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Abstract

:

This paper shows the observation and estimation of convective wind gusts by different satellite sensors at the C-band (Sentinel-1 SAR) and L-band (ALOS-1 SAR and SMAP radiometer) over Lake Victoria, the Gulf of Guinea, and the Gulf of Mexico. These areas are significantly impacted by deep convection associated with strong surface winds and heavy rainfall. In particular, the collocation of Sentinel-1 and SMAP images enables the observation of the movement of surface wind gusts corresponding to that of deep convective clouds. The convective wind intensity estimated from Sentinel-1 and SMAP data varies from 10 to 25 m/s. Additionally, we present an agreement in the observation of deep convective clouds, dynamics, and strong surface winds by different satellite sensors, including Meteosat geostationary (GEO), Aeolus Lidar, and Sentinel-1 SAR, respectively. We also evaluate the estimated convective wind gusts by comparison with the in situ measurements of the weather stations installed in the Gulf of Mexico, where deep convection occurs regularly. The result shows an agreement between the two wind sources estimated and measured. Likewise, the peaks of the measured wind gusts correspond to the occurrence of deep convective clouds observed by the GOES-16 GEO satellite.
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1. Introduction


A convective system (CS) is an extreme weather event since it can be associated with intense lightning, heavy rainfall, and severe wind gusts [1,2]. CS observation (or now-cast) and forecast are still significant issues for meteorologists due to their sudden ignition and fast development. During the last decades, the arrival of many GEOstationary (GEO) satellites (Meteosat, GOES, Himawari, and Gaofen) has helped improve CS observation and monitoring in real time over Europe/Africa, America, and the Asia Pacific. In particular, the new generation of GEO satellites can acquire images every 5 min. However, the CS-associated surface effects observation as heavy rainfall and wind gusts remain significant challenges due to the lack of high-resolution sensors. Previous studies [3,4,5,6] indicated that sea surface wind patterns associated with CSs could be retrieved from C-band high-resolution Synthetic Aperture Radar (SAR) images such as Sentinel-1 and Radarsat-2. In addition, these references illustrated the matching in location, time observation, and shape between the SAR-observed surface wind patterns and the Meteosat-observed deep convective clouds with a low brightness temperature (200–230 K). Thanks to the advantages of SAR (high spatial resolution and wide swath), one can observe different types of convective wind patterns, including mesoscale (>100 km) and sub-mesoscale (<100 km) ones, in the shape of a (linear) squall line and non-linear convection cells. Surface wind intensity associated with these patterns varies from 10 to 25 m/s. La et al. [5] illustrated a multi-view of deep convection and its vertical and horizontal dynamics through the collocation of Low-Earth Orbit (LEO), i.e., Sentinel-1, Aeolus, and GEO satellites, i.e., Meteosat. Such a collocation leads to a better illustration of the relationship between deep convective clouds (observed by Meteosat) and their dynamics viewed by Aeolus and Sentinel-1.



As indicated in [3,4,5,6], the high-intensity radar backscattering on the C-band Sentinel-1 and Radarsat-2 SAR images was induced by convective wind gusts. However, Nie and Long [7] assumed that it was due to rainfall effects (atmospheric volume and raindrops impinging onto the sea surface), and Alpers et al. [8] indicated that high-intensity radar backscattering was associated with the hydrometeors in the melting layer. As discussed in [9,10], L-band radar backscattering is much less impacted by precipitation than other radar frequency bands. For C-band, the contribution of rainfall to the radar backscattering observed on SAR images significantly depends on surface wind speed [9,11], and it is little for winds above 7 m/s. In other words, the high-intensity radar backscattering on C-band SAR images associated with deep convection should be induced by strong surface winds rather than precipitation. Likewise, in [12,13], they indicated that rainfall has little impact on surface wind speed estimation from C-band radar backscattering. Recently, Guo et al. [14] studied the effect of precipitation on SAR hurricane wind field retrieval. They concluded that when the wind speed is less than 30 m/s and the rain rate is less than 20 mm/h, the distribution of the melting layer has no obvious effect on SAR wind speed retrieval. To strengthen our assumption about the observation and estimation of sea surface convective wind gusts from C-band SAR images, we present here new results based on different satellite sensors at the C-band and L-band for three regions, including Lake Victoria, the Gulf of Guinea, and the Gulf of Mexico. These tropical or sub-tropical regions are regularly impacted by severe deep convection. Additionally, to assess the estimated wind gusts from satellite data, they are compared with the in situ measurements of the weather stations installed in the Gulf of Mexico. Concretely, this paper will focus on five main and significant points, as follows.



Firstly, we present the observation of convective wind gusts over Lake Victoria on C-band Sentinel-1 SAR images. The method to estimate surface wind speed is the same as proposed in [3,4,5,6]. Lake Victoria, the largest lake in Africa, was selected as one of the regions of interest (ROIs) since one can observe the frequent occurrence of deep convection and the associated dangerous effects on fishing activities, including wind gusts, heavy rainfall, and lightning, especially at night-time [2,15,16]. In [2,16], they indicated that the strong surface winds associated with convective storms are one of the significant hazards for fishing activities over the lake. Waniha et al. [2] estimated horizontal wind gusts based on the radar radial velocity at around 08:00–09:00 UTC (peak in convection), while Chamberlain et al. [16] used the Met Office 4 km numerical model to forecast wind gusts associated with the convective storms. These studies offered similar convective wind gust estimates of 15–20 m/s. Likewise, Van de Walle et al. [17] used a regional climate model run at convection-permitting resolution to simulate both precipitation and wind gusts over Lake Victoria for a historical 10-year period. It showed many cases of wind gusts over 15 m/s, and a threshold of 20 m/s was used to classify moderate and severe wind gusts.



