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Atmospheric Phenomena Introduction

Mesoscale and submesoscale atmospheric phenomena become visible on SAR images because they are associated with
variations of the wind stress at the sea surface. The wind stress depends on the wind speed at the sea surface and on the
stability of the air-sea interface which is a function of the temperature difference between water and air (Keller et al.,
1989). When the water is warmer than the air, then the air-sea interface is unstable.

Variations of the wind speed at the sea surface disturb the small-scale sea surface roughness and thus give rise to
"imprints" on the sea surface which are visible on the radar image as variations of the SAR image intensity.

From SAR images of the sea surface also quantitative information on the wind speed can be extracted. However, this is
only possible when the wind direction is known. The wind direction can often be inferred from the SAR images itself,
e.g., from the direction of the wind streaks or from the direction of the wind shadows behind mountainous island, or
from weather charts. With this knowledge of the wind direction the wind speed can be extracted from the NRCS values
by applying a wind scatterometer model like the CMOD4 model of ESA (Stoffelen et al., 1993) or the CMOD-IFR2
model of the Institut Français de Recherche pour l'Exploitation de la Mer (IFREMER) at Brest, France (Quilfen et al.,
1993). Care has to be taken when converting ERS SAR image intensities into NRCS values because of nonlinearities in
the ERS SAR analogue-to-digital converter (see Laur et al., 1997, Lehner et al, 1998). For a discussion of the accuracy
of wind retrieval from ERS SAR images using the above mentioned C-band wind scatterometer models, the reader is
referred to the papers of Vachon and Dobson (1996), Scoon et al. (1996), Furevik and Korsbakken (2000) and
Horstmann et al. (2000).

The SAR onboard the ERS satellites, which operate at C-band and VV polarization, are much more sensitive for the
detection of atmospheric phenomena in the marine boundary layer than the Seasat SAR, which operated at L-band and
HH polarization. This is because the Bragg waves responsible for the radar backscattering at the sea surface have for
ERS SAR a wavelength of 7 cm and for Seasat SAR a wavelength of 31 cm. Obviously, the 7 cm Bragg waves are
much more responsive to wind variations than the 31 cm Bragg waves.
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Atmospheric Gravity Waves

Introduction

Atmospheric gravity waves, often also called internal waves, exist in layered atmospheres. They either occur as quasi-
periodic waves, solitary waves or undular bores. They are often generated behind mountain ranges in which case they
are called lee waves. In the steady state lee waves are stationary with respect to the terrain feature, but they are
propagating relative to the mean air flow above the earth surface. Lee waves are very common in visible remote sensing
imagery where they manifest themselves as wave-like cloud patterns.

However, they also can manifest themselves on the sea surface since they are associated with varying wind speed at the
sea surface and thus a varying short-scale sea surface roughness.

Fig. 1: A linear gravity wave propagating from left to right in a three-layer atmosphere. (left) Assumed height profile of
potential temperature for a stably stratified three-layer atmosphere. (middle) isolines of potential temperature (dotted
lines), streamlines (dashed lines), and direction of the wind velocity fluctuations at the sea surface (arrows at the
bottom). (right) Amplitudes of the wind speed fluctuations in the direction of the wave propagation and in the vertical
direction as a function of height. (Reproduced from Alpers and Stilke, 1996)

Mediterranean Sea

Latitude: 35° 52' N - Longitude: 05° 14' W

This image shows in the upper part sea surface manifestations of an oceanic
internal wave packet generated in the Strait of Gibraltar by the interaction of
the tidal flow with underwater bottom features and in the lower part sea surface
manifestations of atmospheric lee waves generated by an eastward wind
blowing with 7m/s over the 600 m high mountain range Sierra del Hauz in
Morocco.

https://earth.esa.int/documents/d/earth-online/figure_1_gravity_waves
https://earth.esa.int/documents/d/earth-online/11168-0711-ers-1_mediterranean_full


An image intensity scan from west to east through the internal lee wave pattern
east of the Maroccan coast is shown in the figure above. On the left-hand
vertical coordinate axis the normalized radar cross section (NRCS) is plotted
and on the right-hand vertical coordinate axis the wind speed at a height of 10
m above sea level as calculated from the wind scatterometer model CMOD4
(see section "introduction" to "atmospheric phenomena").

Strait of Gibraltar

Latitude: 35° 38' N - Longitude: 06° 02' W

Gravity waves generated by a easterly wind blowing through the Strait of
Gibraltar and over northern Morocco.
The wave train to the north is generated by a horizontal shear in the wind field
and the other wave trains are typically lee waves generated by the interaction of
the wind with topographic features at Moroccan Atlantic coast.

