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ABSTRACT
Millions of wave mode synthetic aperture radar (SAR) images
are routinely acquired by the ESA’s two sentinel-1 satellites
every month over the open ocean. These SAR images capture
clear imprints of atmospheric boundary layer (ABL) roll vor-
tices. This provides a new and unique opportunity to investi-
gate the characteristics of ABL rolls globally and statistically.
In this study, we take advantage of the deep learning clas-
sification tool that has been successfully developed to auto-
matically identify ABL rolls. For each SAR image classified
with ABL rolls, roll wavelength and orientation are extracted
through spectral analysis. Surface meteorological variables
are also collocated with each SAR image to address the atmo-
spheric conditions of roll occurrence. Results show that roll
vortices are prevalent over the whole ocean and mainly occur
in unstable to near-neutral stratification. Roll characteristics
follow the theoretical expectation and are in good agreement
with previous studies.

Index Terms— Marine atmospheric boundary layer, roll
vortices, synthetic aperture radar, Sentinel-1 wave mode

1. INTRODUCTION

Roll vortices are a common feature of the turbulent atmo-
spheric boundary layer (ABL) in near-neutral to moderately
unstable stratification. They can be generated either by ther-
mal instability, when the layer is heated from below or cooled
from above, or by dynamic instability, when the wind veloc-
ity changes with the height [1, 2]. This organized secondary
circulation usually spans the whole depth of the ABL and is
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approximately aligned with the mean wind direction. It con-
tributes significantly to the vertical transport of momentum,
heat and moisture. When roll vortices present, overturning
circulation commonly exists with alternating linear regions
of enhanced upward and downward perturbation flows form-
ing between the counter-rotating roll circulations. These per-
turbations in the ABL change the near surface winds signif-
icantly and thus modulate the sea surface roughness. There-
fore, imprints of roll vortices can be captured by high reso-
lution synthetic aperture radar (SAR) images, visible as two-
dimensional quasi-periodic patterns [3, 4, 5, 6].

Extensive observational, experimental, theoretical, and
numerical investigations have indicated that typical roll wave-
lengths and orientations are 2 to 5 km and within +/- 20 deg of
the surface wind direction and ABL stratification is a strong
indicator of their presence [1, 2, 7]. Although SAR has
been proven to be a useful tool to study ABL rolls over the
world’s ocean [8, 9], at present, there is no systematic analy-
sis dedicated to their statistical properties [4, 6, 9]. This study
exploits the global Sentinel-1 (S-1) WaVe mode (WV) SAR
data for investigation of ABL roll features. The geophysi-
cal classification tool created by a deep learning approach
is applied to automatically identify WV SAR images of roll
vortices [10, 11]. Section 2 of this paper documents the S-1
WV classification tool and collocated meteorological vari-
ables. In section 3, we extract roll wavelength and orientation
through spectral analysis and discuss the statistical results of
roll characteristics as well as atmospheric conditions of roll
occurrence. A summary follows in section 4.

2. ROLL VORTICES ON S-1 WV IMAGES

S-1 is a constellation of two C-band SAR satellites (A & B)
that were launched by European Space Agency (ESA) in 2014
and 2016, respectively. The WV was originally designed for
directional wave spectra retrieval as part of the operational



Fig. 1. Sea surface roughness examples (a,b) of ABL rolls taken by S-1 SAR WV. Panel (c) exhibits the global distribution of
identified ABL rolls, color donates image count in 2.5◦ by 2.5◦ grid boxes.

level-2 ocean product. It acquires SAR images routinely over
the open ocean at alternating incidence angles of 23◦ (WV1)
and 36.5◦ (WV2) in VV polarization (default). Each WV
SAR image has a footprint of 20 km by 20 km with a spa-
tial resolution of 5 m. Recent exploration of these WV SAR
data reveals that ABL roll signatures are also well imaged
[12]. Two such images are shown in Figure 1 (a) and (b). It
is clear that the periodic patterns of roll vortices are superim-
posed on ocean wave signatures. These features are distinct
enough to be identified visually or automatically using pattern
recognition image processing techniques.

A geophysical classification model for the WV SAR data,
called CMwv, has been successfully developed by fine-tuning
the Inception-v3 deep convolutional neural network [11].
This tool is able to distinguish ten pre-defined geophysical
phenomena. Specifically, the identification of ABL rolls us-
ing CMwv has better performance for WV2 compared to
WV1 images with precision and recall of 96% and 83%, re-
spectively. Therefore, we focus on the WV2 SAR images
in this study and use S-1A data obtained in 2016. Figure 1
(c) displays the global distribution of identified ABL rolls,
counted in each 2.5◦ by 2.5◦ grid box. In general, roll vor-
tices are present across the ocean as expected. In particular,
they are more prevalent in the tropics compared to the ex-

tratropics with a higher concentration of ABL rolls located
alongside rainfall belts. We expect that the deeper convection
common to the tropics is responsible for the higher occur-
rence of the ABL roll vortices in the tropics. Moreover, the
accompaniment of rolls with rainfall is commonly observed
in the hurricane boundary layer [7]. Although there is no
WV acquisition in the Arctic Ocean, closed seas and coastal
areas, the huge available WV SAR data set (∼120,000 per
month) provides a new and unique opportunity to statistically
investigate ABL physics at scales of 0.8-6 km, that almost
only SAR can achieve.