Secondly, we present convective wind patterns observed on L-band ALOS-1 SAR images over the Gulf of Guinea, one of the tropical or subtropical regions where CSs play a principal role in local and regional weather variability. According to the West Africa Monsoon (WAM), intense CSs are often formed over Central and West Africa and then move westwards through the Gulf of Guinea. These CSs, regularly in the form of squall lines, can generate heavy rainfall in this region and strong surface winds over the sea [18]. As discussed above, since the L-band radar signal is little impacted by precipitation, the high-intensity radar backscattering observed on ALOS-1 images corresponding to deep convection should be induced from convective wind gusts.



Thirdly, we illustrate convective wind patterns observed on C-band Sentinel-1 SAR and L-band SMAP images. The collocation of the two satellite sensors with a reasonable time lag enables the observation of the surface displacement of convective wind gusts corresponding to the motion of deep convective clouds observed by Meteosat.



Fourthly, this paper illustrates the multi-view of a mesoscale CS spreading from the Gulf of Guinea to offshore Gabon through the combination of Meteosat, Aeolus, and Sentinel-1. Indeed, the Aeolus Lidar instrument offers precious vertical wind profiles that may enable the identification of strong winds within lower atmospheric layers, associated with deep convection. On the one hand, this approach upholds the schematic understanding of a CS and its vertical and horizontal dynamics. On the other hand, it strengthens the relationship between deep convective clouds detected by Meteosat and surface wind patterns on C-band Sentinel-1 SAR images.



Fifthly and finally, we evaluate the observed convective wind gusts by comparison with in situ measurements.



The last point is the most significant work of this paper since it provides another way to strengthen the assumption about the relationship between strong surface winds and deep convective clouds, as well as to better understand the gap, if existing, between the estimation and measurement of convective wind gusts at the sea surface. Indeed, measuring sea surface convective wind gusts is complicated due to their local scale (or sub-mesoscale) and rapid time variability. For instance, to reach the wind gust measurements using in situ sensors, it is necessary to perform measurements for at least one hour. Also, these gust events can not necessarily occur when LEO satellites like Sentinel-1A/B pass over a region. Therefore, we must process a mass of in situ data to find corresponding cases between in situ measurements and Sentinel-1-estimated convective wind gusts. Among the subtropical and tropical regions, the Gulf of Mexico presents numerous in situ stations (buoys and weather stations). These devices are installed by the NOAA (National Oceanic and Atmospheric Administration) and its industrial partners. Thanks to the short revisit time of Sentinel-1A/B over the Gulf of Mexico, we can obtain enough images relevant to assess the accuracy of ocean surface wind speed estimated from Sentinel-1 data compared to wind speed measured by the in situ devices. Among them, we present a case study to illustrate an agreement between the estimated wind intensity of a mesoscale convective squall line and the wind speed measured by the weather stations installed along the west coast of Florida.



Section 2 presents the methodology of this paper, including data preparation and surface wind speed estimation using Sentinel-1, ALOS-1, and SMAP data. Section 3 illustrates the new results of sea surface convective winds observation, as mentioned above. Section 4 compares the estimated surface wind gusts and the in situ measurements. Section 5 discusses how the results illustrated in this paper strengthen our assumption about the high-intensity radar backscattering associated with surface convective wind gusts. Finally, Section 6 presents our conclusions and perspectives.




2. Methodology


2.1. Region of Interest (ROI)


Figure 1 presents the three ROIs of this study for the observation of convective wind gusts at the sea surface over Lake Victoria (Africa), the Gulf of Guinea and offshore Gabon and Angola, and the Gulf of Mexico, with many buoys and weather stations installed by the NOAA and its industrial partners. Figure 1a shows Lake Victoria imaged by Sentinel-1B in descending direction mode, 28–29 January 2020, at around 03:00 UTC, corresponding to the peak in convection over the lake [19,20]. Sentinel-1A takes images of Lake Victoria at around 16:00 UTC in the ascending direction mode, but only a few peaks in convection occur at that time. Therefore, we principally focus on Sentinel-1 images acquired in the descending direction mode. Figure 1b illustrates images captured monthly by Sentinel-1A/B in the descending and ascending modes, respectively, over the Gulf of Guinea and offshore Gabon and Angola, where severe deep convection occurs at that time. Indeed, the Sentinel-1A/B acquisition time for the two modes at around 05:00 and 18:00 UTC corresponds to the peaks in convection in this region [21]. Such a significant collection of Sentinel-1A/B images enables the observation of CSs at different scales. The Sentinel-1A descending scenes used in this paper for convective wind gust observation are highlighted in red for 27 March 2017 and in black for 22 May 2020 (Figure 1b). As well as the Gulf of Guinea, Sentinel-1A/B provides many images over the Gulf of Mexico in both descending and ascending modes with a revisit time of 3 days. This advantage, coupled with the fact that the Gulf of Mexico includes a significant collection of buoys and weather stations, facilitates the comparison of the Sentinel-1-estimated wind speed and in situ measurements, including many cases of convective wind gusts. In this paper, we present a case study that compares the Sentinel-1-estimated convective wind gusts with the in situ measurements provided by the weather stations installed along the west coast of Florida (Figure 1c).