Caspian Sea

Latitude: 40° 57' N - Longitude: 50° 42' E

The wavelike pattern visible in the central part of the Caspian Sea is very likely
a sea surface manifestation of a nonlinear atmospheric internal wave packet or
of an atmospheric undular bore. Usually such nonlinear wave disturbances in
the marine boundary layer are generated by the intrusion of colder, denser air
into a stable atmosphere. The modulation structure of this sea surface pattern
very strongly resembles a modulation signature detected on an ERS-1 SAR
image of the North Sea. By comparison with in-situ data, the latter was
identified unambiguously as being caused by a nonlinear wave pertubration in
the marine boundary layer. Such wavelike disturbances in the atmosphere are
frequently observed phenomena (Vachon et al. (1995), Alpers and Stilke
(1996)). The dark patches in the lower part of the image are due to oil pollution.

Taiwan Strait

Latitude: 25° 12' N - Longitude: 119° 43' E

Atmospheric lee waves generated by a wind blowing over the mountainous area
south of Fuzhou (Fukien, China). The crests of the lee waves are oriented
nearly parallel to the coastal mountain ridges.

https://earth.esa.int/documents/d/earth-online/gibraltar_figure_1
https://earth.esa.int/documents/d/earth-online/25499-2889-ers-2_gibraltar_full
https://earth.esa.int/documents/d/earth-online/25230-2781-ers-1_caspian_full
https://earth.esa.int/documents/d/earth-online/17773-0423-0441-ers-1_taiwan_full


# Orbit Frame(s) Satellite Date Time Location

1 11168 0711 ERS-1 03-Sep-1993 22:39

2 25499 2889 ERS-2 06-Jun-2000 11:05

3 25230 2781 ERS-1 12-May-1996 07:23

4 17773 0423-0441 ERS-1 08-Dec-1994 14:25
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Atmospheric Convective Cells

Introduction

Atmospheric convective cells over the ocean can be formed when a negative air-sea temperature difference gives rise to
an unstable stratification of the marine atmospheric boundary layer and thus to a pronounced energy exchange in
vertical direction (Agee, 1982, 1984, 1987; Mitnik, 1992; Atkinson and Zhang, 1996). The air is heated from below and
warm air bubbles move upwards giving rise to cellular structures (see Fig. 1). Typical convective cells are characterized
by a cylindrical flow pattern which is superimposed upon the ambient wind field. The direction of the cellular air flow
directly above the sea surface is either radially outward from the center of the cells ("open cells") or from the rim toward
the centre ("closed cells"). Open-cell circulation has downward motion and clear sky in the center, and is surrounded by
cloud associated with upward motion (Atkinson and Zhang, 1996). Open-cell mesoscale cellular convection is more
frequently observed than close-cell mesoscale convection (Busack et al., 1985). Both types of mesoscale convective
cells become visible on SAR images because they are associated with a variable wind velocity at the sea surface which
modulates the sea surface roughness and thus the NRCS (Mitnik, 1992; Ufermann and Romeiser, 1999).

Usually mesoscale atmospheric convective cells are defined as organised cellular structures in the planetary boundary
layer which have cell diameters ranging from 10 to 40 km (Atkinson and Zhang, 1996). However, on ERS SAR images
often kilometre-scale backscatter patterns ("mottles") are visible which are attributed to "convective boundary-spinning
eddies" (Sikora et al., 1995). According to Kaimal et al. (1976) the horizontal wavelength of the convective boundary-
spinning eddies should be a factor of 1.5 larger than the height of the boundary layer. In an investigation carried out by
Sikora et al. (1995) over the northwestern edge of the Gulf Stream North Wall the averaged measured wavelength of a
mottle was determined to be 1.33 km with a standard deviation of 0.5 km. The aspect ratio (the ratio between the
wavelength of the mottled pattern and the boundary layer height) was determined to be 1.98 plus or minus 0.5. This
result suggests that it is possible to estimate the height of the marine boundary layer from the characteristic length scale
of the kilometre-scale backscatter patterns, associated with convective boundary-spinning eddies.

Fig. 1: Schematic diagram illustrating the convective process where warm air bubbles ascend through the colder
atmosphere. The uplifting is caused by heating from below and by mixing with the surrounding colder air (adapted from
Liljequist and Cehak, 1979).



Tyrrhenian Sea

Latitude: 38° 26' N - Longitude: 15° 30' E

The cellular features visible in most parts of this image are sea surface 
manifestations of such convective cells. On this day the water was 9 °C warmer 
than the air and thus giving rise to an unstable sea-air interface. The quasi-
regular features are absent in a coastal sector adjacent to the northern Sicilian 
coast. There the convective cells are destroyed by the katabatic wind blowing 
from the northern Sicilian mountains through the valleys onto the sea.

Korea Bay

Latitude: 39° 15' N - Longitude: 122° 48' E

A cold wind is blowing in January from the mountainous Liaodong Peninsula, 
North East China, over the warm water of the Korea Bay and generates 
convective cells which have diameters of the order of a few kilometres. Behind 
the small islands to the south, the cellular structures are disturbed by island 
wakes.

