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Convective System Observations by LEO and GEO
Satellites in Combination
Tran Vu La , Member, IEEE, and Christophe Messager

Abstract—The combination of low earth orbit (LEO) and GEO
stationary (GEO) satellites brings significant advantages to ob-
serve, monitor, and understand convective systems and the associ-
ated vertical and horizontal dynamics. Two LEO, C-band Sentinel-
1 synthetic aperture radar and L-band soil moisture active passive
(SMAP) radiometer, are used to observe surface wind patterns,
while the other LEO (Aeolus lidar instrument) offers the measure-
ments of intense convective downdrafts. Meteosat GEO is used to
detect deep convective clouds. Four case study examples of LEO and
GEO combination illustrate here the matching in location and ob-
servation time between deep convective clouds, intense downdrafts,
and strong surface wind gusts. In particular, the two-dimensional
deep convective cloud patterns and surface wind patterns have the
same direction displacement. The observations of surface wind
patterns by two different LEO (Sentinel-1 and SMAP) indicate
that the high-intensity radar backscattering on Sentinel-1 images
should be induced by convective wind gusts rather than hydrome-
teors or convective precipitation at the sea surface as suggested in
previous references. Finally, the convective wind gusts estimated
from Sentinel-1 and SMAP data correspond to those obtained
by the high-frequency radars, small-scale numerical models, and
in-situ measurements.

Index Terms—Aeolus, convective downdraft, convective wind
gust, deep convection, geostationary (GEO), low earth orbit (LEO),
Meteosat, Sentinel-1, soil moisture active passive (SMAP).

I. INTRODUCTION

ACONVECTIVE system (CS) characterized by a cumu-
lonimbus cloud (sometimes called storm) is an atmo-

spheric feature where the atmosphere exhibits vertical displace-
ments with some persistent upward and downward air fluxes,
mutually connected by air parcel energy exchanges over a
limited region around the cell. Indeed, the lower part of the atmo-
sphere is destabilized by an energy input (warm air generated by
solar radiation and/or surface heating), and then the density of the
lower air parcel is modified. When an upward displacement is
actually generated, that triggers the vertical convective insta-
bility. The upward movement (so-called updraft) is counter-
balanced by a downward air current (so-called downdraft) after
air parcel cooling at a higher altitude (see Fig. 1). These density
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differences result in rising and (or) falling currents, which are
the key characteristics of a convection cell. These atmospheric
dynamics may generate turbulence and strong wind even near
the surface. The scale of such feature may vary from hundreds
of meters (submesoscale) up to several kilometers and tens of
kilometers when organized on a larger scale than the individ-
ual cells but smaller than extratropical cyclones and generally
persists for several hours or more.

The CSs are the major issues for both extra-tropical and tropi-
cal regions since they are particularly intense and dangerous over
the tropics (the Gulf of Guinea, the Gulf of Mexico, Lake Victo-
ria, whole Southeast Asia, India, etc.), with the combination of
heavy rainfall, surface wind gust, and intense lightning [1]–[5].
The CS observation and monitoring were improved in recent
years [6]–[8], while the CS forecast is still a significant issue
for the numerical weather prediction (NWP) models. Indeed,
thanks to a quite complete network of geostationary (GEO)
satellites, including Meteosat, GOES, Himawari, and Gaofen,
one can observe and monitor CSs over Europe and Africa,
America, and the Asia Pacific, respectively. The CS and deep
convection may be associated with and detected by the coldest
parts of the high-altitude tropospheric clouds. The convection
is then called deep convection since it reaches high altitude
and thus, the associated air parcel is dramatically cooled which
leads to a resulting powerful descending air parcel. One can
now observe and monitor CSs almost anywhere with a short
time sampling frequency (up to only five minutes for the new
generation of GEO satellites [9], [10]). However, the direct and
remote observation of the CS effects on the earth’s surface is
still a significant challenge due to the lack of continuous and
high-resolution spatial data. This issue has been particularly
noted for observations of surface convective wind gusts over
the ocean like the Gulf of Guinea, where the installation of
the high-frequency radars and buoys for in-situ measurements
remains very complicated.

