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Different Observations of Sea Surface Wind Pattern
Under Deep Convection by Sentinel-1 SARs,

Scatterometers, and Radiometers in Collocation
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Abstract—Strong ocean surface mean and gust winds associated
with deep convection can cause significant damages. It is hard to es-
timate surface convective wind gusts since they may occur suddenly
and become intense quickly. This problem is even more challeng-
ing for tropical and subtropical regions over which convection is
particularly intense while one has little in situ and remote sensing
data. This article presents the collocation of several low-earth orbit
(LEO) acquired data sources to observe and estimate ocean surface
convective winds. The LEO devices include Sentinel-1 synthetic
aperture radar (SAR), ASCAT-A/B/C scatterometers, Windsat,
and SMAP radiometers. This combination enables the short- and
long-term observations of ocean wind pattern variabilities, for
instance, a mesoscale squall line and a submesoscale wind cell.
Sentinel-1 data can offer convective wind gust estimates at a high
spatial resolution, whereas the other sources (SMAP, Windsat, and
ASCAT-A/B/C) only estimate wind gusts at a scale larger than
0.25° grid. Also, thanks to the LEO data collocation, one can
observe the displacement direction of surface wind patterns and
their intensity variabilities (15–25 m/s). Surface wind patterns move
according to the horizontal displacement of deep convective clouds
aloft observed by the Meteosat geostationary satellite. Likewise, the
wind intensity variability and deep cloud brightness temperature
evolve accordingly. Using simultaneous rainfall and wind speed
measurements from Windsat, this study showed that the high-
intensity radar backscattering from C-band Sentinel-1 SAR data
is mainly induced by convective winds rather than precipitation.

Index Terms—ASCAT, convective system (CS), convective wind
gust, deep convection, deep convective cloud, downdraft, Meteosat,
Sentinel-1, SMAP, Windsat.

I. INTRODUCTION

CONVECTIVE systems (CSs) characterized by cumu-
lonimbus clouds are extreme weather events that fre-

quently occur in the tropical and subtropical zones. Some CS
types (e.g., supercell thunderstorms or mesoscale CSs) may be
classified as a natural hazard since they can cause significant
damages [1]–[4]: strong surface winds (or wind gusts), heavy
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rainfall, and intense lightning. In particular, they may occur
suddenly and become more intense very quickly, and that feature
makes the CS observation and prediction more complicated,
notably at a high spatial resolution. However, this work has
been improved in recent years thanks to a complete network of
GEOstationary (GEO) satellites (Meteosat, GOES, Himawari,
Gaofen) covering all the earth. Meanwhile, the observation and
estimation of strong surface wind speed and intense precipitation
associated with CSs are still significant challenges due to the
lack of remote sensing and in situ data at high spatial and
temporal resolutions. Heavy rain may be particularly dangerous
for land-use applications since it may cause flash floods, whereas
strong wind gusts may significantly damage many onshore,
offshore, and coastal activities. Following the previous studies
[5]–[9], this article presents a new methodology to estimate
surface convective wind gusts over the sea by various satellite
data collocation.

The formation of surface wind gusts associated with deep
convection can be summarized as follows. The warm air moves
upwards and is cooled at a higher altitude. The cooled air
then induces air parcels moving downwards, also called down-
drafts. In some cases, the convective condition within the mid-
atmospheric boundary layer makes downdrafts intense enough
to produce wind downburst toward the sea surface. When hit-
ting the sea surface, the intense downdrafts are horizontally
deflected and produce local surface winds impacting local and
regional horizontal wind variability, as well as triggering strong
wind gusts, as discussed in [10]. The more intense downdrafts,
the stronger the surface wind intensity may be observed. The
damages caused by this event for human life and industrial
activities have been reported for a long time in many tropical
regions [1]–[4], [11]–[13]. For instance, strong surface winds
associated with deep convection are a significant hazard for
fishing activities over Lake Victoria, one of the African Great
Lakes [1], [2], [11]. Likewise, convective wind gusts cause
significant damages for offshore oil/gas exploitation over the
Gulf of Guinea and the Gulf of Mexico [12].

Among the tropical zones, the Gulf of Guinea is one of the
regions in which the lack of observation and measurement data
of convective wind gusts, especially at a small scale, is the most
significant. In order to overcome such issues, this article focuses
on the combination and collocation of data acquired by various
devices such as synthetic aperture radar (SAR), scatterometers,
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and radiometers. Such a collocation with short and long ob-
servation time lags between the devices enables observations
of not only the temporal and spatial evolution of surface wind
gusts but also to evaluate the accuracy of wind speed estimates.
The advantages and limitations of these devices are discussed
as follows.