2.2. Data Preparation


This paper uses Sentinel-1 Interferometric Wide (IW) mode with a 250 km swath, ALOS-1 ScanSAR mode with a 350 km swath, and the collocated SMAP data with Sentinel-1 images to estimate surface wind speed associated with deep convection. Sentinel-1 and ALOS-1 Level-1 images should be preprocessed to obtain radar backscattering or Normalized Radar Cross-Section (NRCS). Surface wind speed at the 10 m height is retrieved through the NRCS and other parameters using the Geophysical Model Functions (GMFs). Sentinel-1 and ALOS-1 images acquired at a high spatial resolution (10 m vs. 25 m pixel spacing) and with a wide swath (250 km vs. 350 km) can offer surface wind pattern observations at various scales.



The NASA Soil Moisture Active Passive (SMAP) mission was launched on 29 January 2015 to measure soil moisture and provide freeze/thaw classification for hydrology and carbon cycle studies. It includes a passive radiometer and an active scatterometer at the L-band. Although only the SMAP radiometer has been operating since July 2015 due to the failure of the radar transmitter, it has significant capacities to measure ocean surface salinity and strong surface winds, specifically ocean winds in storms [10,22]. Despite having a low spatial resolution, SMAP data can be used to observe mesoscale convective wind patterns and combined with Sentinel-1 images to follow surface wind pattern displacement. We used the retrieved SMAP wind speeds resampled to a 0.25° spatial grid publicly available in [23].



The Aeolus sensor measures vertical wind profiles of horizontal winds from altitudes of 27 km down to near the sea surface, with layer thickness ranging from 500 m to 2 km, utilizing backscattering from aerosols and molecules at mid-levels. Leveraging Aeolus’s short revisit time over the Gulf of Guinea, integrating Sentinel-1, Aeolus, and Meteosat data enables a comprehensive multi-view analysis of deep convection and its dynamics.



The Meteosat images are used in this paper to observe deep convective clouds (200–220 K brightness temperature) corresponding to convective wind patterns observed on Sentinel-1 images. Therefore, only Meteosat data with a close acquisition time (not over 10 min) to Sentinel-1 ones are selected, and they are resampled on the grid of Sentinel-1 data. As well as Meteosat, GOES-East (GOES-16) and West (GOES-17) deliver images every 5–10 min over the Gulf of Mexico with a 2 km spatial resolution. We use the GOES Infrared Longwave band (Channel 14) to detect deep convective clouds at 200–220 K. The GOES data are also collocated on the Sentinel-1 grid to facilitate comparisons between the two wind sources.



The in situ wind data are measured by the NOAA buoys and weather stations at different heights. Therefore, they must be transformed to the wind speed at the 10 m height to compare with the Sentinel-1-retrieved wind speed. There are two widely used methods to convert wind speed at the z-m height to the one at the 10 m reference height: (i) wind profile power law [24] and (ii) equivalent neutral wind [25]. The detailed description of the two approaches, as well as the comparison of wind speeds calculated by them, is shown in [26]. The wind speeds corrected with [24,25] were very close; however, we selected the equivalent neutral wind method for this work since it can convert wind speed at different heights to the 10 m one without the neutral stability condition.




2.3. Sea Surface Wind Speed Estimation


Convective surface wind patterns can be observed on C-band SAR images, as shown in [3,4,5,6,27]. These references illustrated that deep convective clouds could induce surface wind gusts as intense dynamic winds hit the sea surface. The wind gusts significantly impact sea surface roughness and can be observed as the high-intensity radar backscattering (NRCS) areas on SAR images. In other words, the SAR can observe indirectly convective surface wind patterns. Sea surface wind speed can be retrieved from C-band SAR data using the CMOD5.N function [28], while the LMOD2 [29] is used to retrieve surface wind speed from L-band ALOS-1 images. Wind direction used in these functions are extracted from the ERA-5 reanalysis data [30,31].



The CMOD5.N function can estimate wind speed up to 25–30 m/s depending on the incidence angle [25,32]. Meanwhile, LMOD2 can retrieve surface wind speeds of up to 20 m/s [29]. The L-band SAR-based wind speed retrieval is not affected by rain, or even intense precipitation [9,10]. Likewise, the C-band SAR-based wind speed estimation is little impacted by precipitation for surface wind intensities larger than 7 m/s [9,11].



Meissner et al. [10] presented the retrieval of ocean surface wind speed from the L-band SMAP radiometer data through the Radiative Transfer Model (RTM). First, they took the differences between sea surface brightness temperatures measured by the SMAP radiometer and those of a flat ocean surface. Then, they matched these differences to the RTM model. Once the difference in brightness temperature and other parameters are determined, one can invert the RTM to estimate surface wind speed. As well as the L-band SAR, sea surface wind speed retrieved from L-band SMAP data is not affected by rain [10]. Additionally, ref. [10] validated the SMAP winds by collocating SMAP winds with those from the SFMR (Stepped Frequency Microwave Radiometer) instrument. The comparison between the two wind sources showed good agreement, particularly for surface winds higher than 25 m/s, with a bias of 0.5 m/s and a standard deviation of about 3 m/s. According to [23], the SMAP-estimated wind speed data are recommended for surface wind speeds above 12 m/s.