Priftis et al. [11] and Kilpatrick and Xie [12] proposed AS-
CAT scatterometers for observations of surface winds associ-
ated with deep convection; however, they have not highlighted
the process gathering the observations from multisatellites. In
addition, the ASCAT scatterometers could not observe the most
intense convective winds at a small scale due to their coarse
spatial resolution. However, La et al. [13]–[16] suggested that
synthetic aperture radar (SAR), especially C-band Sentinel-1
low earth orbit (LEO) satellites, could observe surface wind
patterns associated with deep convection at both mesoscale
and submesoscales. They also illustrated a strong relationship
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Fig. 1. 3-D view of a CS based on the combination of LEO and GEO satellites: the coldest deep convection at the tropopause altitude observed by Meteosat
(GEO), intense downdrafts at the mid-levels (respective updrafts to balance the CS internal dynamics) detected by Aeolus (LEO), and the associated wind patterns
at the sea surface observed by Sentinel-1 (LEO). Reproduced from [16].

between deep convective clouds observed by Meteosat and high-
resolution surface winds on Sentinel-1 images. This assumption
was completed in [16] by the combination of three different LEO
and GEO satellites (Sentinel-1, Aeolus, and Meteosat) for the
observation of deep convective clouds (200–230 K) aloft intense
wind downdrafts (40 m/s) at the mid-levels, and intense wind
patterns (12–25 m/s) at the sea surface. Such a combination thus
offered a multiview [nearly three-dimensional (3-D)] of a CS as
illustrated in Fig. 1(reproduced from [16]).

1) Deep convective clouds in their mature or developing
stages are observed by the Meteosat GEO devices, for
instance.

2) Intense upward/downward air fluxes generated by the deep
convective clouds are measured by the Aeolus Lidar.

3) Regarding the downward air flux only, the so-called down-
draft may become intense enough to reach and hit the sea
surface, and that process may induce high surface wind
gusts (exceeding 25–30 m/s) which can be estimated from
Sentinel-1 SAR measurements.

Fig. 2 presents two cases of mesoscale wind gusts associated
with deep convection observed on Sentinel-1 images offshore
Nigeria, April 9, 2021 [see Fig. 2(a)], and offshore Ghana, May
6, 2021 [see Fig. 2(b)]. These cases illustrate high-intensity
radar backscattering areas (in linear) associated with wind gusts
induced from the hitting of intense convective downdrafts at
the sea surface. The surface wind gusts in Fig. 2 tend to spread
westward.

There are other assumptions in the literature to interpret the
high-intensity radar backscattering areas from Sentinel-1 images
as rainfall effects on the sea surface [17] or hydrometeors in the
lower atmosphere [18]. However, as indicated in [19] and [20],
the rainfall effects on radar backscattering at C-band are only

significant for low wind speed (below 7 m/s). Therefore, un-
der deep convection, where the associated surface wind gusts
are much larger, the high-intensity radar backscattering areas
detected on Sentinel-1 images should be mainly due to strong
surface winds.

Inspired by some previous studies [13]–[16], the new and
complementary results are presented here. They are based on
the combination of LEO and GEO satellites to observe deep
convection and the associated surface wind patterns through four
combination scenarios as follows.

