF model even at the positions closer to the coast.



During the satellite pass on 25 June 2020 at 21:32 UTC the wind field reproduced by the model at 22:00 UTC (Figure 7b) over the GoC can be divided into two sectors: the westernmost area is dominated by mid intensity northwesterlies, while in the sector to the east, the wind is weaker and from west. Furthermore, as also shown by the along-track S3A WS, the intensity increases further from the coast from 6 to 10–12 m/s. Such spatial variability of the WS is well represented by both data sets; however, close to the coast, the differences among the altimeter derived WS and the WRF model output increase. Such disagreement may be caused by two factors as previously mentioned in Section 3.1: the time difference between the satellite pass and the model simulation; and the precision of the WRF model at fine scales close to the complex land–sea boundary. Such discrepancies in the WRF model can be detected thanks to the presence of altimetry data in the coastal fringe.



Finally, Figure 7c shows an example of dominant easterlies over the GoC, as simulated by the WRF for 21 February 2020 at 11:00 UTC. S3B crossed the area at 10:37 UTC. WRF output displays a heterogeneous wind field over the area, with a remarkable easterly jet coming from the Strait of Gibraltar and a generalised decrease towards the northern coast. However, over 36.8° latitude, a slight underestimation from the WRF model is observed, which coincides with the area covered by the Guadalquivir River mouth, an area characterised by high contrasts and variability.





4. Conclusions


This study presents the quality and capabilities of WS from satellite altimetry for the spatial assessment of WS outputs from the WRF model over the complex area of the GoC. In order to achieve this, three WS data sources were compared: in situ measurements, S3A/B satellite altimetry derived measurements at 20 Hz, and the WRF model simulations from a nested domain of 3 km grid and 1 h temporal resolution. From the results of the different comparisons, we conclude that the quality of the high-resolution (20 Hz) S3A/B WS data satisfies the general mission requirements over the study area, and even though the GoC buoy is located in a complex area affected by coastal-related processes, the results are in line with previous studies focused on the open ocean. Regarding the validation of the WRF model against in situ data, the simulations of the surface WS over the area are of good quality; this confirms the goodness of the dynamical parameterisations proposed by [45]. Note that we introduced a modification in the configuration by updating the SST every 6 h instead of maintaining a constant value, which makes the setup more realistic. The spatial variability of the WS derived from the model was compared to along-track altimetry-derived WS data. This comparison, and considering the complex characteristics of the analysed region, exhibits the potential of the altimetry data for the spatial evaluation of numerical models. In this case, the altimetry data enable the detection of a certain level of degradation of the WRF outcomes near the coastal fringe, which is in line with previously detected WS overestimation of the WRF model in coastal areas, which supports the need to conduct further analyses into the dynamical phenomena and the effect of using a more accurate surface representation. It is important to note that these model deficiencies in the coastal band are detected thanks to the presence of altimetry data up to 5 km from the land, enabling the fine tuning and evaluation of NWP models over the complex coastal fringe. Qualitatively, we proved the agreement between altimetry and WRF model data sets under low/high wind speed conditions. However, it is important to note the limitations related to altimetry, as it is not possible to obtain the wind direction. Furthermore, altimetry data are instantaneous and events of time scales shorter than the time resolution of the model may lead to mismatches. Moreover, perpendicular to the track, the altimeters do not measure the variability in scales smaller than the across track footprint length. In this sense, it is important to highlight the need for the continuous improvement of satellite altimetry and model outputs in the coastal fringe in order to obtain realistic geophysical parameters in these areas. Present and future satellite altimetry missions will allow the exploitation of fully focused SAR data for a better characterisation of ocean processes in the 0–5 km coastal band. This study proves the high quality of Sentinel-3A/B WS retrievals over complex areas, and aims to foster the use of this data for the improvement of knowledge of WS and sea surface circulation over areas where the availability of in situ measurements is limited or inexistent. We showed how the spatial coverage of satellite altimetry enables the spatial assessment of high-resolution NWP models in water-covered surfaces, including coastal areas up to 5 km from land, a feature that sets altimetry as a complementary data source to improve the study and prediction of the wind in coastal areas together with some of the current systems, such as scatterometers, high frequency radars, and SAR wind fields.
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Figure 1. Study area (Gulf of Cádiz, southwestern coast of the Iberian Peninsula) along with the spatial distribution of the data sources used in this work and some geographical features: S3A tracks (red line), S3B tracks (green line), location of the moored (GoC buoy and Faro buoy) along with the 25 km radius area used to select S3A/B data for its validation (dotted contoured area), location of the land-based meteorological stations from the Spanish Meteorological Office (Cádiz coast station and Rota coast station), Cape Santa Maria (CSM), and Cape San Vicente (CSV). 
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Figure 2. WRF model domains d01 (9 km grid) and d02 (3 km grid). 
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Figure 3. Scatterplot of the WS comparison among S3A (a)/S3B (b) and in situ measurements from the GoC buoy. Vertical lines represent the standard deviation for each point based on the Sentinel-3 data inside the 25 km radius area (see Figure 1). 
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Figure 4. Along-track WS (a), σ0 parameter (b) and radargram of the waveforms (c) from the S3B relative orbit #144 (25 November 2020 at 21:26 UTC). Red dashed lines indicate the GoC buoy position and 25 km radius area; black dashed lines indicate the area affected by a possible wind gust. (d) Satellite track (blue line) and GoC buoy position (black dot). (e) Hourly WS from the GoC buoy for the 25 November 2020. 
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Figure 5. Wind rose diagrams (m/s) calculated at (a) GoC buoy, (b) Cádiz coast station, (c) Rota coast station and (d) Faro buoy, over the period January 2020 to December 2020 from both in situ measurements and WRF simulations. 
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Figure 6. Average WS from S3A/B (a) and WRF (b); spatial distribution of the r Pearson’s parameter (c) and RMSE (d) from the comparison among WS data from the WRF model and S3A/B tracks over the study area. 
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Figure 7. Wind field simulated by the WRF model overlaid with S3A/B track (left) and wind speed observed by S3A/B overlaid with interpolated WRF model data at the same positions for the closest available time. (a) 31 December 2020, WRF outputs for 11:00 UTC overlaid with S3A track at 10:35 UTC; (b) 25 June 2020, WRF outputs for 22:00 UTC overlaid with S3A track at 21:32 UTC; (c) 21 February 2020, WRF outputs for 11:00 UTC overlaid with S3B track at 10:37 UTC. 
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Table 1. Sentinel-3 A/B data availability (number of cycles, relative orbits and orientation) for the different comparisons among the datasets (the orientation of the different tracks is presented as ascending (A) or descending (D)).
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Sentinel 3A