3. Observation and Estimation of Convective Wind Gusts at the Sea Surface


3.1. Sentinel-1-Observed Convective Winds over Lake Victoria


Figure 2 illustrates a mesoscale surface wind pattern observed on Sentinel-1 images over Lake Victoria, 28 January 2020, at around 03:36:34–03:37:10 UTC. This observation time corresponds to the peak in convection between 00:00 and 06:00 UTC [19,20]. The mesoscale wind pattern in Figure 2b spreads on 2° latitude (about 250 km), from 0.2°N to 1.8°S, and wind pattern intensity varies from 12 m/s to 20 m/s, and some hot spots can reach 25 m/s. As shown in Figure 1 of [4], the mesoscale features can produce surface wind gusts with an intensity much higher than synoptic wind. That is why we can see the two distinct wind areas in Figure 2b. The surface wind gusts associated with deep convection have an intensity of 10–25 m/s, while the synoptic wind speed is only about 5–6 m/s. Based on the significant difference in wind gradient, we can determine the border between wind gusts and synoptic wind, and then we can draw the gust front, as shown in Figure 2.



The estimated wind gusts associated with deep convection from the Sentinel-1 images are very close to that derived by the radial wind velocity measured by a weather radar [2] and the one predicted by the Met Office 4 km model [16]. Likewise, a convective surface wind gust of 20 m/s has been reported in [33].



Figure 2c–e present deep convective clouds (200–220 K brightness temperature) observed on Meteosat images, 28 January 2020, at 03:21, 03:36, and 03:51 UTC, respectively. These periods correspond to the time before, during, and after the Sentinel-1 image acquisition time. Therefore, it offers an overview of a strong link between deep convective clouds and corresponding surface wind patterns. The location of deep convective clouds and wind patterns is very close. In particular, the wind hot spots above 20 m/s (0.6°S, 32.1°E, 1.35°S, 31.95°E) match the coldest cloud (about or less than 200 K) at (1.5°S, 32.1°E) when comparing Figure 2b (Sentinel-1, 03:36:34–03:37:10 UTC) and Figure 2d (Meteosat, 03:36 UTC). This result illustrates that high surface winds can occur just after the coldest cloud occurrence. Likewise, when comparing Figure 2c–e, one can note that deep convective clouds, especially the coldest ones, tend to move northwestwards.




3.2. ALOS-1-Observed Convective Winds over the Gulf of Guinea


A sub-mesoscale surface wind pattern (12–17 m/s) is observed on the ALOS-1 image (Figure 3) over the Gulf of Guinea, 7 January 2008, at around 09:42:43–09:43:29 UTC. This wind pattern (Figure 3c) with a size smaller than 1° latitude (or longitude) is classified as a sub-mesoscale one. As well as Figure 2b, we can determine the gust front between wind gusts (10–20 m/s) and synoptic winds (5–6 m/s). We note that it tends to move westwards.



Figure 3d–f present deep convective clouds corresponding to the wind pattern on the ALOS-1 image. They are observed on Meteosat images at 09:21, 09:36, 09:51, and 10:06 UTC, respectively. When comparing Figure 3d–f, one notes that the deep convective cloud is moving westwards (as assumed for the wind pattern in Figure 3c), and its hot spots with 200 K change quickly, depending on the atmospheric conditions. Second, when comparing Figure 3c and Figure 3d–f (before and after the ALOS-1 observation time), one notes that the wind pattern and deep convective cloud are in agreement in terms of location (especially for gust front observed at 7.5°E), and especially matching between wind intensity and convective cloud brightness temperature. Wind speed, in this case, is less significant than that in Figure 2b (12–17 vs. 15–20 m/s), and likewise, the convective cloud brightness temperature in Figure 3d–f is higher (or less cold) than that in Figure 2c–e (220 K vs. 200 K).




3.3. Collocation of Sentinel-1 and SMAP Images for the Observation of the Displacement of Convective Winds


Based on the gust fronts observed in Figure 2b and Figure 3c, we assume that the surface wind patterns observed on Sentinel-1 and ALOS-1 images may move northwestwards and westwards. These assumptions are strengthened by the comparison with the motion of deep convective clouds. In practice, it needs two satellite images with a reasonable acquisition time lag to observe the displacement of surface wind patterns. Therefore, in this case, we collocate Sentinel-1 and SMAP images with a 34 min time lag (05:07:12–05:08:02 vs. 05:41:00 UTC) to identify surface wind pattern movement. The SMAP image is acquired about 34 min later than the Sentinel-1 one. The observation time of the Meteosat images (05:06:00–05:51:00 UTC) corresponds to that of the Sentinel-1 and SMAP ones.



Figure 4 illustrates a mesoscale surface wind pattern observed on Sentinel-1 and SMAP images offshore Gabon (Africa), 27 March 2017. They have the same size (spreading over 2.1° latitude), from 1.8°S to 3.9°S, on the Sentinel-1 image (Figure 4a) and from 2.1°S to 4.2°S on the SMAP image (Figure 4b). The Sentinel-1 wind speed varies from 15 to 25 m/s, while the SMAP wind intensity is in the range of 10–16 m/s. The difference between the two wind sources is due to the coarse spatial resolution of SMAP data (0.25° grid). Likewise, we cannot identify the wind hot spots (15–25 m/s) on the SMAP image. Additionally, the sensitivity of the SMAP data for surface wind speed retrieval below 25 m/s is not as good as for a higher wind speed [10]. We can identify the gust fronts on the two images based on the significant difference in the wind gradient. However, it is more obvious to observe the gust front on the Sentinel-1 image (Figure 4a) than the SMAP image (Figure 4b) thanks to the high spatial resolution of the former. When comparing Figure 4a and Figure 4b, one notes that the location of the wind pattern changes significantly, and it tends to move southwestwards. At around 05:07:12–05:08:02 UTC, the gust front is located at (3°S–3.9°S, 7.9°E–8.4°E) and moves to (3.0°S–4.2°S, 7.5°E–8.0°E) at 05:41 UTC. If one calculates approximately, the wind pattern moves about 0.4° longitude (or about 35–45 km) for about 34 min.