First, La et al. [5]–[9] suggested that C-band Sentinel-1 SAR
could be used to observe and estimate strong surface wind speed
(10–25 m/s) associated with deep convection at mesoscales and
submesoscales. In particular, these studies indicated a strong
relationship between deep convective clouds with low brightness
temperatures (BTs) (200–230 K) and surface wind patterns ob-
served on Sentinel-1 images. Both features have almost the same
location and close shapes. This assumption was completed in
[8] and [9] by the collocation of data acquired by three satellites
(Meteosat, Aeolus, and Sentinel-1) to obtain a 3-D view of deep
convection, including the observations of deep convective clouds
by Meteosat, intense downdrafts at the atmospheric mid-levels
by Aeolus Lidar, and strong surface wind patterns over the
sea by Sentinel-1. The results in [5]–[9] permit to strengthen
the assumption that the high-intensity radar backscattering on
Sentinel-1 SAR is associated with surface convective wind gusts
rather than induced from precipitation, also as indicated in [14]
and [15].

Second, as well as Sentinel-1 SAR, the wind data acquired
by scatterometers can be used to observe and estimate strong
surface wind speed associated with deep convection. The studies
[16], [17] indicated the relationship between surface wind pat-
terns observed by the ASCAT C-band scatterometers and deep
convective clouds. However, due to the coarse spatial resolution
of ASCAT, one could not estimate wind hot spots (higher than
15 m/s wind intensity) associated with the coldest cloud patterns
[16]. Despite this inconvenience, the ASCAT-A/B/C data are
used in this article to observe mesoscale surface wind patterns
thanks to their large swath. In addition, the work in [18]–[20]
indicated that the ASCAT data were almost not impacted by
precipitation like C-band Sentinel-1 SAR.

Third, like the scatterometers, the radiometers can estimate
surface wind speed. This article uses data acquired by the Wind-
sat Polarimetric [21], [22] and SMAP radiometers [23], [24]
to estimate the strong surface wind speed associated with deep
convection. Additionally, Windsat can measure quite accurately
rainfall associated with surface wind patterns. This ability will
permit observing the relationship between strong surface wind
speed and precipitation under deep convection. Furthermore,
through the comparison between surface wind patterns (ob-
served by Sentinel-1 C-band SAR and Windsat) and rainfall
(measured by Windsat), one may answer a debate question about
the interpretation of the high-intensity radar backscattering areas
observed on the C-band SAR images whether it is associated
with convective wind gusts or precipitation as assumed by [25]
and [26]. In addition to the Windsat radiometer, this article
uses data acquired by the SMAP L-band radiometer [23], [24]
to observe convective wind gusts. Like Windsat, surface wind
speed is retrieved from the SMAP BT measurements. However,
the L-band radar signal is not impacted by precipitation, even
under heavy rainfall [14], [23]. Therefore, the surface wind

speed estimated by SMAP can be used as a reference to evaluate
the impact of rain on surface wind speed retrieval at the other
frequencies (above C-band). As suggested in [24], the SMAP
wind data should be used for moderate wind speed above 12
m/s.

The potential of data acquired from Sentinel-1 SAR, ASCAT
scatterometers, and Windsat and SMAP radiometers to estimate
and observe the evolution of surface convective wind gusts is
actual under the collocation conditions of these datasets. Over
the Gulf of Guinea, one can note that Sentinel-1, Windsat, and
SMAP have close orbit time for ascending (around 17:00–18:00
UTC) and descending (around 05:00–06:00 UTC) directions.
In particular, the period 17:00–18:00 UTC corresponds to the
convection peak for this region. Therefore, for some days, one
can collocate the Sentinel-1, Windsat, and SMAP data to observe
the evolution of surface wind patterns. The observation time lag
between three devices in these cases does not exceed 30 min
(short term), and this time is relevant to observe the evolution
of wind hot spots. The passing time of the ASCAT-A/B/C
scatterometers over the Gulf of Guinea is different from that
of Sentinel-1, Windsat, and SMAP (up to 2–3 h time lag).
However, the collocation of the ASCAT data and the others
permits observing the evolution of surface wind patterns for
a long time (long term). One should note that some intense
mesoscale CSs may exist for several hours [27]. So, through
the combination of Sentinel-1, ASCAT-A/B/C, Windsat, and
SMAP, this article presents the observations of surface wind
pattern evolution for short and long terms, which has not been
illustrated yet in the literature.