	
Sentinel 3B




	
Relative Orbit

	
N° Cycles S3A vs. WRF

	
N° Cycles S3A vs. Buoy

	
Orientation

	
Relative Orbit

	
N° Cycles S3B vs. WRF

	
N° Cycles S3B vs. Buoy

	
Orientation






	
#057

	
13

	
-

	
A

	
#051

	
14

	
-

	
D




	
#114

	
13

	
-

	
A

	
#057

	
14

	
26

	
A




	
#265

	
14

	
33

	
D

	
#114

	
14

	
29

	
A




	
#322

	
14

	
53

	
D

	
#265

	
13

	
-

	
D




	
#379

	
14

	
-

	
D

	
#322

	
13

	
-

	
D




	
#385

	
14

	
34

	
A

	
#379

	
13

	
-

	
D




	
Analysed period

	
From January 2020 to December 2020

	
From January 2017 to December 2020

	

	

	
From January 2020 to December 2020

	
From November 2018 to December 2020
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Table 2. Configuration options selected for the WRF simulations, based on [45].






Table 2. Configuration options selected for the WRF simulations, based on [45].





	Scheme or Parameterization
	Selected Option





	Initialization
	NCEP/NARC GFS 0.25°



	Microphysics
	SBU-Lin



	Longwave radiaion
	RRTMG



	Shortwave radiation
	Dudhia



	Cumulus
	Kain-Fritsch



	Surface layer
	MM5 similarity



	Planetary boundary layer
	YSU



	Vertical levels number
	36



	Diffusion 6th order option
	Knievel



	Damping
	Rayleigh



	Topography model
	GTOPO30



	Land uses
	GLC



	Nudging
	Grid nudging (d01)/Observational nudging (d02)



	Sea surface temperature
	Updated every 6 h
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Table 3. Statistical scores from the comparison among in situ data from the different stations and buoys against simulations from the WRF model.
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Wind Speed

	
Wind Direction




	
In Situ Station

	
Bias (m/s)

	
RMSE (m/s)

	
NRMSE (m/s)

	
r

	
Bias (°)

	
STDE (°)






	
GoC buoy

	
0.74

	
1.93

	
0.12

	
0.80

	
6.74

	
47.10




	
Cádiz coast station

	
−0.13

	
1.74

	
0.12

	
0.74

	
5.78

	
54.49




	
Rota coast station

	
0.44

	
1.65

	
0.16

	
0.74

	
8.35

	
48.68




	
Faro buoy

	
0.33

	
1.59

	
0.10

	
0.85

	
5.54

	
33.84
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