Figure 4c–f present deep convective clouds observed on Meteosat images at 05:06, 05:21, 05:36, and 05:51 UTC, respectively. The mesoscale deep convective cloud spreads over more than 3° latitude (1.5°S–4.5°S). Its coldest core (about or less than 200 K) is expanding from 0.9° lat. (2.9°S–3.8°S) at 05:06 UTC to 1.5° lat. (2.7°S–4.2°S) at 05:51 UTC. Likewise, this convective cloud moves southwestwards in the same direction as the wind patterns observed on Sentinel-1 and SMAP images (Figure 4a,b). When comparing Figure 4a and Figure 4c, one notes that the gust front of the wind pattern matches the coldest pattern of the deep convective clouds. We obtain the same result when comparing Figure 4b and Figure 4f. In addition, between Meteosat images at 05:06 (Figure 4c) and 05:36 UTC (Figure 4e), the coldest pattern moves southwestwards by about 0.4° longitude. In other words, its displacement velocity seems to be the same as the wind pattern.




3.4. Multi-View of CS Dynamics


This section presents the multi-view of a CS by the collocation of LEO and GEO satellite data, including Sentinel-1 (05:06:05–05:07:20 UTC), Aeolus (05:14:00–05:15:15 UTC), and Meteosat (04:51:00–05:36:00 UTC), as shown in Figure 1 of [4]. The time lag is relatively small (not over 7 min) and should not produce a significant error in observing the matching between the events observed by Sentinel-1, Aeolus, and Meteosat.



Figure 5 illustrates the multi-view of a mesoscale CS over the Gulf of Guinea and offshore Gabon, 22 May 2020. Figure 5a presents the mesoscale surface wind pattern observed on the three Sentinel-1 images assembled (05:06:05–05:07:20 UTC) spreading on 3.6° latitude from 0.6°N to 4.2°N with 10–25 m/s wind speed. Based on the gust front in Figure 5a, we can note that it tends to move southwestwards.



Figure 5b presents the vertical cross-section wind magnitudes measured by Aeolus Lidar (05:14:00–05:15:15 UTC). The Aeolus horizontal track goes across the Sentinel-1 footprint in sub-Figure 5b. The matching (in location) between the two images facilitates a comparison between the surface wind pattern on the Sentinel-1 image and vertical wind profiles observed by Aeolus. When comparing the Aeolus wind parcels (Figure 5b) and Sentinel-1 wind pattern (Figure 5a), one can note that the high surface wind speed area with 10–25 m/s (4.0°N, 9.65°E–0.6°N, 9°E, according to the descending direction) matches the first six Aeolus parcels (from left to right). The non-convective surface wind speed below 7 m/s (0.3°N, 8.9°E–0.4°N, 8.8°E) corresponds to the last (seventh) parcel not associated with deep convection. For the convective parcels, especially the first, second, and sixth ones (9.64°E, 9.50°E, and 8.94°E, respectively), one can observe some intense dynamics (dark red) at the last layer near the sea. One can assume that these intense dynamics may be associated with the surface wind patterns observed on Sentinel-1 images (Figure 5a). Also, high vertical wind magnitudes may exist at the other parcels just before or after the Aeolus data acquisition, and they may produce strong surface winds.



Figure 5c–e illustrate deep convective clouds observed on Meteosat images at 04:51, 05:06, and 05:21 UTC, respectively. When comparing Figure 5a (Sentinel-1, 05:06:05–05:07:20 UTC) with Figure 5d (Meteosat, 05:06 UTC), one notes that surface wind patterns and deep convective clouds are in agreement not only in terms of location but also in terms of shape. In particular, the Sentinel-1 wind hot spots (above 20 m/s) match the Meteosat coldest cloud patterns (about 200 K). For 30 min of observation (from 04:51–05:21 UTC), the change in the location of the deep convective clouds is relatively small, or in other words, they move very slowly. Therefore, it is not feasible to determine the displacement direction of these convective clouds.



The collocation of Figure 5a,b,d illustrates an agreement in terms of the location and observation time of the three events observed by Sentinel-1, Aeolus, and Meteosat. This brings an overview of a mesoscale CS and its dynamics: the deep convective clouds formed within the tropopause may produce, at the mature stage, intense dynamics at the sea surface, with gusts of up to 25 m/s.





4. Comparison of Convective Wind Gust Estimation and Measurement


Figure 6 presents a surface wind pattern extended at the mesoscale in the shape of a squall line observed on the merged Sentinel-1 images, 14 April 2019, 23:36:14–23:37:29 UTC. This squall line spreads zonally over more than 3° from 26°N to 29°N with a wind intensity of 10–25 m/s. The squall wind front (as marked by the arrow) moves southeastwards. Over the region imaged by Sentinel-1 in Figure 6 (west coast of Florida), five weather stations are selected: #ARPF1, #CWBF1, #OPTF1, #CLBF1, and #MTBF1. Note that the NOAA moored buoy #42098 in this region does not deliver wind measurements.