In addition to the low-earth orbit (LEO) satellites discussed
above (Sentinel-1, ASCAT, Windsat, and SMAP), this article
uses the Meteosat GEO images (SEVIRI data–0 degree, channel-
10-IR 12.0) corresponding to the LEO data to detect deep
convective clouds. The Meteosat sampling time of 15 min eases
the investigation of the relationship between deep convective
clouds and surface wind patterns. The time lag between Meteosat
and LEO data is less than 10 min in this article. Likewise, the
Meteosat images are resampled on the grid of Sentinel-1 ones
to facilitate comparisons.

The rest of this article is organized as follows. Section II
presents the methodology of this study, including data prepa-
ration, the collocation of LEO data, and the methods of surface
wind speed retrieval from LEO data. Section III illustrates
the observations of surface wind pattern evolution through the
collocation of LEO data for two cases: 1) mesoscale squall
and 2) convection cell wind patterns. Section IV discusses the
relationship between surface wind patterns and precipitation
measured by Windsat. Finally, Section V presents the discussion
and conclusion.

II. METHODOLOGY

A. Data Preparation and Collocation

Fig. 1 presents the Gulf of Guinea imaged by Sentinel-1,
ASCAT-A/B/C, Windsat, and SMAP for descending orbit direc-
tion, February 4, 2019 [Fig. 1(a)], and ascending orbit direction,
December 19, 2019 [Fig. 1(b)]. In the two cases, the footprints
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Fig. 1. Gulf of Guinea imaged by Sentinel-1, ASCAT, Windsat, and SMAP
LEO satellites for (a) descending orbit direction, February 4, 2019 and (b)
ascending orbit direction, December 19, 2019. The Sentinel-1, ASCAT-A,
ASCAT-B/C (descending/ascending), Windsat, and SMAP footprints are high-
lighted in red, yellow, blue, white, and black, respectively.

of the five devices are superposed. Sentinel-1 has the narrowest
swath but the highest spatial resolution. The others have a coarse
spatial resolution but a large swath. In general, a footprint match-
ing between three or four LEO satellite instruments remains
complicated. Based on several footprint matching cases between
the five devices indicated, this article presents two cases of
descending and ascending orbit directions, as shown in Fig. 1.
In both cases, the ASCAT-A/B/C, Windsat, and SMAP data are
resampled on the Sentinel-1 grid to facilitate the observation of
surface wind patterns. Likewise, the Meteosat data are collocated
with the Sentinel-1 data to observe the corresponding locations
between deep convective clouds and surface wind patterns.

Table I presents the Sentinel-1, ASCAT-A/B/C, Windsat, and
SMAP acquisition time for the descending and ascending cases.
In both cases, the observation time lag between Sentinel-1,
Windsat, and SMAP is relatively short (below 30 min), whereas
the one between ASCAT-A/B/C and the others is about 2–3 h.
These differences permit observing the changes of surface wind
patterns more clearly, for a short term (below 30 min) and a long
one (about 2–3 h). One should note that a CS can exist for several
hours, as indicated in [27]. Thanks to the short Meteosat time
sampling of 15 min, one can find the corresponding Meteosat

TABLE I
COMBINATION OF LEO AND GEO SATELLITES FOR CS OBSERVATIONS AND

SURFACE CONVECTIVE WIND GUST ESTIMATION

images to the data acquired by the five LEO devices. The
small-time lag between Meteosat and LEO devices facilitates the
observation of the relationship between deep convective clouds
and surface wind patterns.

B. Surface Wind Pattern Estimation

Sea surface wind patterns associated with deep convection can
be observed and estimated from Sentinel-1 data, as indicated
in [5]–[9]. This result is based on the observed link between
intense convective downdrafts and the associated strong surface
wind speed (or wind gust) when the former hits the sea surface.
This strong wind does increase sea surface roughness signifi-
cantly that can be imaged by the SARs as high-intensity radar
backscattering or normalized radar cross section (NRCS). Based
on the geophysical model functions, one can retrieve surface
wind speed from the observed NRCS. For Sentinel-1 C-band
SAR data, one uses CMOD5.N [28] to retrieve surface wind
speed from the processed NRCS. The CMOD5.N can estimate
wind speed up to 25 m/s [29], [30] close to the convective wind
intensity reported in [2], [11], [31], and [32]. Thanks to the high
spatial resolution and a large swath of Sentinel-1 images, one can
observe surface wind patterns at mesoscales and submesoscales.