Sea of Japan

Latitude: 41° 49' N - Longitude: 130° 44' E

Convective cells generated by a cold northeasterly wind blowing from the 
mountains of Sikhote-Alin northeast of Vladivostok (Russia) over the Sea of 
Japan. The river visible in the left-hand section of the image is the border 
between Russia and Korea.

https://earth.esa.int/documents/d/earth-online/6104-765-ers-1_tyrrhenian_full
https://earth.esa.int/documents/d/earth-online/07935-2817-ers-1_korea_full
https://earth.esa.int/documents/d/earth-online/20455-2763-ers-2_japan_full


Coast of Angola

Latitude: 14° 12' S - Longitude: 11° 51' E

Convective cells over the Atlantic Ocean near the coast of Angola. The dark 
area at the bottom of the image is very likely caused by upwelling. Here the 
water is cooler than west giving rise to a stable air-sea interface.

# Orbit Frame(s) Satellite Date Time Location

1 6104 765 ERS-1 08-Sep-1992 21:13

2 07935 2817 ERS-1 21-Jan-1993 02:33

3 20455 2763 ERS-2 20-Mar-1999 02:03

4 10704 6903 ERS-2 07-May-1997 22:02

https://earth.esa.int/documents/d/earth-online/10704-6903-ers-2_angola_full
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Atmospheric Boundary Layer Rolls

Introduction

Atmospheric boundary layer rolls are helical circulation patterns in the atmospheric boundary layer which are
superimposed on the mean wind field, i.e., the primary flow (see figure below). They can be generated either by thermal
instability (Rayleigh-Bénard instability) when the layer is heated from below or cooled from above, or by dynamic
instability (inflection point stability) when the wind velocity changes with the height in such a way that an inflection
point occurs in the wind component normal to the roll axis. The axes of the boundary layer rolls are oriented between
the directions of the mean surface wind and the geostrophic wind above the boundary layer. Usually the boundary layer
is capped by an inversion so that the depth of the boundary layer and the roll layer coincide. In the case of a thermal
instability, the aspect ratio, i.e., the horizontal wavelength of the roll pattern, l, divided by the roll height, h, is 2.8
according to the linear Rayleigh-Bénard convection. The most frequently observed values range between 2 and 6, but
values of up to 15 have been observed [Miura, 1986].

If the moisture conditions are favorable, cloud streets may be formed in the upward rising branches of the roll
circulation. Atmospheric boundary layer rolls contribute significantly to the vertical exchange of momentum, heat, and
moisture in the atmosphere. At higher altitudes their relative contribution to the total vertical fluxes in the atmosphere
can even be larger than the turbulent fluxes. [Alpers et al., 1995].

Schematic plot of secondary flow pattern associated with atmospheric boundary layer rolls. Panel A: Perspective view
of the three-dimensional flow; Panel B: Variation of the vertical component uz of the wind velocity along the y
direction; Panel C: Variation of the horizontal components ux and uy (in the x-y plane).



Ancillary information

Temperature map derived from NOAA-11 AVHRR data of 7 Dec. 1989, showing that in winter a band of cold water is
stretching along the east coast of China. Further to the east the water is warmer.



East China Sea

Latitude: 28° 01' N - Longitude: 122° 29' E

Boundary layer rolls in the Taiwan Strait. The line which divides the image into 
two sections of different textures represents the boundary between water 
masses of different temperatures. In winter a cold water mass stretches along 
the east coast of China as is evident also from the AVHRR infrared image of 7 
Dec. 1989 shown above. Over the warm water, cold wind blowing from the 
north generates atmospheric boundary layer rolls, because here the air is heated 
from below which gives rise to an unstable air-sea interface. The streaky 
texture of the right-hand section of the image results from imprints of these 
atmospheric boundary layer rolls on the sea surface. Over the cold water no 
boundary layer rolls are generated. Note also the numerous black patches in the 
image which are due to mineral oil spills in this sea area with heavy ship traffic.

Orbit Frame(s) Satellite Date Time Location

18196 3033-3051 ERS-1 07-Jan-1995 02:26
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Katabatic Winds

Introduction

Katabatic winds are cold winds blowing in the evening and night down a sloping terrain ("gravity flow") and, at a coast,
over the adjacent sea surface. These winds are generated because during the evening and night, air near the surface cools
faster over the land than over the sea. Over mountain slopes a horizontal density difference develops between the cooler
air at the slope surface and the free air in the same altitude over the lower ground or sea. This results in a down-hill flow
of the cold air. Sea surface manifestations of katabatic wind fields have often been identified on ERS-1 SAR images
acquired during the summer over coastal regions adjacent to mountainous areas.

Strait of Messina

Latitude: 38° 26' N - Longitude: 15° 30' E

ERS-1 SAR image showing north-west of the Strait of Messina a bright 
mushroom like feature generated by a katabatic wind field which extends from 
the Calabrian coast near the Italian town Gioia into the Tyrrhenian Sea. 
Furthermore, between the island of Stromboli (upper left hand section of the 
image) and the Sicilian coast, mottled patterns can be delineated which are sea 
surface "imprints" of atmospheric convective cells. During the time of the data 
acquisition the air temperature was 16° and the water temperature 25°. Thus the 
water is heated from below and convective atmospheric cells are formed. This 
cellular structure is destroyed in the vicinity of the Sicilian coast by the 
katabatic wind blowing from the mountains onto the sea. In the lower section of 
the image an oceanic internal wave train can be seen propagating southwards in 
the Strait of Messina.