The first one combines Sentinel-1 (LEO) and Meteosat (GEO)
to estimate convective wind gusts (Sentinel-1) and to detect the
corresponding deep convective clouds (Meteosat) in the Gulf of
Guinea. Thanks to the high spatial resolution and a wide swath
of Sentinel-1 images, one can observe surface wind patterns
at different scales (mesoscale and submesoscale), especially
the wind hot-spots up to 25 m/s. The second one presents the
combination of three satellites (Sentinel-1 LEO, Aeolus LEO,
and Meteosat GEO) to obtain a multiview of deep convection,
as illustrated in Fig. 1. The third one combines the L-band
soil moisture active passive (SMAP) radiometer (LEO), Aeolus
(LEO), and Meteosat (GEO) for observations of deep convection
and convective surface wind patterns. The SMAP radiometer
estimates sea surface wind speed based on differences between
the SMAP-measured ocean surface brightness temperatures and
the ones of the flat ocean surface. The SMAP measured input
parameters differ from those of the method using SAR radar
backscattering to retrieve sea surface wind speed. Furthermore,
the L-band radar signal is much less impacted by precipitation,
even under heavy rainfall [19], [21]. Finally, we combine four
different satellites (Sentinel-1, SMAP, Aeolus, and Meteosat) to
observe deep convection, intense wind downdrafts, sea surface
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Fig. 2. Sentinel-1 images illustrate the high-intensity radar backscattering (in
linear) associated with severe convective wind gusts moving westwards. These
strong surface winds are induced when intense convective downdrafts hit the
sea surface. (a) April 9, 2021, 05:22:22-05:23:40 UTC, offshore Nigeria (three
images are gathered here from 05:22:22 to 05:23:40 UTC). (b) May 6, 2021,
offshore Ghana (two images are gathered here from 18:09:10 to 18:10:04 UTC).

wind patterns, and the horizontal displacement of the latter by a
combination of Sentinel-1 and SMAP.

The current study focuses on the region of the Gulf of Guinea
(see Fig. 3) since it is one of the world regions where the CSs are
the most numerous and intensive throughout the year, whatever
the west African monsoon phase (meridional displacement of
the CS activity area). In the meantime, it is a region with lots of
human activities, and the CS hazards can trigger many disasters
in terms of materials and human lives.

The rest of this article is organized as follows. Section II
presents the methodology of this article, including data prepa-
ration, the combination of LEO and GEO satellites with a
short time lag between them, and the methods of surface wind
speed estimation from Sentinel SAR and SMAP radiometer data.
Section III illustrates the multiview of CSs by the combination
of LEO and GEO satellites. Finally, Section IV presents the
discussion and conclusion.

Fig. 3. Gulf of Guinea imaged by Sentinel-1A/B (ascending and descending
orbit directions) from May 1 to 10, 2021. (Credit: EXWEXs).

II. METHODOLOGY

A. Data Preparation

Three LEO satellites (Sentinel-1, SMAP, and Aeolus) and one
GEO (Meteosat) database are used to observe deep convection
and surface wind patterns. Fig. 3 shows the Gulf of Guinea
imaged by Sentinel-1A/B with the ascending (around 05:00-
06:00 UTC) and descending (around 18:00-19:00 UTC) orbit
directions. The two moments of observations correspond to the
peaks of intense diurnal convection (late afternoon) over this re-
gion [22]. The large Sentinel-1 footprints enable the detection of
surface wind patterns at the mesoscale. Sentinel-1 data acquired
at level-1 are preprocessed to obtain radar backscattering, as
shown in Fig. 2. It will be used in a geophysical model function
(GMF) to retrieve surface wind speed.

SMAP mission was launched by NASA on January 29, 2015,
to measure soil moisture and provide freeze/thaw classification
for hydrology and carbon cycle studies. In addition, the SMAP
radiometer measures ocean surface salinity and strong sea sur-
face winds, specifically ocean winds within storms (e.g., CS)
[21], [23]. The retrieved SMAP wind speeds are resampled over
a 0.25° spatial grid following the method previously detailed
in [24] to observe surface wind patterns associated with deep
convection. SMAP passes over the Gulf of Guinea twice a
day at around 06:00 UTC (descending direction) and 18:00
UTC (ascending direction). These periods correspond to the
Sentinel-1 ones, and that facilitates the collocation of Sentinel-1
and SMAP data to observe the evolution of surface convective
wind patterns, as presented in [14].