As well as Sentinel-1, the ASCAT C-band scatterometers can
image the modulations of sea surface roughness due to surface
winds through radar backscattering or NRCS. Therefore, one can
retrieve surface wind speed from the NRCS observed by ASCAT
using CMOD5.N. This article uses the ASCAT-estimated wind
speeds [33] with a 12.5-km grid to estimate surface convective
wind gusts. The convective wind hot-spots at a small scale may
not be observed by ASCAT, due to their coarse spatial resolution;
however, the ASCAT wide swath permits observing mesoscale
surface wind patterns and their space changes.

Sea surface wind speed can also be retrieved from the BT
measurements using the Windsat and SMAP radiometers [21]–
[24]. For that, the differences between the measured BT and
that of an idealized flat ocean surface are used as input of a
radiative transfer model (RTM). By inverting the RTM, one can
obtain surface wind speed estimates. The RTM processes are
close to the CMOD5.N function, although the input parameters
are different (ocean surface BT versus radar backscattering). The
Windsat radiometer operates in five discrete channels (6.8, 10.7,
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18.7, 23.8, and 37.0 GHz), and surface wind speed is retrieved
from the BT measurements through the five channels. Except for
the C-band channel (6.8 GHz), the data from the others (X-band
and K-band) are significantly impacted by rain [14], [15], [21].
Therefore, Meissner and Onentz [21] suggested an algorithm to
retrieve surface wind speed from the BT measurements under
the rain. The accuracy of the wind speed estimates from the
rain-free algorithm (also called all-weather 10 m wind speed)
is acceptable to observe convective wind gusts. The Windsat
rain-free wind data with a 0.25° grid [22] are used in this arti-
cle. Unlikely Windsat, the BT measurements using the L-band
SMAP radiometers are not sensitive to precipitation, even heavy
rainfall [14], [23]. Therefore, the SMAP-retrieved surface wind
speed is often used as a reference source to remove the impact
of precipitation on the other data measured at high frequencies.
The SMAP wind data used in this article [24] are resampled on
a 0.25° grid.

III. SURFACE CONVECTIVE WIND GUST ESTIMATION

This section presents two cases of the Sentinel-1, ASCAT-
A/B/C, Windsat, and SMAP data collocation to observe surface
wind patterns associated with deep convection. These cases can
be considered as the representative ones of the LEO satellite data
collocation to estimate convective wind gusts at mesoscales and
submesoscales.

A. Mesoscale Squall Wind Pattern (Descending Case,
February 4, 2019)

The first case (see Fig. 2) presents a mesoscale squall wind
pattern based on the collocation of Sentinel-1, SMAP, Windsat,
and ASCAT-A/B data offshore Angola, February 4, 2019. The
observation time of the five devices for this region is presented
in Table I. Fig. 2(a) shows a surface wind pattern observed by
Sentinel-1 at 05:00:18–05:01:08 UTC. It spreads meridionally
and zonally over nearly 2° (7.3°S-5.3°S, 8.5°E-10.5°E). The
wind speed associated with this pattern is estimated from 12–25
m/s, as shown in [5]–[9]. The surface wind pattern in Fig. 2(a)
has the shape of a squall line with a clear gust front.

Fig. 2(b) presents a surface wind pattern (12–18 m/s) observed
by SMAP at 05:04 UTC. It spreads over the same zone as the
Sentinel-1 wind pattern. Indeed, when the Sentinel-1 squall front
is superimposed on Fig. 2(b), one may note that it corresponds to
the wind front location observed by SMAP. This matching has
been expected since the time lag between Sentinel-1 and SMAP
is about 3 min. Likewise, some wind hot spots of Sentinel-1 and
SMAP are closely located, although the SMAP wind intensity
is lower than the Sentinel-1 one (18 m/s versus 25 m/s) due to
the coarse SMAP data spatial resolution.

Fig. 2(c) illustrates a surface wind pattern (12–22 m/s) ob-
served by Windsat (using the rain-free algorithm) at 05:24 UTC.
It has the same extension as the Sentinel-1 and SMAP wind
patterns. However, the Windsat one is at a different location.
Indeed, by selecting a wind intensity threshold of 12 m/s, one
can determine the front of the Windsat pattern as marked in
Fig. 2(c). When the Sentinel-1 and SMAP wind front lines
are superimposed on Fig. 2(c), one can note that they have a