Strait of Messina

Latitude: 39° 26' N - Longitude: 15° 34' E

Roughness pattern that stretches like a band along the western coast of Calabria 
(Southern Italy) and extending seawards for a distance of up to 28 km. Close to 
the shoreline, the pattern is strongly influenced by orographic features. Coastal 
valleys can be identified by the associated tongue-like bright patterns on the sea 
surface. The wind speed and direction measured at Lamezia Terme (located 
approximately 10 km south of the imaged area) were 2.1 m/s and 270°, 
respectively. The air temperature was 9.8°C and the water temperature 14.5°. 
The mottled structure in the left section of the image is the sea surface 
manifestation of convective cells.

https://earth.esa.int/documents/d/earth-online/6014-765-ers-1_messina_full-1
https://earth.esa.int/documents/d/earth-online/18839-0783-ers-1_messina_full


Calabria

Latitude: 38° 30' N - Longitude: 16° 21' E

In the right-hand section of this image katabatic wind fields are visible at the 
eastern coast of Calabria. The roughness patterns closely mirror the coastal 
valleys.

Black Sea

Latitude: 41° 11' N - Longitude: 31° 35' E

Katabatic wind fields at the Turkish coast of the Black Sea.

Andaman Sea

Latitude: 05° 29' N - Longitude: 100° 05' E

ERS-1 SAR strip acquired over the Andaman Sea at the west coast of Malaysia 
and Thailand. The bright band starting slightly north of the Malaysian island of 
Pinang and extending southward along the coast line has its correspondence in 
a mountain range located approximately 20 km inland, which extends over this 
distance from north to south. The SAR data were acquired approximately at 
local midnight. Thus the bright band can only be caused by katabatic winds 
originating at this mountain range.

https://earth.esa.int/documents/d/earth-online/9249-0765-ers-1_calabria_full
https://earth.esa.int/documents/d/earth-online/15882-0819-ers-1_black_sea_full
https://earth.esa.int/documents/d/earth-online/25350-0081-0099-0117-ers-1_andaman_full


# Orbit Frame(s) Satellite Date Time Location

1 6014 765 ERS-1 08-Sep-1992 21:13

2 18839 0783 ERS-1 20-Feb-1995 21:13

3 9249 0765 ERS-1 22-Apr-1993 21:10

4 15882 0819 ERS-1 29-Jul-1994 20:08

5 25350 0081-0099-0117 ERS-1 20-May-1996 15:57
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Land-Sea Breeze

Introduction

Land-sea breeze is caused by the generally different temperatures of the land and the sea, which produce an across-coast
air temperature contrast. During the day the wind blows landwards (sea breeze), and during the night it blows seawards
(land breeze). Wind speeds associated with land-sea breeze are typically less than 5 m/s and the off-shore flowing air
layer is often less than 100 m deep. Land breeze is often contaminated with stronger and deeper terrain-induced
katabatic air flows. The intensity of land-sea breeze circulation is strong when the coastal land is dry and only lightly
vegetated (Segal et al., 1988). The land-sea breeze system has several effects, among others, (1) it alters the direction
and speed of the atmospheric boundary layer winds, (2) it influences the low-level stratiform and cumuliform clouds, (3)
it initiates, suppresses and modifies precipitating convective storms, and (4) it recirculates and traps pollutants released
into the air.

West coast of Morocco
East coast of Taiwan
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West Coast of Morocco

West coast of Morocco

Latitude: 34° 59' N - Longitude: 6° 16' W

Image of the Moroccan Atlantic coast near Larache located at the Makhazen
River (upper part of the image). The bright band following the coast line is
caused by a wind blowing late in the evening and at night from the land onto
the sea. This land breeze is caused by the fact that after sunset the air over land
cools off faster than over the sea. The air in the northern mountainous area is
funneled through the valleys causing the tongue-like bright patterns on the sea
surface.