The Aeolus satellite was launched by the European Space
Agency on August 22, 2018. It is the first mission to acquire
profiles of Earth’s wind on a global scale [25]. This article uses
Aeolus data to detect intense vertical wind downdrafts associated
with deep convection from the tropopause (about 17-km height)
to the near ocean surface layers. As shown in Fig. 5–7, the
wind updrafts and downdrafts are represented by the positive
(+) values in blue and negative (–) ones in red, respectively.
The more positive or negative the vertical wind values, the more
intense the updrafts and downdrafts become. The missing data
are due to dense water clouds. Aeolus passes over the Gulf of
Guinea twice a day at around 05:00-06:00 UTC and 17:30-18:30
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Fig. 4. Mesoscale surface wind pattern associated with deep convection offshore Nigeria, April 9, 2021. (a) Surface wind speed estimated from Sentinel-1 images,
05:22:22-05:23:40 UTC. (b)–(d) Corresponding deep (cold) convective clouds (180-200 K brightness temperature) observed by Meteosat at 05:06, 05:21, and
05:36 UTC, respectively.

UTC. These periods are close to the Sentinel-1 observation time.
The accuracy of Aeolus vertical wind measurements has been
studied in [26] and [27]. They are similar to the other wind
observations in some cases and need to be improved in others.
However, the Aeolus gives relevant qualitative information, and
the acquired data are reliable to identify the intense downdrafts
associated with deep convection as presented in this article.

The Meteosat series of satellites are GEO meteorological
satellites operated by the EUMETSAT. They offer image data
with a 2.8 km spatial resolution over Africa (Meteosat-9/10/11)
every 15 min. The Meteosat short resampling time enables
combinations with the LEO satellites (Sentinel-1, SMAP, Aeo-
lus) to identify the relationship between deep convective clouds
and surface wind patterns. In this article, we use the Meteosat
SEVIRI image data–0° (channel 10–IR 12.0) to detect deep con-
vective clouds with low brightness temperatures of 200–230 K.

The Meteosat data are resampled on the grids of Sentinel-1 to
ease comparisons between them.

B. Collocation of LEO and GEO Satellite Data

The combination of LEO and GEO satellites potentially al-
lows observing deep convection and its vertical and horizontal
dynamics. However, due to differences in orbit ephemeris, it
is not easy to identify and collect relevant convective events
both exhibited with LEO and GEO devices. For instance, from
April to July 2020, we identified 17 time and location matching
cases between Sentinel-1, Aeolus, and Meteosat over the Gulf
of Guinea.

Table I gives four of the studied matching cases that allow
observing surface wind patterns, intense air flux with downdrafts
in the middle layer of the atmosphere, and deep convective
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Fig. 5. Multiview of a submesoscale CS offshore Ivory Coast based on the combination of Sentinel-1, Aeolus, and Meteosat, May 2, 2020. (a) Surface wind pattern
on Sentinel-1 images, 18:33:35-18:34:29 UTC. (b) Vertical cross-section wind intensity measured by Aeolus Lidar (18:20:35-18:21:35 UTC) corresponding to
Sentinel-1 images (missing data are due to dense water clouds). (c)–(e) Corresponding deep (cold) convective clouds (200−220 K brightness temperature) observed
by Meteosat at 18:21, 18:36, and 18:51 UTC, respectively.

TABLE I
COMBINATION OF LEO AND GEO SATELLITES FOR CS OBSERVATIONS

clouds. The observation time differences in these cases do not
exceed 15 min. The first case (#1) combines Sentinel-1 and
Meteosat data with a 1-min time lag between them. The second
case (#2) shows the combination of Sentinel-1, Aeolus, and
Meteosat data, with (about) 13 min time difference between
Sentinel-1 and Aeolus samples. The third case (#3) combines
SMAP, Aeolus, and Meteosat data, with about 4 minutes time lag
between SMAP and Aeolus data. Finally, last case (#4) presents
the combination of Sentinel-1, SMAP, Aeolus, and Meteosat

data, with a maximum of (about) 16 min time difference between
Sentinel-1 and Aeolus samples.