location shift of roughly 0.5° grid compared with the Windsat
front line. Moreover, considering that the Windsat wind pattern
occurs 20–23 min later than the Sentinel-1 and SMAP ones,
it strengthens the assumption that the surface wind patterns
observed on the Sentinel-1 and SMAP images at 05:01 and
05:04 UTC, respectively, move southwestwards. The velocity
of wind pattern displacement (about 40 m/s) may be estimated
by the distance (roughly 0.5° grid) and time (about 20–23 min)
differences between Sentinel-1, SMAP, and Windsat. However,
this method may not be sufficiently accurate, probably due
to the spatial resolution gap between Sentinel-1, SMAP, and
Windsat. The Doppler effect of satellite image acquisition may
also contribute an error to calculate wind pattern displacement
velocity. This calculation should be thus compared with the other
sources (e.g., coastal radar) to verify and improve. Compared to
SMAP, the intensity and shape of the wind pattern observed by
Windsat are close to the Sentinel-1 ones, especially if comparing
the strong wind intensity pixels.

Fig. 2(d) and (e) presents surface wind patterns observed by
ASCAT-A and ASCAT-B at 08:10:40 and 09:18:56 UTC, re-
spectively. The ASCAT wind intensity, especially the ASCAT-B
one, is weaker than that of the Sentinel-1, SMAP, and Windsat
in Fig. 2(a)–(c). Fig. 2(d) and (e) also compares the Sentinel-1,
SMAP, and Windsat wind fronts with the ASCAT ones (assumed
with a threshold of 8 m/s). As a result, one can note that the
surface wind pattern observed on the Sentinel-1 image at 05:01
UTC [see Fig. 2(a)] moves southwestwards.

Surface wind patterns observed by Sentinel-1 and deep con-
vective clouds detected by Meteosat have a strong relationship,
as indicated in [5]–[9]. They are nearly at the same location,
especially for the wind hot spots and the coldest cloud patterns.
Likewise, the intensity of surface wind patterns corresponds to
that of deep convective clouds. Fig. 3 presents the observation of
deep convective clouds on Meteosat images (04:51:00–09:21:00
UTC) according to the Sentinel-1, SMAP, Windsat, and ASCAT-
A/B data.

Fig. 3(a)–(c) shows deep convective clouds (200–230 K)
observed by Meteosat corresponding to the surface wind patterns
observed by Sentinel-1, SMAP, and Windsat. When the Sentinel-
1, SMAP, Windsat wind fronts, and the Meteosat images are
overlayed, one may note that surface wind patterns are located
under the coldest cloud patterns (about 200 K) aloft. Likewise,
when comparing Fig. 3(a)–(c), one notes that the deep convec-
tive cloud at 04:51 UTC moves southwestwards [observed by
comparing Fig. 2(a)–(c)]. During 30 min (04:51–05:21 UTC),
only the location of the coldest cloud pattern changes, whereas
its shape remains the same. This corresponds to the observation
of surface wind pattern evolution at 05:01, 05:04, and 05:24
UTC. However, when comparing Fig. 3(a)–(g) (04:51–07:36
UTC), one notes that from 05:21 UTC, both location and shape
of the deep convective cloud have changed. Its displacement
direction is not as evident as that from 04:51–05:21 UTC, and
the extension and intensity of the coldest cloud pattern are
reduced. Fig. 3(h) and (i) presents deep convective clouds (08:06
and 09:21 UTC) corresponding to the surface wind patterns
observed by ASCAT-A/B (08:10:40 and 09:18:56 UTC). When
the ASCAT-A/B wind fronts are placed on Fig. 3(h) and (i),
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Fig. 2. Surface convective wind pattern in the shape of a mesoscale squall observed offshore Angola, February 4, 2019, by (a) Sentinel-1 C-band SAR at
05:00:18-05:01:08 UTC, (b) SMAP L-band Radiometer at 05:04 UTC, (c) Windsat C-, X-, and K-band Radiometer at 05:24 UTC, (d) ASCAT-A C-band Scatterometer
at 08:10:40 UTC, and (e) ASCAT-B C-band Scatterometer at 09:18:56 UTC. The lines in red, black, white, yellow, and blue represent surface wind fronts assumed
from Sentinel-1, SMAP, Windsat, ASCAT-A, and ASCAT-B data, respectively.
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Fig. 3. (a)–(i) Deep convective clouds observed by Meteosat from 04:51 UTC to 09:21 UTC, February 4, 2019, corresponding to the surface convective
wind patterns observed by Sentinel-1, SMAP, Windsat, ASCAT-A, and ASCAT-B. Fig. 3(a)–(c) (04:51, 05:06, and 05:21 UTC) corresponds to Fig. 2(a)–(c)
(05:00:18-05:01:08, 05:04, and 05:24 UTC), respectively. Fig. 3(h) and (i) (08:06 and 09:21 UTC) corresponds to Fig. 2(d) and (e) (08:10:40 and 09:18:56),
respectively. The white lines in Fig. 3(a)–(c) and 3(h) and (i) represent surface wind fronts assumed from Sentinel-1, SMAP, Windsat, ASCAT-A, and ASCAT-B
data, respectively.