To address the atmospheric conditions of roll occurrence,
we collocated each SAR image in time and space with sur-
face meteorological variables from the European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analysis
(v5) ERA5, listed in Table 1. The wind speed at 10 m
elevation under neutral stability (U10), air-sea temperature
difference (∆T ) and bulk Richardson number (RiB) are ex-
amined in this work because ABL dynamics are governed by
wind shear and thermal convection. These three parameters
are all surface based (10 m height) and calculated using the
COARE 3.0 algorithm.



Table 1. Meteorological variables from ECMWF ERA5

Short name Long name Unit

u10 10 metre U wind component m/s
v10 10 metre V wind component m/s
sst sea surface temperature K

t2m 2 metre temperature K
d2m 2 metre dew-point temperature K
sp surface pressure Pa
blh boundary layer height m

3. CHARACTERISTICS OF ROLL VORTICES

Considering that the imprints of roll vortices on SAR images
are periodic signatures, spectral analysis is effectively extracts
the horizontal wavelength and orientation [4, 6]. This tech-
nique is applicable to S-1 WV images because roll signatures
normally dominate the whole 20 km scenes. The estimation
algorithm we used is modified from the spectral estimation
unit (see details in [13]). The periodogram process is removed
to include the larger wavelength signatures. In Figure 2, the
two spectra estimated from the SAR images displayed in Fig-
ure 1 (a) and (b) are shown. For convenience, they have been
converted from Cartesian to Polar coordinates with φ denot-
ing roll orientation relative to the azimuth direction. Although
we have interpolated the spectrum during the Cartesian to Po-
lar conversion, the spectral resolution does not improve as
shown in the Figure 2 (c) and (d). To avoid signatures of
very low frequency waves and ocean waves, we concentrate
on wavelengths between 0.8 and 6 km, the black vertical lines
in Figure 2.

The most energetic spectral peaks can be detected by
searching for local maxima within the spectral densities from
0.8 to 6 km. Given the peak location, marked as black stars
in Figure 2, we can easily extract the roll wavelength (λ) and
orientation (φrolls). Note that φrolls needs to be converted
form the image coordinate to the geographic coordinate.
Then, the aspect ratio (AR = λ/h, h is the ABL height)
and angle deviation of roll orientation from the surface wind
direction (∆φ = (φu10 − φrolls) ∗ sign(lat)) can be calcu-
lated. The sign of latitude is considered in the calculation
of ∆φ to combine the southern and northern hemisphere to-
gether. The positive (negative) of ∆φ is indicative of cyclonic
(anticyclonic) rotation.

Figure 3 displays the probability density functions (PDFs)
of (a) wavelength, (c) aspect ratio and (d) angle deviation.
Although the imprecise SAR spectral resolution limits our
ability to obtain a smooth PDF of roll wavelength, λ distri-
bution is clearly in the lognormal. The best fitted curve for
AR is also the lognormal and curve for ∆φ is normal. These
findings are consistent with statistical results from hurricane
boundary layer [14]. The median and mean values of aspect
ratio is close to 2.83, agreeing with the theoretical expectation

Fig. 2. Spectral analysis to extract the wavelength and ori-
entation of ABL rolls from SAR images. (a) and (b) corre-
spond to the images displayed in Figure 1. (c) and (d) demon-
strate the spectral resolution before and after interpolation.
The black vertical lines indicate the wavelength of 0.8 and 6
km. Black stars are indicative of the detected spectral peaks.

[2], indicating good agreement between SAR observation and
ABL theory. However, the positive angle deviation on Figure
3 (c) means roll orientation is on the left (right) of the sur-
face wind direction in the northern (southern) hemisphere is
unexpected [2]. This is an ongoing research that could be re-
lated to many factors such as ABL height, Coriolis force, and
temperature gradients.

PDFs of wind speed, air-sea temperature difference and
the bulk Richardson number are also given in Figure 3. It is
reasonable that roll vortices mostly occur in medium winds
conditions (5-15 m/s), as wind shear is one of principal form-
ing forces. As expected, ABL rolls generally exist in unstable
to near-neural atmospheric conditions, corresponding to the
negative ∆T and RiB . It is worth noting that there is a small
portion of rolls observed under stable atmospheric conditions,
which will be investigated in the future study.

4. SUMMARY

In this work, we have conducted preliminary investigation of
ABL roll using the global S-1 WV SAR data. Global dis-
tribution of identified roll vortices proves that rolls exist ev-
erywhere and dominate the non-rainfall areas in the tropics.
The bulk Richardson number indicates that rolls mostly occur
in, as expected, the moderately unstable to near-neutral atmo-
spheric conditions. Rolls aspect ratio has values of 3.39 ±
1.79 (mean ± standard deviation), which are in a lognormal
distribution with geometric standard deviation of 0.5. This
is in good agreement with the ABL theory predication and
previous statistical results. However, the roll orientation has
been found unexpected on the opposite side of surface wind



Fig. 3. Probability density functions of (a) wavelength (λ), (b) aspect ratio (AR), (c) angle deviation of orientation relative to
surface wind direction (∆φ), (d) surface wind speed (U10), (e) air-sea temperature difference (∆T ) and (f) the bulk Richardson
number (RiB). M , µ, σ and s are the median, mean, standard deviation and geometric standard deviation, respectively. Curve
fits suggest that data in (a) and (b) are lognormal distribution, and in (c) are normal distribution.

direction. Further analysis of the positive angle deviation and
other relevant studies are in progress.
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