C. Ocean Surface Wind Speed Estimation

Ocean surface wind patterns associated with deep convection
can be detected on Sentinel-1 images as illustrated in
[13]–[16]. This assumes that the convective downdrafts modify
significantly sea surface roughness when they hit the sea surface.
The surface roughness can be observed on the high-resolution
SAR images as high-intensity radar backscattering areas (see
Fig. 2). Therefore, convective wind gusts can be retrieved
from Sentinel-1 data through the CMOD5.N GMF [28]. The
CMOD5.N can estimate surface wind speed up to 25 m/s [29],
[30] close to the convective wind intensity reported in [31]–[34].

Also, sea surface wind speed can be retrieved from the
L-band SMAP-measured ocean surface brightness tempera-
tures. For that, Meissner et al. [21] took the differences between
the measured brightness temperatures and those of an idealized
flat ocean surface and then used these differences within the
radiative transfer model (RTM) that deduces, by inversion,
corresponding surface wind speeds. The RTM processes are
close to the CMOD5.N function, although the input parameters
are different (ocean surface brightness temperature versus
radar backscattering). Note that the SMAP-based wind data
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Fig. 6. Multiview of a huge mesoscale CS over the Gulf of Guinea based on the combination of SMAP, Aeolus, and Meteosat, April 28, 2021. (a) Surface wind
pattern on SMAP image, 17:42-17:46 UTC. (b) Vertical cross-section wind intensity measured by Aeolus Lidar (17:38:00-17:41:15 UTC) corresponding to SMAP
image. (c)–(f) Corresponding deep (cold) convective clouds (200−220 K brightness temperature) observed by Meteosat at 17:36, 17:51, 18:06, and 18:21 UTC,
respectively.

are recommended for winds greater than 12 m/s, so it is well
designed for strong wind estimation.

III. MULTISATELLITES-BASED CS OBSERVATION CASE STUDY

A. Case #1 Based on Sentinel-1 and Meteosat Images

Case #1, April 9, 2021 (see Fig. 4) is a mesoscale strong sur-
face wind pattern observation from Sentinel-1 images while the
corresponding deep convective cloud is observed by Meteosat.
Both features have close locations, especially when comparing
Fig. 4(a) and (c) with only a 1-minute time lag. The wind
pattern with 15-30 m/s [see Fig. 4(a)] is estimated from the

radar backscattering shown in Fig. 2(a). These wind intensities
are close to the convective wind gust magnitudes obtained by the
coastal radars [32], small-scale NWP models [33], and in situ
observations [34] under the similar weather conditions. Thanks
to the wide Sentinel-1 footprint in Fig. 4(a) (gathering of three
images), one can observe the wind pattern with 5° meridional
spreading (roughly 550 km) which matches the coldest (deepest)
convective cloud sections (180–200 K brightness temperature)
through the Meteosat image in Fig. 4(c). In addition, when
comparing Fig. 4(b)–(d), one notes that the deep convection
moves westwards with the same direction as it may be assumed
for surface wind pattern. The combination of LEO (Sentinel-1)
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Fig. 7. Multiview of a huge mesoscale CS offshore Ghana based on the combination of Sentinel-1, SMAP, Aeolus, and Meteosat, May 6, 2021. (a) Surface wind
pattern on Sentinel-1 images, 18:09:10-18:10:04 UTC. (b) Surface wind pattern on SMAP image, 17:45 UTC. (c) Vertical cross-section wind intensity measured by
Aeolus Lidar (17:53:30-17:54:45 UTC) corresponding to SMAP image. (d)–(g) Corresponding deep (cold) convective clouds (200−220 K brightness temperature)
observed by Meteosat at 17:36, 17:51, 18:06, and 18:21 UTC, respectively.

and GEO (Meteosat) satellites here facilitates the link identifica-
tion between deep convective clouds and strong surface winds.
However, it misses a vertical link at the mid-levels to connect
the two events.