one notes that the surface wind patterns and the coldest cloud
ones match in location. Likewise, the decrease in intensity of
the coldest cloud patterns [Fig. 3(h) and (i)] corresponds to
that of the ASCAT wind patterns [Fig. 2(d) and (e)], especially
for the comparison between Fig. 2(e) and Fig. 3(i). This result
illustrates (once again) the significant link between the intensity
of deep convective clouds (through intense downdrafts) and that
of surface wind patterns.

B. Submesoscale Convection Cell Wind Pattern (Ascending
Case, December 19, 2019)

The second case (see Fig. 4) presents a submesoscale
convection cell wind pattern based on the collocation of
SMAP, Sentinel-1, Windsat, and ASCAT-A/C data offshore

Ghana-Togo, December 19, 2019. The observation time of the
five devices for this region is presented in Table I. Fig. 4(a)
shows a surface wind pattern in the shape of a quasi-circle
spreading over a roughly 0.5° grid observed by Sentinel-1 at
18:09:05–18:09:59 UTC. Fig. 4(b) illustrates a wind pattern
observed by SMAP at 17:47 UTC, 22 min earlier than the
Sentinel-1 wind pattern observation. Imposing a threshold of
10–12 m/s wind intensity, Fig. 4(b) exhibits that the SMAP and
Sentinel-1 wind patterns match in horizontal extension (about
0.5° grid) at the same location. It leads to an assumption that
the surface wind pattern observed on Sentinel-1 images [see
Fig. 4(a)] has moved very slowly for 23 min. Fig. 4(c) presents a
surface wind pattern observed by Windsat at 18:12 UTC, 3 and
26 min later compared to the observation of the Sentinel-1 and
SMAP wind patterns, respectively. The Windsat wind pattern
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Fig. 4. Surface convective wind pattern in the shape of a convection cell observed offshore Ghana-Togo, December 19, 2019, by (a) Sentinel-1 C-band SAR at
18:09:05-18:09:59 UTC, (b) SMAP L-band radiometer at 17:47 UTC, (c) Windsat C-, X-, and K-band radiometer at 18:12 UTC, (d) ASCAT-A C-band scatterometer
at 21:05:04 UTC, and (e) ASCAT-C C-band scatterometer at 21:43:28 UTC. The circle/rectangles in red, black, white, yellow, and blue represent surface wind
cells assumed from Sentinel-1, SMAP, Windsat, ASCAT-A, and ASCAT-C data, respectively.

intensity (12–22 m/s) is close to the Sentinel-1 one and higher
than the SMAP one. In particular, the Windsat wind hot spot
of 22 m/s (3°N–3.25°N, 1.75°E–2°E) is located at the same
coordinate as the Sentinel-1 one. Selecting a threshold of 12 m/s
and overlaying the Sentinel-1 and SMAP wind cells on Fig. 4(c),
one can note that the Windsat wind pattern has a close location
to the others. The low location shift is due to the SMAP and
Windsat coarse spatial resolutions (0.25° grid).

Fig. 4(d) and (e) shows surface wind patterns observed by
ASCAT-A and ASCAT-C at 21:05:04 and 21:43:28 UTC, thus
about 3 h and 3.5 h later than the Sentinel-1 wind pattern ob-
servation, respectively. The ASCAT-A/C wind pattern intensity
(about 8–9 m/s) is lower than the Sentinel-1 and Windsat ones.
Likewise, their horizontal extension is narrower. Overlaying the
Sentinel-1, SMAP, Windsat wind cells on Fig. 4(d) and (e),
one notes that the surface wind pattern moves southwestwards.
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Fig. 5. (a)–(i) Deep convective clouds in the shape of a convection cell observed by Meteosat from 17:51:00 UTC to 21:36:00 UTC, December 19, 2019,
corresponding to the surface convective wind patterns observed by SMAP, Sentinel-1, Windsat, ASCAT-A, and ASCAT-C. Fig. 5(a)–(c) (17:51:00, 18:06:00,
and 18:21:00 UTC) corresponds to Fig. 4(a)–(c) (17:47:00, 18:09:05-18:09:59, and 18:12:00 UTC), respectively. Fig. 5(h) and (i) (21:06:00 and 21:36:00 UTC)
corresponds to Fig. 4(d) and (e) (21:05:04 and 21:43:28 UTC), respectively. The white circle/rectangles in Fig. 5(a)–(c) and 5(h) and (i) represent surface wind
cells assumed from SMAP, Sentinel-1, Windsat, ASCAT-A, and ASCAT-C data, respectively.