Orbit Frame(s) Satellite Date Time Location

18639 0693 ERS-1 06-Feb-1995 22:44

https://earth.esa.int/documents/d/earth-online/18639-0693-ers-1_morocco_full


East Coast of Taiwan

East coast of Taiwan

Latitude: 23° 30' N - Longitude: 121° 48' E

SAR strip of five ERS-1 SAR frames acquired over the coastal waters east of 
Taiwan on 23 April 1995 at 2:25 UTC, i.e., at 11:25 local time. It shows in the 
central section adjacent to the coast a low-wind speed area which, to the east, is 
confined by a frontal line, and it shows in the northern and southern sections 
features which result from the interaction of the Kuroshio current with shallow 
underwater topography (in the northern section) and with islands (in the 
southern section). The low wind speed area (dark area in the image) is an area of 
descending air and the frontal line is an atmospheric front separating the area of 
descending air from the ambient wind field. They have their origin in the 
following meteorological processes: During a cloud-free day the coastal land 
areas are heated up by solar radiation where the air is lifted up. As a 
consequence, air has to flow in from the ocean which gives rise to sea breeze 
and to a atmospheric circulation pattern in which the previously uplifted air over 
land descends over the ocean. The area of descending air typically extends 20 to 
50 km from the coast line. The boundary between the area of descending air and 
the ambient wind field is a zone of convergence where often clouds
(cumulus congestus or cumulus nimbus) and rain cells develop. We attribute the 
fact that the area of descending air (sea breeze area) appears in some sections of 
the SAR image dark to low wind speed which is below threshold for ripple 
wave (Bragg wave) generation (2-3 m/s). According to the weather map the 
wind was blowing with 3-4 m/s from south.

Taiwan

Latitude: 23° 30' N - Longitude: 120° 00' E

NOAA-9 AVHRR infrared image (channel 4) of the waters surrounding 
Taiwan, which was acquired on 24 April 1994 at 1:13 UTC, i.e., 23 hours and 8 
minutes later than the ERS SAR image, but approximately at the same time of 
the day (1 hour and 12 minutes earlier). The weather conditions on 24 April and 
23 April were quite similar. Visible is a cloud band which is located 
approximately at the same position as the front visible on the ERS-1 SAR 
image. This is a clear indication that the front visible on the ERS-1 SAR image 
is of atmospheric origin. Note that the cloud band follows closely the coastline 
which is a clear indication that it has its origin in an interaction of the 
atmosphere with the island. On both days the sky was almost cloud-free such 
that the low-land coastal areas could be heated up by solar radiation. Evidence 
of this is provided also by this infrared image where dark areas represent warm 
areas.

https://earth.esa.int/documents/d/earth-online/19716-3105-3123-3141-3159-ers-1_taiwan_full
https://earth.esa.int/documents/d/earth-online/53413-noaa-9_taiwan_full


East coast of Taiwan

Latitude: 22° 40' N - Longitude: 121° 39' E

SAR strip of five ERS-2 SAR frames acquired over the coastal waters east of 
Taiwan on 18 January 1999 at 2:26 UTC, i.e., at 11:26 local time. It shows 
adjacent to the coast a broad band of distinct texture, which is approximately 50 
km wide. We interpret this band as the sea area, where the air associated with 
the sea breeze circulation descends to the sea surface. Since this image was 
acquired during winter, the sea surface temperature was probably higher than 
the air temperature which gives rise to an unstable air-sea interface and thus 
favours the generation of turbulence. The inhomogeneous texture of the band is 
very likely caused by turbulence. The atmospheric front separating the area of 
descending air from the ambient wind field appears as a bright band on the SAR 
image with interdispersed black patches in the northern section. The bright band 
results from strong convergence in the frontal zone which gives rise to increased 
sea surface roughness. We interpret the bright band in the northern section with 
interdispersed black patches as sea surface manifestation of he atmospheric 
front in which rain cells are embedded. According to the weather map the wind 
was blowing with 3-5 m/s from SE. This wind direction is consistent with the 
direction of the wind streaks visible on the ERS-1 SAR image.

# Orbit Frame(s) Satellite Date Time Location

1 19716 3105-3123-3141-3159 ERS-1 23-APR-1995 02:25

2 53413 - NOAA-9 24-Apr-1995 01:33

3 19582 3105-3123-3141-3159-3177-3195 ERS-2 18-Jan-1999 02:26

https://earth.esa.int/documents/d/earth-online/19582-3105-3123-3141-3159-3177-3195-ers-2_taiwan_full


Atmospheric Fronts

Introduction

Atmospheric fronts are boundaries of air masses with different properties. Often atmospheric fronts separate air masses
of different temperatures. Usually the wind speed and wind direction are different at both sides of an atmospheric front.
Over the ocean this results in a differing short-scale sea surface roughness and thus on the SAR image atmospheric
fronts appear as boundaries between areas of different image intensity, which easily can be delineated on SAR images
of the sea surface.

Mexico

Latitude: 15° 30' N - Longitude: 94° 00' W

Visible on this ERS-2 SAR image is a bright area near the coast which results 
from wind which is blowing from the mountains in the Isthmus of Tehuantepec 
(Mexico) onto the eastern tropical Pacific Ocean. Also visible are sea surface 
manifestations of several oceanic internal wave packets. Note that in the area 
with a higher wind speed the internal waves have a lower image contrast. This 
is a consequence of the fact that the hydrodynamic modulation of the short 
surface waves ("Bragg waves") by a variable current decreases with wind 
speed.