Figure 7 presents the wind speed measured by the five weather stations and the corresponding wind intensity retrieved from the Sentinel-1 data. We can observe the peaks in wind speed measured at 23:42 (#ARPF1), 00:12 (#CWBF1), 00:36 (#OPTF1), 00:42 (#CLBF1), and 00:54 UTC (#MTBF1). Before and after these peaks, the measured wind intensity increases and decreases very quickly, respectively. This wind speed time-series variability corresponds to convective wind gusts [33]. Indeed, the measured peaks in wind intensity match the mesoscale squall line observed on the Sentinel-1 image, 23:36:14–23:37:29 UTC (Figure 6). This squall line tends to move southeastwards. It reaches the first station #ARPF1, then #CWBF1, #OPTF1, #CLBF1, and finally #MTBF1. This observation explains the delayed occurrence between the peaks observed by the five stations. The peaks in Figure 7 have a wind intensity of 12.5–20 m/s, corresponding to a mesoscale squall line (10–25 m/s).



Several assumptions can be made to account for the difference between wind speeds derived from Sentinel-1 imagery and those collected by weather stations (approximately 2–3 m/s). Firstly, the accuracy of the surface wind speeds obtained from Sentinel-1 images using CMOD5.N may be compromised near coastal regions, as CMOD5.N was developed and validated primarily using in situ measurements from buoys deployed in open seas. Secondly, discrepancies may arise due to the methods employed to convert wind speeds from the z-m height to the 10 m reference height, as atmospheric conditions differ between land and sea surfaces. Lastly, the presence of obstacles on land surfaces may result in lower wind speeds compared to the open sea, where friction is reduced. Therefore, to facilitate a more accurate comparison between the two sources of wind data, future efforts will involve assessing surface wind speeds estimated from Sentinel-1 data against in situ measurements collected by buoys deployed in open seas, such as the Gulf of Mexico.



Figure 8 presents deep convective clouds (210–220 K) observed on the GOES-16 images collocated with Sentinel-1 images and five weather stations. The observation time of these GOES-16 images nearly corresponds to the occurrence of the peaks in wind speed. The deep convective cloud observed at 23:40 UTC (Figure 8a) corresponds to the surface wind pattern observed on the Sentinel-1 image (Figure 6). In particular, the peak in wind intensity measured by station #ARPF1 (23:42) corresponds to the deep convective cloud (210–220 K) observed at 23:40 UTC (Figure 8a). Likewise, the peaks measured by stations #CWBF1, #OPTF1, #CLBF1, and #MTBF1 at 00:12, 00:36, 00:42, and 00:54 UTC match the deep convective clouds observed on the GOES-16 images (Figure 8b–e), respectively. This result strengthens the relationship between deep convective clouds (low brightness temperature) and surface wind gusts, as indicated in [3,4,5,6].




5. Discussion


Previous studies [13,14,15] indicated the existence of surface wind gusts associated with deep convection over Lake Victoria through numerical model simulations and observations by coastal radars. Inspired by these results and [3,4,5,6], we presented the convective wind gusts estimated from Sentinel-1 images over Lake Victoria, especially from the images acquired with descending direction mode (around 03:00 UTC corresponding to the peak in convection). The surface wind speed (12–20 m/s) associated with deep convection retrieved from the Sentinel-1 image (Figure 2) is very close to the one estimated by the Met Office 4 km numerical model [16] and through the radar radial velocity [2]. This result leads to a perspective that one can integrate Sentinel-1 (or SAR) data into numerical weather prediction (NWP) models (like the Met Office 4 km model) to improve the forecast of convective wind gusts at the sea surface. Additionally, the spatial resolution of the predicted wind speed, especially wind hot spots above 20 m/s, may be improved thanks to high-resolution SAR data.



Surface convective wind patterns can also be observed on L-band ALOS-1 images (Figure 3) since the L-band radar backscattering is little impacted by rainfall [9,10]. Meanwhile, the rainfall effects on C-band radar backscattering are small for winds above 7 m/s [9,11]. This strengthens the assumption that the high-intensity radar backscattering observed on the L-band and C-band SAR images is due to surface convective wind gusts rather than precipitation. Recently, La and Messager [6] published a study showing the relationship between surface wind patterns and precipitation under deep convection observed by the Windsat radiometer. It illustrated that surface wind gusts occur 5–30 min earlier than precipitation, depending on the scale of deep convection. Based on the collocation of the Sentinel-1 and Windsat images with the same acquisition time, the paper concluded that the high-intensity radar backscattering observed on the Sentinel-1 image is produced by convective wind gusts.



As indicated in [29], surface wind speed retrieval from L-band SAR data using LMOD2 may be less accurate than that from C-band SAR data using CMOD5.N, especially for low and moderate winds and large incidence angles. Likewise, LMOD2 was not studied for winds above 20 m/s due to the limited number of matchups. Therefore, C-band SAR data, especially Sentinel-1, should be one of the principal sources to observe and estimate surface convective wind gusts at a high spatial resolution.