When comparing the location of this wind cell in Fig. 4(a)–(e),
one can see that it has been moving slowly for more than
3 h.

Fig. 5 illustrates the observation of deep convective clouds
by Meteosat (17:51:00–21:36:00 UTC) corresponding to the
surface wind patterns in Fig. 4(a)–(e). Fig. 5(a)–(c) (17:51:00,
18:06:00, and 18:21:00 UTC) corresponds in location and obser-
vation time to the SMAP (17:47:00 UTC), Sentinel-1 (18:09:05-
18:09:59 UTC), and Windsat images (18:12:00 UTC), respec-
tively. The SMAP, Sentinel-1, and Windsat wind cells corre-
spond to the location of the coldest cloud patterns (about 220 K)
observed by Meteosat. From 17:51:00 to 18:21:00 UTC, the deep
convective cloud moves slowly southwestwards. This observa-
tion corresponds to the slow displacement of the surface wind
pattern observed from 17:47:00 to 18:12:00 UTC [see Fig. 4(a)–
(c)]. From 18:21:00 to 21:36:00 UTC, the deep convective cloud
is moving southwestwards. The cloud displacement corresponds

to the surface wind patterns observed by ASCAT-A/C from
18:12:00 to 21:43:28 UTC. Likewise, the ASCAT-A/C wind
cells [Fig. 4(d) and (e)] with high wind intensity (about 8–9
m/s) correspond to the coldest cloud pattern locations [Fig. 5(h)
and (i)].

IV. RELATIONSHIP BETWEEN SURFACE WIND PATTERN AND

PRECIPITATION

In addition to the BT measurements and then surface wind
speed retrieval, the Windsat Radiometer can measure the cor-
responding rainfall. This brings relevant information to study
the relationship between surface wind patterns and precipitation
under deep convection. Through this work, one may more clearly
understand that the high-intensity radar backscattering areas
observed on the C-band SAR images are associated with surface
wind gusts or precipitation.
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Fig. 6. Convective rainfall measured by the Windsat Radiometer corre-
sponding to the surface wind patterns observed by Sentinel-1 and Windsat.
(a) February 4, 2019, 05:24:00 UTC. (b) December 19, 2019, 18:12:00 UTC.
The rectangles/circular in red, white, and black represent surface wind fronts
assumed from Sentinel-1 and Windsat data and rain front from Windsat data,
respectively.

Fig. 6 presents the rainfall measured by Windsat correspond-
ing to the Sentinel-1 and Windsat wind patterns. The Sentinel-1
and Windsat wind fronts are superimposed on Fig. 6. Fig. 6(a)
shows that the Windsat precipitation illustrates a squall line like
the Sentinel-1 and Windsat surface wind patterns in Fig. 2(a) and
(c), respectively. Some heavy rainfall (9–13 mm/h) corresponds
in location to the high-intensity winds; however, there is a
significant location shift (roughly 0.5° grid) between the Windsat
wind and rain fronts. Note that both events are observed at the
same time (05:24:00 UTC). Therefore, it indicates that surface
convective wind gust occurs before the convective precipitation.
Likewise, when the Sentinel-1 wind front at 05:00:18-05:01:08
UTC is overlayed on Fig. 6(a), one notes that it is located at the
same place as the Windsat rain front observed at 05:24:00 UTC.
This result indicates that the high-intensity radar backscattering
on the Sentinel-1 image is not associated with precipitation since

the latter occurs 23 min later than the Sentinel-1 observation time
(05:00:18-05:01:08 UTC). In other words, the high-intensity
NRCS observed on the Sentinel-1 image must be related to
convective wind gusts rather than precipitation.

Fig. 6(b) shows the Windsat rain cell corresponding to the
Sentinel-1 and Windsat wind cells in Fig. 4(a) and (c). The
rainfall intensity (about 3–4 mm/h) is much lower than the one
shown in Fig. 6(a). Due to the Windsat coarse spatial resolution,
it is hard to observe the location shift between the Windsat wind
and rain cells. However, one can note that the Windsat wind
cell tends to move southwestwards compared to the Windsat
rain cell. The Sentinel-1 wind cell (18:09:05-18:09:59 UTC)
overlayed on Fig. 6(b) illustrates that it is at the same location as
the Windsat rain cell (18:12 UTC), whereas the latter is observed
3 min later. As well as Fig. 6(a), this result indicates that the
high-intensity radar backscattering observed on the Sentinel-1
image is associated with surface convective wind pattern.

