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Figure 1a shows the Ku-band and C-band backscatter variations across 
the solitary wave presented in Figure 5a (2017.10.11). In the Ku-band 
(dark curve in Figure 3a), there is a clear depression in sigma0 (of almost 
1 dB) near 4.3ºN followed by (i.e., to the south) a slight backscatter in-
crease (of only less than 0.5 dB) relative to the unperturbed background. 
The backscatter is much less a�ected by the ISWs at the C-band (see 
blue curve in Figure 3a). The wind speed retrieved from the SRAL is 
around. 8 m/s (from the unperturbed surface ahead of the ISW), which is 
moderate.  Hence, this observation demonstrates that ISWs can be de-
tected in this region in the SRAL, even at moderate wind speeds. There 
is also a signature of the ISW in SWH (Figure 3b) and in SLA (Figure 3c). It 
is clearly seen near 4.3 ºN with (positive) perturbations of as much as 2 m 
in SWH and as much as 40 cm in SLA.We emphasize the fact of the posi-
tive anomaly in SLA (40 cm upward), which is consistent with two-layer 
models of solitary wave theory (Figure 3d).  Note that the SLA peak value 
is expected at the maximum downward displacement of the pycnocline 
(assuming a two-layer model), while the minimum in sigma0 occurs over 
the leading slope of the solitary wave where the surface roughness (and 
surface convergent rate) is maximum. Hence, for large solitary waves as 
those in Figure 3, a shift is expected between SLA peak and sigma0 mini-
mum.     
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It is well known that internal waves (IWs) of tidal frequency (i.e., internal tides) are successfully detected in sea surface height (SSH) 
by satellite altimetry. Shorter period internal solitary waves (ISWs), whose periods (and spatial scales) are an order of magnitude 
smaller than tidal internal waves, have been generally assumed too small to be detected with conventional altimeters. This is be-
cause conventional (pulse-limited) radar altimeter footprints are somewhat larger than or of similar size, at best, as the typical 
wavelengths of the ISWs. Santos-Ferreira et al. (2018)  demonstrate that the synthetic aperture radar altimeter (SRAL) on board the 
Sentinel-3A can detect short-period ISWs. A variety of signatures owing to the surface manifestations of the ISWs are apparent in 
the SRAL Level-2 products over the ocean. These signatures are identi�ed in several geophysical parameters, such as radar back-
scatter (sigma0), sea level anomaly (SLA), and signi�cant wave height (SWH) (see Figure 1). Radar backscatter is the primary pa-
rameter in which ISWs can be identi�ed owing to the measurable sea surface roughness (see Figure 3).  Perturbations in the 
along-track sharpened SRAL footprint, which is su�ciently small to capture radar power �uctuations over successive wave crests 
and troughs, are detected in 20 Hz Level2 Products. The ISW signatures are unambiguously identi�ed in the SRAL because of the 
exact synergy with OLCI (Ocean Land Colour Imager) images, which in cloud-free conditions allow clear identi�cation of the ISWs 
in the sunglint OLCI images (Figure 2). Santos-Ferreira et al. (2018) show that both sigma0 and SLA (Figures 1a and 1c) yield realis-
tic estimates for routine observation of ISWs with the SRAL, which is a signi�cant improvement from previous observations re-
cently reported for conventional pulse-limited altimeters (such as Jason-2; Magalhaes and da Silva, 2017). Several case studies of 
ISW signatures are interpreted in light of our knowledge of radar backscatter in the internal wave �eld. An analysis is presented for 
the tropical Atlantic Ocean o� the Amazon shelf to infer the frequency of the phenomena, being consistent with previous satellite 
observations in the study region.