B. Case #2 Based on Sentinel-1, Aeolus, and Meteosat Images

Case #2, May 2, 2020 (see Fig. 5) is a multiview of a
convection cell by a combination of Sentinel-1, Aeolus, and
Meteosat images. Fig. 5(a) shows a small wind pattern on
Sentinel-1 images having close locations to the deep convective
clouds (200-220 K brightness temperature) detected by Meteosat

[see Fig. 5(c)–(e)]. The coldest cloud areas correspond to the
strongest surface winds. In particular, when comparing Fig. 5(a),
(b), and (d), one notes a good agreement in the location of the
three processes: a pattern of high winds over the sea surface, an
intense downdraft (−40 m/s) at the mid-levels up to the surface,
and a deep convective cloud aloft. The vertical cross-section
wind profile measured by Aeolus [see Fig. 5(b)] illustrates a
connection between the two processes observed by Sentinel-1
and Meteosat. It represents a typical powerful downward air flux
associated with deep convection. The updrafts (+20–30 m/s) are
detected at the 14–15 km heights. These air parcels become
colder and denser, they then move downward and form the
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so-called downdrafts. When these intense downdrafts hit the sea
surface, they induce strong horizontal surface winds (or wind
gusts) exceeding 25 m/s, as shown in Figs. 4 and 5.

Case #2 illustrates a significant advantage of the LEO and
GEO satellite combinations for the CS observations. It exhibits
the dynamical link of the three processes observed by Sentinel-1,
Aeolus, and Meteosat. This case also illustrates the sensitivity of
the three devices for the multiview of deep convection at various
scales (cellular convection, submesoscale, and mesoscale CS).

C. Case #3 Based on SMAP, Aeolus, and Meteosat Images

Case #3, April 28, 2021 (see Fig. 6) presents a combination of
SMAP, Aeolus, and Meteosat images for a mesoscale CS obser-
vation. Fig. 6(a) illustrates surface wind speeds estimated from
the SMAP-measured ocean surface brightness temperatures.
They are resampled on the Meteosat grid at a 2.8 km horizontal
resolution. The sea surface wind pattern on the SMAP image
(15–20 m/s wind intensity) spreads meridionally and zonally
over about 3° and 4.5°, respectively, (1.5°S–1.5°N, 1.5°E–6°E).
The SMAP strongest surface wind pattern is closely located to
the deep convective clouds detected by Meteosat, especially at
17:36 [see Fig. 6(c)] and 17:51 UTC [see Fig. 6(d)]. In particular,
the coldest cloud parts (200 K, or less) match the wind hot-spots
(about 18–20 m/s). Such a result has also been noted when
comparing Sentinel-1 surface wind patterns and deep convective
clouds. However, compared to case #1 (see Fig. 4), it is hard to
isolate a clear squall front, thus it is not possible to assume a
surface wind feature displacement direction for the SMAP wind
pattern. Likewise, it is difficult to determine the displacement
direction of the deep convective cloud cells since they are located
at the same position for 45 min (17:36-18:21 UTC).

Fig. 6(b) presents the vertical cross-section winds observed
by Aeolus at the location close to the SMAP [see Fig. 6(a)]
and Meteosat [see Fig. 6(c)–(f)] images. They show the vertical
dynamics of deep convection, including intense updrafts and
downdrafts at the mid-levels. In particular, some strong down-
drafts are noted near the sea surface, and they likely induce
the large surface wind pattern observed on the SMAP image,
especially at (1.48°S, 6.74°E) where the intense downdrafts
match strong surface winds, as shown in Fig. 1 and in [16].