Sakishima-gunto

Latitude: 23° 49' N - Longitude: 122° 42' E

Atmospheric front near Taiwan. The dark and bright bands on the SAR image 
extending from NE to SW result from an atmospheric front that moves in a 
southeastward direction. The surface analysis map of the Japan Meteorological 
Agency of December 14, 1994 at 12 UTC shows an occlusion front located 
approximately at the position of the bands in the SAR image The bright band is 
very likely caused by a squall line ahead of the front, while the dark band and 
the dark patches are caused by rain impinging onto the sea surface where they 
generate turbulence in the uppermost water layer and thus damp the C band 
Bragg waves. Behind the front the image intensity is almost uniform indicating 
a uniform wind field. The wind direction in this backward side of the front can 
be obtained from the direction of the faintly visible streaks,which are oriented 
almost normal to the dark band and which are sea surface imprints of 
atmospheric boundary layer rolls.

https://earth.esa.int/documents/d/earth-online/03444-3285-3303-ers-2_mexico_full
https://earth.esa.int/documents/d/earth-online/17859-0459-0477-ers-1_sakishima-gunto_full


Sulu Sea

Latitude: 8° 21' N - Longitude: 118° 32' E

The bright area in the right-hand section of this image is caused by winds
(downdrafts) associated with tropical rain cells. Sea surface manifestations of 
oceanic internal waves are also visible on this image.

Surinam

Latitude: 6° 08' N - Longitude: 53° 42' W

This ERS-1 SAR image shows an atmospheric front in the tropical Atlantic 
with several small tropical rain cells embedded (the irregular patches with dark 
areas).

Makassar Strait

Latitude: 1° 56' S - Longitude: 117° 43' E

In the upper part of this image an atmospheric front with several associated rain 
cells can be delineated. In the lower part the gust front of a large cluster of rain 
cells is visible.

https://earth.esa.int/documents/d/earth-online/24091-3429-3447-ers-2_sulu_full-1
https://earth.esa.int/documents/d/earth-online/04220-3483-ers-1_surinam_full
https://earth.esa.int/documents/d/earth-online/10521-3609-3627-3645-3663-3681-ers-2_makassar_full


# Orbit Frame(s) Satellite Date Time Location

1 03444 3285-3303 ERS-2 17-Dec-1995 16:44

2 17859 0459-0477 ERS-1 14-Dec-1994 14:15

3 24091 3429-3447 ERS-2 29-Nov-1999 02:29

4 04220 3483 ERS-1 06-May-1992 13:31

5 10521 3609-3627-3645-3663-3681 ERS-2 25-Apr-1997 02:27



Island Wakes

Introduction

When a strong wind blows against a mountainous island, then on SAR images often a wake pattern can be delineated on
the leeward side of the island. Sometimes the wake pattern consists only of a streak of reduced sea surface roughness
due to wind shadowing, but often it exhibits some regular structure due to atmospheric eddies. However, some of the
radar signatures visible on SAR images in the lee of mountainous island may also originate from oceanic phenomena
which are wind-induced.

Isole Lipari

Latitude: 38° 16' N - Longitude: 14° 56' E

Wakes behind the Italian islands Filicudi, Salina, Lipari, Vulcano, and Panaria
(from west to east) generated by a strong westerly wind. These islands are of
volcanic origin and have volcanic cones, whose heights are 773 m, 962 m, 603
m, 499 m, and 420 m, respectively.

Isole Lipari

Latitude: 38° 32' N - Longitude: 15° 37' E

Atmospheric wakes behind Isole Lipari in the Tyrrhenian Sea generated by a
strong westerly wind. The island in the upper section of the image is the island
Stromboli consisting of a volcano which is 926 m high.

Isole Lipari

Latitude: 38° 16' N - Longitude: 15° 08' E

Gap winds and wakes behind the islands of Lipari (from top to bottom) Panaria,
Salina, Lipari, and Vulcano.

https://earth.esa.int/documents/d/earth-online/14670-2835-ers-1_isole_full
https://earth.esa.int/documents/d/earth-online/09020-0747-ers-1_isole_full
https://earth.esa.int/documents/d/earth-online/15488-2835-ers-1_isole_full


# Orbit Frame(s) Satellite Date Time Location

1 14670 2835 ERS-1 06-May-1994 09:43

2 09020 0747 ERS-1 06-Apr-1993 21:13

3 15488 2835 ERS-1 02-Jul-1994 09:41
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Coastal Winds

Near the coast, local winds are often encountered, which can have different origins. Under separate headings we have
already mentioned land-sea breeze and katabatic winds. But there exist also other mesoscale coastal winds, e.g., gap
winds, that can be detected on SAR images of the sea surface. Some examples are shown in this section.

Philippines
Canary Islands
Peru
Taiwan



Coastal Winds - The Philippines

Philippines

Latitude: 12° 25' N - Longitude: 121° 34' E

Gap winds blowing from the east through the Tablas strait separating the
Philippine islands Mindoro and Panay. In this strait are located the islands
Semivara, Caluya, and Sibay which disturb the wind field.