Figure 2. (a) Sentinel-3A OLCI image (Level 1b) dated 2017.10.11 ac-
quired at 12:54:29 UTC (start time) presented in quasi-true color. The red 
line represents the Sentinel-3A track on the ground. (b) Radargram of 
SRAL composed of a sequence of 20 Hz waveforms. Backscatter power is 
represented in color with arbitrary units displayed in the color bar. (c) Av-
eraged waveforms for perturbed (red) and unperturbed (blue) sea sur-
face conditions.  In detail, Figure 2c shows average SRAL waveforms rep-
resentative of the unperturbed background (blue curve) and the ground 
segment a�ected (i.e., perturbed) by the surface manifestations of ISWs 
(red curve).  Note that the two (averaged) waveforms are similar in shape, 
but the perturbed curve has signi�cantly attenuated backscatter power, 

Santos-Ferreira et al. (2018) developed a methodology to automatically 
detect ISW features in the SRAL Level2 data, which is based on wavelet 
analysis on the sigma0 signal (excluding the samples where there were 
rain and there were not the minimum of variance of 6 cm in SLA). Now, it 
was possible the calculation of di�erenced mean square slope. This new 
parameter in the algorithm, allows isolation of the contribution of the 
small-scale waves between 6.3 cm and 16.5 cm by di�erencing the esti-
mates from the two frequency bands, i.e. Ku and C bands. ISWs surface 
manifestations are quite sensitive to those wavelengths, and hence we be-
lieve the method is adequate for its detection.  The method is such that a 
mss (mean square slope) measure is classi�ed as ISW event if, and only if, 
mss(U10)>mss(U10 + 2m/s) or mss(U10)<mss(U10 - 2m/s). Here, U10 is the 
wind speed estimate at 10 meters height. At a given wind speed U10, an al-
timeter mss measure is classi�ed as ISW event when its value exceeds a 
con�dence interval of +/- 2 m/s. Figure 4 shows the result for retative orbit 
152 of mss as a function of altimeter U10.
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Figure 5. Logic �ow of the proposed detection method. 

Figure 6. Along-track mean square slope measurements for relative orbit 
152, cicle 023 over the tropical Atlantic at latitudes of Figure 2a. The pink 
points represent the positions where are detected IWs, at approximately 
4.3ºN, how is possible verify on the image (Figure 2a). 

Figure 7. Graphic representation of a sequence of 27 cycles for relative orbit 152 of the Sentinel-3A SRAL for a stretch over more than 300 km o� the 300 
km o� the Amazon shelf. The red segments indicate detection of ISWs by the algorithm. 

The results of the “physical approach”described above are then compared 
with the “mathematical approach” based on wavelet analysis o� the di�er-
enced mss signals (see the logic �ow on Figure 5). Figure 6, presents the 
result of the algorithm for relative orbit 152 of cycle 023, at latitudes of 
Figure 2a and the ISW detection is validated with an OLCI cloud free image 
that reveals clear evidence of large amplitudes ISWs, in  this example at lati-
tude 4.3ºN. 
In the Figure 7 is shown the result for all the cycles avaible until the moment 
of relative orbit 152 (since 012 to 038).    

Figure 7. Mean square slope parameter as a function of altimeter U10 wind speed for relative orbit 152 for all 
the cycles (since 012 to 038) over the tropical Atlantic o� the Amazon shelf (descending orbit  comprehend-
ing latitudes between 7.1ºN and 4.1ºN. The points represent the 1024 altimeter samples for which mean 
square slope and U10 were computed. 
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Figure 3. Schematic view of an ISW propagating along the pynocline. Nearsurface currents (black arrows) 
create convergence and divergence patterns and alternating rough (light-gray) and slick (dark shadings) 
roughness sections. Di�erent acquisition geometries of the sea surface are also shown for Envisat-ASAR 
and Sentinel-3. 
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Over the strech of the deep tropical Atlantic ocean under consideration, ISWs are detected in 20 out of the 
27 analyzed cycles (i.e. 74% of the time). This sequence corresponds to a time span of almost 2 years. The ISW 
observations were validated by visual inspection of OLCI signatures of ISWs in 9 out of the 20 cycles (45% of 
the cases). All the other 11 remaining cycles correspond to cloud-covered conditions.
The results suggest that SRAL enhanced Level-2 altimetry data may be used on a routine basis to detect 
large-scale internal solitary waves over the tropical ocean and marginal seas. 
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