Despite a coarse spatial resolution and validation for only
winds above 12 m/s [24], one can observe surface wind patterns
under deep convection based on the SMAP ocean wind speed
estimates. The SMAP-estimated convective wind intensity is
very close to that retrieved from Sentinel-1 data (about 15–20
m/s), and it is relevant with the magnitudes of the convective
wind gusts indicated in [31]–[34]. Therefore, the SMAP-based
wind data may be used with the Aeolus and Meteosat data for
the multiview of deep convection at mesoscale. In particular,
a combination of Sentinel-1 and SMAP with a short time lag
enables observations of the displacement direction of surface
wind patterns that has not been studied yet in the literature.

D. Case #4 Based on Sentinel-1, SMAP, Aeolus, and Meteosat

Case #4, May 6, 2021 (see Fig. 7) illustrates a combination
of Sentinel-1, SMAP, Aeolus, and Meteosat for a multiview

of a mesoscale CS. Fig. 7(a) presents a mesoscale surface
wind pattern (15–25 m/s) obtained from the Sentinel-1 radar
backscattering [see Fig. 2(b)]. It spreads meridionally over more
than 3° (2.4°N–5.4°N) and is assumed to move southwestwards
based on the front of the wind pattern (high wind intensity).
Fig. 7(b) shows the same surface wind pattern as Fig. 7(a),
but retrieved from the SMAP data acquired 15 min before
the Sentinel-1 image. The SMAP-observed convective winds
(about 15–17 m/s) do not exhibit wind hot spots due to the
SMAP coarse spatial resolution. Although it is not easy to
determine the region with strong wind gradients on the SMAP
image, one may assume that the surface wind pattern moves
southwestwards when comparing Fig. 7(a) and (b). It is worth
noting that the wind patterns in Fig. 7(a) and (b) are closely
compared to the deep convective clouds detected by Meteosat at
17:51 UTC [see Fig. 7(e)] and 18:06 UTC [see Fig. 7(f)]. When
comparing the Meteosat images from 17:36 to 18:21 UTC [see
Fig. 7(d)–(g)], one can note that deep convective clouds tend to
move southwestward as well. This observation is more evident
when we note the change of the coldest cloud patterns (about
200 K). This result then leads to assume that deep convective
clouds and surface wind patterns have the same displacement
direction (southwestward).

Fig. 7(c) presents the Aeolus vertical cross-section wind
profiles aloft the same horizontal Sentinel-1 and SMAP foot-
print images [see Fig. 7(a) and (b)]. They illustrate the vertical
dynamics of deep convection, including intense updrafts and
downdrafts. The Aeolus footprint is located on the east of the
intense surface wind patterns. In practice, it is not easy to collect
simultaneously three observations based on the combination of
LEO and GEO satellites due to observation time lags; however,
it is possible to accept a time lag if it is still small compared to the
convection development rate time. One can note that the Aeolus
convective vertical winds in Fig. 7(c) may be associated with
the large deep convective clouds [see Fig. 7(d)–(g)]. Likewise,
they match the surface wind patterns in Fig. 7(a) and (b). This
assumes that the Aeolus intense downdrafts may induce surface
wind patterns moving southwestwards and being detected by
Sentinel-1 and SMAP.

IV. DISCUSSION, CONCLUSION, AND PERSPECTIVE

This article combined observations from three LEO
(Sentinel-1, SMAP, and Aeolus) and one GEO (Meteosat) satel-
lite to observe some CSs and their associated vertical and hori-
zontal dynamics. This offers advantages to observe, monitor, and
understand deep convection. These advantages can be listed, as
follows.