Orbit Frame(s) Satellite Date Time Location

04738 3357 ERS-2 17-Mar-1996 02:20

https://earth.esa.int/documents/d/earth-online/04738-3357-ers-2_philippines_full


Coastal Winds - Canary Islands

Canary Islands

Latitude: 28° 30' N - Longitude: 16° 23' W

Local wind blowing around the north eastern tip of the Canarian island
Tenerife.

Orbit Frame(s) Satellite Date Time Location

19879 3033 ERS-1 04-May-1995 11:42

https://earth.esa.int/documents/d/earth-online/19879-3033-ers-1_canary_full


Coastal Winds - Peru

Peru

Latitude: 05° 30' S - Longitude: 81° 24' W

Wind blowing from the land over Punta Nermete in Peru (lower right-hand
section of the image) forming a very peculiar wake pattern on the sea surface.

Orbit Frame(s) Satellite Date Time Location

04221 3717 ERS-1 06-May-1992 15:41

https://earth.esa.int/documents/d/earth-online/04221-3717-ers-1_peru_full


Coastal Winds - Taiwan

South of Taiwan

Latitude: 22° 18' N - Longitude: 120° 50' E

Coastal winds at the southwest coast of Taiwan. The wind tongue visible in the
central left-hand section of the image is very likely induced by strong synoptic-
scale winds blowing from the east. The wind is funneled across the island
through a gap in the mountains which results in an increase in speed. Note the
mountain ridge in the the north-south direction located inland between this
wind tongue and the other high wind speed area further south. This ridge is an
obstacle to the wind and gives rise to a wind shadow.

Orbit Frame(s) Satellite Date Time Location

23996 3159 ERS-1 16-Feb-1996 02:29

https://earth.esa.int/documents/d/earth-online/23996-3159-ers-1_taiwan_full


Rain Events

Introduction

Radar signatures of rain in SAR images of the sea surface result from several different physical processes. The most
important processes contributing to these radar signatures are: (1) the backscattering of the microwaves at the short
surface waves ("Bragg waves") whose amplitudes are modified by rain drops impinging on the sea surface, (2) the
roughening of the sea surface by the wind gusts associated with rain cells, and (3) attenuation and scattering of the
microwaves by the rain drops in the atmosphere.

Rain Drops impinging on the sea surface generate ring waves which enhance the sea surface roughness [Moore et al.,
1979; Bliven et al., 1997; Craeye et al.1997], but they also generate turbulence in the upper water layer which attenuates
the short surface waves [Nystuen, 1990; Tsimplis, 1992]. Analyses of multifrequency SIR-C/X-SAR data acquired over
tropical and subtropical ocean areas [Melsheimer et al., 1998a] and laboratory measurements at a wind wave tank have
shown that the modification of the sea surface roughness by impinging rain drops depends strongly on the wavelength
of the water waves: The net effect of the impinging rain drops on the sea surface is a decrease of the amplitude of those
water waves which have wavelengths above 10 cm and a decrease of the amplitude of those water waves which have
wavelengths below 5 cm. Unfortunately, the critical wavelength at which the increase of the wave amplitude turns into a
decrease is not well defined. It depends on the rain rate, the drop size distribution, the wind speed, and the temporal
evolution of the rain event. At the initial stage of the rain event, the turbulence in the upper water layer is not fully
developed and thus its damping effect on the water waves is small. On the other hand, after it has stopped raining, the
turbulence is not decaying immediately (the life time is of the order of a minute) and it keeps damping the waves even
after the rain event has ended. The Bragg wavelength over the ERS SAR lies between 8.2 cm and 6.5 cm.
Unfortunately, these wavelengths lie in the transition region where, depending on the rain rate, the drop size
distribution, the wind speed, and the time history of the rain event, the impinging rain drops can give rise to either an
increase or a decrease of the amplitude of the Bragg waves and thus to an increase or a decrease of the NRCS.

In addition to the modification of the sea surface roughness by the impact of rain drops, the sea surface roughness is also
affected by the airflow associated with the rain event. Precipitation from a rain cell usually produces a downward
airflow (downdraft) by entrainment and by evaporative cooling under the cloud (see, e.g., Cotton and Anthes, 1989).
When the downdraft reaches the sea surface, it spreads radially outward as a strong local surface wind which increases
the sea surface roughness. This is shown schematically in the figure below. The outer edge of this airflow is called a
gust front. If the ambient wind field is weak and does not disturb this airflow pattern, the radially spreading downdraft is
visible on SAR images of the sea surface as a nearly circular bright pattern with a sharp edge [Atlas, 1994a; b]. Such a
pattern is usually less bright in the center, where the downdraft reaches the ground and horizontal wind speeds are
lowest. The lower the ambient wind speed, the higher is the contrast between such a bright pattern and the surroundings.
Therefore, radar signatures of rain cells are often more pronounced over tropical oceans where low wind speeds prevail.
When a strong ambient wind field is present, then the radially symmetric airflow pattern is distorted and the resulting
radar signature is likewise distorted and shows bright as well as dark areas.