V. CONCLUSION

This article presented two cases showing the observation of
surface wind patterns generated by deep convection using the
collocation of several LEO satellite data, including Sentinel-1 C-
band SAR, ASCAT-A/B/C scatterometers, Windsat C-, X-, and
K-band radiometer, and SMAP L-band radiometer. The first case
(February 4, 2019) showed a mesoscale surface convective wind
pattern (a squall line), whereas the second case (December 19,
2019) illustrated a submesoscale convection cell wind pattern.
For the two cases, this study indicated that the collocation of
data from the five LEO satellites is a relevant methodology to 1)
observe surface winds under CSs at various scales (mesoscales
and submesoscales) and 2) exhibit the space and time evolution
of surface convective wind patterns at various scales.

Likewise, this study showed that the Sentinel-1 SAR images
with a high spatial resolution and wide swath can be used for
observing not only convective wind patterns at various scales
but also wind hot spots at a small scale. The scatterometers
(ASCAT-A/B/C) and radiometers (Windsat and SMAP) data
with a coarser spatial resolution but a larger swath can observe
mesoscale and submesoscale convective wind patterns larger
than 0.25° grid. Among the scatterometers and radiometers,
the Windsat rain-free data can estimate more accurately surface
wind speed, compared to the one retrieved from Sentinel-1 data
[Fig. 2(a) versus (c), Fig. 4(a) versus (c)], especially for wind
hot spots.

The observation time lag between Sentinel-1, SMAP, and
Windsat over the Gulf of Guinea is short compared to the one
between ASCAT-A/B/C. Therefore, the Sentinel-1, SMAP, and
Windsat data collocation, as shown in Figs. 2 and 4, leads
to observing the short-term changes of surface wind patterns,
whereas that of the Sentinel-1, SMAP, Windsat, and ASCAT data
brings a longer term observation of the wind pattern evolution.
The Meteosat images collocated with the LEO data in Figs. 3 and
5 indicated that the changes of surface wind patterns, including
displacement and the intensity variability of wind hot spots, are
associated with convection cloud variability. Indeed, the surface
wind pattern moves according to the deep convective clouds,
and the wind intensity corresponds to the BT one.
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The Windsat radiometer can measure BT to retrieve surface
wind speed and rainfall. This ability facilitates the study of the
relationship between surface wind patterns and precipitation
under CSs. In particular, it provided elements to investigate
whether the high-intensity radar backscattering observed on
the C-band SAR images (Sentinel-1, Radarsat-2, Envisat) is
associated with strong surface winds and/or rain. The results
in Fig. 6 strengthened the observations underlined in [5]–[9]
that the high-intensity NRCS on Sentinel-1 images is associated
with surface convective wind gusts, in agreement with the results
obtained in [14] and [15]. The C-band radar backscattering is
thus much less impacted by precipitation compared to surface
winds, and its effect should be negligible for the retrieval of
surface wind speed above 7 m/s. Likewise, the study based on
the C-band ASCAT data [18] assumed that the rain impact is
weak for surface wind speed retrieval.

As well as surface wind patterns, the assumption of a rela-
tionship between convective precipitation and deep convective
cloud is reasonable. The comparisons between Figs. 3(c) and
6(a) and between Figs. 5(c) and 6(b) showed that the two
features possibly match in intensity; however, they may have
a difference in location and observation time. Due to the coarse
spatial resolution of the Windsat rainfall data, it is hard to clarify
here whether the convective rainfall hot spots correspond to the
coldest cloud patterns as shown between the latter and strong
surface winds. A deeper study with more cases should be carried
out to understand the relationship between precipitation, strong
surface winds, and deep convective clouds. Such a study is
significant to estimate convective rainfall intensity, then forecast
flash floods.

The short- and long-term observations of sea surface wind
patterns under deep convection based on the collocation of vari-
ous satellites and the strong relationship between strong surface
winds and deep convective clouds bring a significant perspective
for the forecast of convective wind gusts. This work can be
performed by using artificial intelligence (AI) combined with
GEO images as input data. The remote sensing data (Sentinel-1
SAR, ASCAT-A/B/C, Windsat, and SMAP) are used as training
and validating data for the AI models.
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