First, the combination of Sentinel-1 and (or) SMAP with Ae-
olus and Meteosat strengthened the schematic understanding of
deep convection as illustrated in Fig. 1: the warm air associated
with the intense updrafts (observed by Aeolus) contributes to the
ignition and development of deep convective clouds (observed
by Meteosat). The warm air is then cooled as it rises and
becomes heavier, and finally moves back towards the surface as
downdraft. If it is intense enough, it can be measured by Aeolus,
as shown in Figs. 5(b), 6(b), and 7(c). When the downdraft hits
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the sea surface, it can induce wind gusts detectable by Sentinel-1
and SMAP via radar backscattering and ocean surface brightness
temperatures, respectively [see Figs. 4(a)–7(a)].

Second, the simultaneous observations by the LEO and GEO
satellites strengthened the assumption that the high-intensity
radar backscattering (see Fig. 2) is induced by strong surface
winds associated with deep convection rather than by some
other effects like hydrometeors in the melting layer [18] or
precipitation [17] at the sea surface. It is even more significant
when a combination of Sentinel-1 and SMAP surface wind
retrieval is used. Indeed, the two devices (Sentinel-1 and SMAP)
use different estimation methods of sea surface wind speed
but give similar surface wind patterns associated with deep
convection. Moreover, the combination of the two wind data
sources enables the observation of displacement direction of the
surface wind patterns in accordance with the deep convective
cell displacement.

Third, the high spatial resolution of Sentinel-1 permits the
observation of more small-scale details and thus more powerful
dynamics scales such as submesoscale. As a result, it is easier to
highlight the location of the highest wind areas as the region with
strong wind gradients of a CS [see Figs. 4(a) and 7(a)]. Like-
wise, the gathering of several concomitant Sentinel-1 images,
as shown in Fig. 2, enables the observations of the region with
strong wind gradients. Despite having a coarse spatial resolution,
SMAP data can be used as a complementary source to observe
convective wind gusts [see Figs. 6(a) and 7(b)], particularly over
the open sea where Sentinel-1 data are not available.

Fourth, the combination of LEO and GEO satellites proposed
some perspectives to improve the forecast of convective wind
gusts that have not been carried out by most NWP models.
Likewise, one can apply machine learning/deep learning on the
available database having the matching of the three types of
observations from Sentinel-1/SMAP, Aeolus, and Meteosat, to
explore the relationships between deep convective clouds and
surface wind patterns. Also, the learning models may be used
to forecast the occurrence and magnitudes of strong surface
winds under convective clouds observed from only the GEO
data without the additional Sentinel-1 and/or SMAP data.

Some limitations regarding the developed methodology in this
article should be mentioned. To estimate surface wind speeds,
this article used wind directions extracted from the ERA5 data
[35] as input of CMOD5.N. However, ERA5 is not based on an
eddy-permitted model and is not able to resolve explicitly the
convection processes, and as a result, one can argue that the use
of ERA5 may lead to some bias in the estimation of convective
wind. Therefore, the correction of surface wind directions asso-
ciated with deep convection should be one of the improvements
that could be addressed afterward. Also, CMOD5.N has been
studied with a hypothesis of the atmospheric stability conditions,
while deep convection generates large instabilities. This may
lead to errors in wind speed estimation as well.

The Aeolus measurements, as indicated in [26] and [27], may
produce some errors in vertical wind intensity compared to the
other sources. The data calibration of the Rayleigh and Mie
channels should thus be improved for new versions. However,
this issue did not impact significantly the location matching

between deep convective clouds detected by Meteosat, intense
downdrafts observed by Aeolus, and surface wind patterns on
Sentinel-1 images.

The observation time lag between the three satellite de-
vices (Sentinel-1/SMAP, Aeolus, and Meteosat) is an important
parameter to evaluate the process matching between deep con-
vective clouds, intense downdrafts, and surface wind patterns.
In general, the time lag below 15 min allows a standard in-
terpretation of the three observations as part of a single CS
phenomenon. However, it should be relevant to study more cases
of observation time lag, especially short and moderate time, to
evaluate more deeply the relationship between deep convective
clouds and surface wind patterns, which is highly significant for
convective wind gust forecast.
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