Fig.1: Schematic sketch of the downdraft of a rain cell, spreading over the sea surface and causing roughening of the
sea surface; (adapted from Atlas, 1994b).

Andaman Sea

Latitude: 8° 48' N - Longitude: 94° 56' E

ERS -1 SAR image acquired over the Andaman Sea west of the Nicobar islands
during calm wind conditions. The circular bright patterns with a dark hole in
the centre are sea surface manifestations of tropical rain cells. The two arrows
inserted into the figure point (1) to the gust front of the rain cell and (2) to the
area where the Bragg waves are strongly damped by the turbulence generated
by rain drops impinging onto the sea surface. Also visible are sea surface
manifestations of packets of internal solitary waves.

Gulf of Thailand

Latitude: 9° 46' N - Longitude: 100° 38' E

Cluster of rain cells over the Gulf of Thailand. The inserted arrows point to the
gust fronts of the rain cells and to the areas where the Bragg waves are strongly
damped by the turbulence generated by heavy rainfall, respectively.

https://earth.esa.int/documents/d/earth-online/24684-3429-ers-1_andaman_full
https://earth.esa.int/documents/d/earth-online/14408-3411-ers-1_thailand_full


Gulf of Thailand

Latitude: 10° 39' N - Longitude: 100° 49' E

A string of rain cells with decreasing diameters (marked "1" to "6"). The 6 rain 
cells are very likely at different stages of their life cycles. The more time has 
elapsed since the downdraft has first reached the sea surface, the larger the 
diameter of the gust pattern at the sea surface. Thus the rain cell 1 should be the 
oldest, and the rain cell 6 the youngest cell. (See image below).

Gulf of Thailand - Plan view of surface weather

Plan view of surface weather, showing locations of the forward-flank and rear-
flank downdrafts. The solid line outlines the rainy area usually mapped by 
radar. Note the hooklike feature. Downdraft and updraft regions are delineated 
by coarse and fine stippling, respectively. T designates the most likely location 
where tornados form. [Adapted from Lemom and Doswell (1979), courtesy of 
R.Davies-Jones.]

South China Sea

Latitude: 21° 19' N - Longitude: 116° 21' E

Comparison of an ERS-2 SAR image acquired over the South China Sea 
showing radar signatures of rain cells with two weather radar images acquired 
35 minutes before and 12 minutes after the ERS-2 SAR data acquisition. The 
weather radar is a C-band radar and is located at Dongsha Island (20° 42'N, 
116° 44'E), approximately 100 km away from the rain cells. The radar 
reflectivity measured by the weather radar is converted into rain rate and plotted 
in the two figures on the right. Comparison of the ERS-2 SAR and the weather 
radar images clearly show that the circular patterns on the SAR image are 
caused by rain cells. From the displacement of the radar signatures in the two 
weather radar images we conclude that the rain cells moved eastward with a 
speed of about 5 km/h (reproduced from Melsheimer et al., 2000).

https://earth.esa.int/documents/d/earth-online/14408-3393-ers-1_thailand_full
https://earth.esa.int/documents/d/earth-online/14408_figure_1
https://earth.esa.int/documents/d/earth-online/15975-3159-3177-3195-ers-2_south_china_full


Sulu Sea

Latitude: 10° 08' N - Longitude: 119° 10' E

ERS-2 SAR image acquired over the Sulu Sea near Palawan Island
(Philippines). Several small-scale rain cells located at or near an atmospheric 
front are visible.

Sumatra

Latitude: 6° 23' S - Longitude: 104° 30' E

ERS-1 SAR image acquired over the Indian Ocean near the passage separating 
the Indonesian islands Sumatra and Java (Selat Sunda). A cluster of rain cells 
forming a common gust front is visible.

South China Sea

Latitude: 20° 26' N - Longitude: 117° 35' E

Radar signatures of rain cells of different sizes are visible on this ERS-1 SAR 
image of the South China Sea. The long line extending almost across the whole 
image from top to bottom is the radar signature of an internal solitary wave 
propagating eastward.

https://earth.esa.int/documents/d/earth-online/24320-3393-3411-ers-2_sulu_full
https://earth.esa.int/documents/d/earth-online/9424-3735-ers-1_sumatra_full
https://earth.esa.int/documents/d/earth-online/21076-3177-3195-3213-ers-1_south_china_full-1


# Orbit Frame(s) Satellite Date Time Location

1 24684 3429 ERS-1 03-Apr-1996 12:34

2 14408 3411 ERS-1 18-Apr-1994 03:42

3 14408 3393 ERS-1 18-Apr-1994 03:42

4 15975 3159-3177-3195 ERS-2 11-May-1998 02:46

5 24320 3393-3411 ERS-2 15-Dec-1999 02:26

6 9424 3735 ERS-1 5-May-1993 03:17



7 21076 3177-3195-3213 ERS-1 27-Jul-1995 02:40
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