Wind direction is one of the input parameters for CMOD5.N and LMOD2 to estimate surface wind speed from Sentinel-1 and ALOS-1 data, respectively. We used the ERA-5 reanalysis data [30,31] to obtain surface wind direction. Note that the impact of deep convection on surface wind fields was not considered for the ERA-5 data. To the best of the authors’ knowledge, no current numerical models have considered deep convection effects on surface wind estimation. Indeed, the impact of the convective dynamics on wind direction at the sea surface is very complex since it happens very quickly. In this paper, we assumed that the surface wind gusts associated with deep convection have the same direction as the synoptic winds. More studies about this topic will be carried out in the future.



In addition to Sentinel-1 and ALOS-1 images, we indicated that the L-band SMAP radiometer data can be used to estimate convective wind gusts, especially for large-scale ones (Figure 4). As well as ALOS-1 SAR, the SMAP-estimated wind speed should not be impacted by rainfall. The high surface wind speed (10–16 m/s) estimated from SMAP data (Figure 4b) is close to the expected convective winds. We collocated the SMAP and Sentinel-1 images to observe the surface displacement of a mesoscale wind pattern. The difference in wind speed estimates between the two wind sources may be due to the coarse spatial resolution of SMAP data (0.25° lat grid) or the observation time lag between two devices. Based on this collocation, we noted that the mesoscale surface wind pattern moved southwestwards in the same direction (and probably velocity) as the deep convective clouds observed on the Meteosat images.



To clarify the relationship between surface wind patterns and deep convective clouds, we used the Aeolus vertical wind profiles to observe intense dynamics near the sea surface with similar locations and observation time as Sentinel-1 and Meteosat. The collocation of the three sensors illustrated the multi-view of a mesoscale CS and its dynamics. This scene strengthened the schematic description of deep convection [33,34]. It also led to a perspective to use Sentinel-1, Aeolus, and Meteosat data to study the various cases of CS formation, development, and decay. For instance, some studied cases illustrated the presence of deep convective clouds observed by Meteosat, but no surface wind gusts are detected on Sentinel-1 images.



The deep convective clouds detected by Meteosat and GOES-16 GEO sensors had an agreement in terms of location and shape with the surface wind patterns observed on Sentinel-1, ALOS-1, and SMAP images. Likewise, they had the same displacement direction and probably velocity. When comparing Figure 2, Figure 3, Figure 4 and Figure 5, we could note that the deep convective clouds moved at different speeds for the same observation time. The fastest case was noticed in Figure 4, while Figure 5 showed that the location of deep convective clouds changed very little for 45 min. Two principal factors can be used to model direction and assess the velocity of deep convective clouds [35]: (1) advection of existing cells by the mean wind and (2) propagation of new convection relative to existing storms. Having good knowledge of deep convection motion is very useful in forecasting the direction and velocity of surface convective wind patterns.




6. Conclusions


This paper presented new results on the observation and estimation of surface wind patterns associated with deep convection, not only from C-band Sentinel-1 SAR images, as reported in the previous references, but also through L-band ALOS-1 SAR and L-band SMAP radiometer data. Note that the L-band radar data are little impacted by rainfall. In other words, the high-intensity radar backscattering from L-band SAR data should be induced by strong surface convective winds. This result was also observed for Sentinel-1 SAR images since the radar backscattering at C-band is little impacted for winds above 7 m/s. The high surface wind speed estimated from Sentinel-1 images over Lake Victoria is very close to the values given by the Met Office 4 km numerical model and through the radar radial velocity (15–20 m/s). Note that the Sentinel-1 observation time for the descending direction mode (around 03:00 UTC) over Lake Victoria corresponds to the peak in convection (00:00–06:00 UTC). A perspective with the integration of Sentinel-1 data into NWP models should be carried out to improve the forecast of convective wind gusts at a high spatial resolution.



The collocation of Sentinel-1 and SMAP data with a 34 min time lag illustrated the displacement direction of a surface wind pattern, and it is the same as that of the deep convective clouds observed by Meteosat. This result leads to a perspective that one can use the Meteosat data to model and forecast the direction and probably the velocity of convective wind gusts.



The application of the Aeolus vertical wind intensity measurements corresponding to Sentinel-1 and Meteosat data strengthened the relationship between surface wind patterns and deep convective clouds. The collocation of LEO (Sentinel-1, Aeolus) and GEO (Meteosat) satellites offered a multi-view of deep convection and the associated dynamics. The collocation of the three different satellite sensors can also be used to study the atypical cases of deep convection.



To assess the convective wind gusts estimated from Sentinel-1 images, particularly to strengthen our assumption about the relationship between the high-intensity radar backscattering observed on Sentinel-1 images and deep convection, this paper presented the comparison between the estimated convective winds and in situ wind speed measured by the weather stations along the west coast of Florida. We also showed the GOES-16 images corresponding to cloud activity above the Sentinel-1 images acquired at the sea surface and weather stations. The combination of the three data sources illustrated that the mesoscale surface wind pattern with a squall line shape (10–25 m/s) observed on Sentinel-1 images agrees with the deep convective clouds (210–220 K brightness temperature) observed on GOES-16 images. In particular, the peaks in wind intensity measured by the weather stations correspond to the deep convective clouds observed on GOES-16 images. Moreover, when the squall line observed on Sentinel-1 images reached the west coast of Florida, the rapid increase and the peak of surface wind speed measured by the weather stations were well noticed. The matching between Sentinel-observed surface wind patterns, the peaks in wind intensity measured by the weather stations, and deep convective clouds observed by GOES-16 strengthened a strong relationship between CSs and surface wind gusts. More comparison cases of the estimated and measured wind speeds over the sea corresponding to different stages of deep convection are under study. In particular, they can be used to improve the prediction of surface convective wind gusts based on the GEO images using deep learning. For those studies, the surface convective wind gusts estimated from Sentinel-1 data and in situ measurements of the buoys and weather stations can be used as the training and validation data.
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Figure 1. Three regions of interest (ROIs) for convective wind gust observations at the sea surface. (a) Lake Victoria (Africa) imaged by Sentinel-1A/B in the descending mode (square white polygons), 28–29 January 2020. (b) The Gulf of Guinea and offshore Gabon and Angola imaged by Sentinel-1A/B in the descending and ascending modes (square white polygons), 1–31 January 2020. Sentinel-1A descending scenes used in this paper for convective wind gust observation are highlighted in red for 27 March 2017 and in black for 22 May 2020. (c) The west coast of Florida imaged by Sentinel-1A in the ascending mode (square white polygons), 14 April 2019. 
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Figure 2. Mesoscale surface wind pattern observed on Sentinel-1A IW image (descending mode), 28 January 2020, over Lake Victoria, corresponding to the deep convective clouds observed by Meteosat. (a) NRCS extracted from Sentinel-1 image showing the high-intensity radar backscattering associated with deep convection. (b) Sea surface wind speed retrieved from Sentinel-1 image, 03:36:34–03:37:10 UTC. (c–e) Corresponding deep convective clouds (200–220 K brightness temperature) observed by Meteosat at 03:21, 03:36, and 03:51 UTC, respectively. 
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Figure 3. Sub-mesoscale surface wind pattern observed on ALOS-1 image (ScanSAR mode), 7 January 2008, over the Gulf of Guinea, corresponding to the deep convective clouds observed by Meteosat. (a) NRCS of ALOS-1 image showing the high-intensity radar backscattering associated with deep convection. (b) Surface wind speed estimated from ALOS-1 image, 09:42:43–09:43:29 UTC. (c) Extracted sub-mesoscale wind pattern (12–17 m/s) from (b). (d–f) Deep convective cloud (220 K) observed by Meteosat at 09:21, 09:36, and 09:51 UTC, corresponding to the surface convective wind pattern in (c). 
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Figure 4. A mesoscale surface wind pattern observed by Sentinel-1A IW (descending mode) and SMAP offshore Gabon (Africa), 27 March 2017. (a) Surface wind speed retrieved from Sentinel-1 image, 05:07:12–05:08:02 UTC. (b) Surface wind speed estimated by SMAP, 05:41:00 UTC. (c–f) Corresponding deep convective clouds (200–220 K) observed by Meteosat at 05:06, 05:21, 05:36, and 05:51 UTC, respectively. 
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Figure 5. A multi-view of a mesoscale CS over the region spreading from the Gulf of Guinea to offshore Gabon, 22 May 2020. (a) Mesoscale surface wind pattern (10–25 m/s) on the three Sentinel-1A IW (descending mode) assembled images, 05:06:05–05:07:20 UTC. (b) Vertical cross-section wind magnitudes measured by Aeolus Lidar (05:14:00–05:15:15 UTC) corresponding to the Sentinel-1 image (missing Aeolus data due to dense water clouds). (c–e) Corresponding deep convective clouds (200–220 K) observed by Meteosat at 04:51, 05:06, and 05:21 UTC, respectively. 






Figure 5. A multi-view of a mesoscale CS over the region spreading from the Gulf of Guinea to offshore Gabon, 22 May 2020. (a) Mesoscale surface wind pattern (10–25 m/s) on the three Sentinel-1A IW (descending mode) assembled images, 05:06:05–05:07:20 UTC. (b) Vertical cross-section wind magnitudes measured by Aeolus Lidar (05:14:00–05:15:15 UTC) corresponding to the Sentinel-1 image (missing Aeolus data due to dense water clouds). (c–e) Corresponding deep convective clouds (200–220 K) observed by Meteosat at 04:51, 05:06, and 05:21 UTC, respectively.



[image: Remotesensing 16 01400 g005]







[image: Remotesensing 16 01400 g006] 





Figure 6. Mesoscale surface wind pattern in the shape of a squall line observed on the merged Sentinel-1 images, 14 April 2019, 23:36:14–23:37:29 UTC, coupled with the weather stations installed on the west coast of Florida (USA). 
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Figure 7. In situ wind speed measured by the weather stations along the west coast of Florida (#ARPF1, #CWBF1, #OPTF1, #CLBF1, and #MTBF1), 14 April 2019. (a) #ARPF1, 23:00–00:30 UTC. (b) #CWBF1, 23:00–01:00 UTC. (c) #OPTF1, 23:00–01:30 UTC. (d) #CLBF1, 23:18–01:36 UTC. (e) #MTBF1, 23:30–01:30 UTC. 
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Figure 8. Deep convective clouds (210–220 K) observed on GOES-16 images, 14–15 April 2019, corresponding to Sentinel-1 and weather stations (Figure 6). (a) GOES-16, 23:40 UTC. (b) GOES-16, 00:00 UTC. (c) GOES-16, 00:10 UTC. (d) GOES-16, 00:35 UTC. (e) GOES-16, 00:45 UTC. (f) GOES-16, 00:55 UTC. 
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