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Abstract

Fine scale features on the sea surface associated with change in roughness are, e.g., Lee waves, wind rolls due to
atmospheric rolls, wind shadows, swell waves and oceanographic effects due to upwelling, Langmuir cells, cur-
rent fronts and wakes as well as natural and man-made slicks. Such features can be observed on synthetic aper-
ture radar (SAR), because of the change in Bragg backscatter of the radar signal by damping of the resonant
ocean capillary waves. Further this change in sea surface roughness can as well be observed in the sun glint area
of optical imagery.

Fine scale features like oceanographic fronts, turbulent currents, eddies and small slicks of natural origin or oil seep-
ages are best observed on high resolution imagery, that is now freely available to the scientific community. Especially
using new radar frequencies like the L- and C- band or the high resolution from X-band satellites as well as new
modes of polarization, sea surface features have been analyzed in several campaigns, bringing very different datasets
together thus allowing for new insight in small scale processes at a larger area.

1 Introduction ters based on intensity images [6], [7] to be able to

distribute near real time products. Additionally we

SAR intensity images are a measure of the roughness
of the sea surface and are thus usually interpreted as a
measurement of sea surface wind speed [1], [2]. Qil
seeps and spills smooth the roughness of the sea sur-
face and can thus be easily detected by synthetic aper-
ture radar (SAR), causing dark areas on the satellite
images due to reduced backscatter [3], [4]. Using
complex SAR imagery the change in the variability of
the phase difference between the Co-polarized chan-
nels (VV, HH) is used to differentiate between oil and
natural slicks [5]. Oil spills cause sheen and a change
of color at visual inspection or on optical imagery
which can be interpreted as oil thickness, e.g., using
the NOAA scale.

During a field experiment in the Gulf of Mexico at the
estuary of the Mississippi river in April 2017, we col-
lected a variety of different SAR and optical datasets
both showing persistent oil seeps South of the Missis-
sippi delta. We investigated oil spill imaging under
different environmental conditions as well as for dif-
ferent radar wave lengths and polarizations together
with optical and in Situ data. On TerraSAR-X and
Sentinel data we used algorithms for oil spill detec-
tion and for the derivation of meteo-marine parame-

tested ESA’s SNAP toolbox for Sentinel-1 and RA-
DARSAT-2 and investigated polarimetric SAR im-

agery.

2 Oil Detection by SAR

We acquired radar data from the two C-band satellites,
RADARSAT-2 and Sentinel-1, as well as TerraSAR-X
band imagery and compared the detected slicks and oil
to in situ data as part of the GOMRI (Gulf of Mexico
Research Initiative) Campaign SPLASH, Submesoscale
Processes and Lagrangian Analysis on the Shelf.

Figure 1: Oil seep observed next to the small campaign
boat (left). Slick on the sea surface (right) observed dur-
ing satellite SAR acquisitions



During the cruise oil seeps were detected visually, see
Figure 1 for examples and described by the NOAA
scale. It could be shown that the areal size of visually
detectable oil is much smaller than the dark areas on the
SAR image, which is caused by reflection of the radar
beam away from the antenna due to the smoothing of
the sea surface. We compare the extent of the detected
dark area for different environmental situations, i.e., in
different wind speed, sea state and tidal front situations,
parameters which can be derived directly from the SAR
imagery. When comparing the in Situ inspection to the
imagery, none of the SAR detected oil slicks had a
thickness of more than 0.3 to 5 micrometers. Still the
damping on the SAR image was in the range of the sys-
tem noise level (NESZ) of more than -30 dB for, e.g.,
RADARSAT.

2.1 Satellite Datasets in NRT

We acquired SAR satellite data from the Gulf area near
the Mississippi delta between April 15" and April 30"
2017 at DLR’s ground station in Neustrelitz, see Table 1

04-2017 Time UTC | Sensor | Mode
15 23:49 TS-X SM-VV
16 00:01 S1A IW-HH
19 12:08 TS-X DP
20 23:57 R2 WFQ
20 23:57 TS-X DP
22 23:53 S1A IW-HH
24 12:17 TS-X SM-VV
25 12:01 R2 FQ8W
26 23:49 TS-X SC-VV
28 00:01 S1A IW-HH
30 12:08 TS-X SM-DP

Table 1: SAR data acquired for SPLASH.

TS-X derived products on wind speed, sea state and oil
coverage were available to the in Situ campaign 30
minutes after acquisition. Datasets were acquired and
processed into SAR images in 15 minutes, further pro-
cessing into derived meteo-marine products usually
took another 5 minutes.

Figure 2 shows an example of a TerraSAR-X image of
oil detection near the Mississippi delta. The data were
acquired on April 15" (date by local time), 2017 while
the seep was surfacing directly from under the river
front and dragged into it, finally submerging.

The interaction of the seep with the freshwater front of
the Mississippi river can be observed and will be used
as a validation for respective modelling of the process.
In addition to the oil detection meteo products on wind
speed at sea surface height u,, derived by the algorithm of
[6] and significant wave height after [7] are available in
near real time (NRT), see an example of TS-X derived
wind speed from April 27" 23:49 UTC in Figure 3.

Figure 2: Oil seep on a TS-X image acquired over the

Mississippi delta as NRT product from April 15™, 2017.

Figure 3: TS-X derived wind speed uy, for the Missis-
sippi delta on April 27" 23:49 UTC. Wind direction
from WRF, wind speed derived to be 4 -6 m/sec.

Figure 4: Sentinel-1 derived wind speed of about 4
m/sec from NIC SAR wind server, April 16". The il
seep is visible in the front by reduced backscatter



Sentinel-1 SAR wind speed data are as well available at
the NIC SAR wind server, see Figure 4. In addition to
wind speed measurements on such images oil seeps can
as well be deduced from the reduced backscatter.

Sentinel-1 and RADARSAT-2 data were processed after
the campaign. We processed the Sentinel SAR data for
different dates and found the slick to be surfacing at the
same site. The extent of the slick was mainly dependent
on the location of the front. If the oil is surfacing in the
front, the slick would again submerge or stay confined
to a small area. If the freshwater front is located north of
the seep, features related to smoothing of the sea surface
could be observed to extend up to 70km into the Gulf
towards the East, see Figure 6..

2.2 In Situ measurements

The physical structure of the surface microlayer (SML)
consists of the viscous sublayer (~1500 pm thick),
thermal sublayer (~500 pum thick), and salinity diffusion
sublayer (~50 pum thick). Under moderate wind speed
conditions, these molecular sublayers are mainly con-
trolled by microscale wave-breaking associated with
capillary waves and have a great impact on the gas ex-
change between the ocean and atmosphere [8]. We in-
vestigated the seep and the slick and sampled the SML
in order to derive the abundance of surfactant associated
bacteria [9] in an oil enriched environment, see Figure
5. The methods and results on slick measurements dur-
ing the LASER during in Feb. 2016 are available in
[10].

Figure 5: Sea surface and oil slick sampling using filter
techniques during SPLASH in the oil seep

3 Discussion of SAR Results

The observed seep, originating from a platform located
in the Mississippi delta, which was destroyed during
hurricane Ivan in 2004 is observed on all SAR imagery
acquired during the SPLASH experiment as well as be-
fore and after. The shape and area would not only de-
pend on the sea surface wind speed, but as well on the
location of the Mississippi freshwater front.

In cases were the front is located northward of the seep,
the oil slick features were observed to extend more than
70 km far into the eastern Gulf as well as being dragged
into an eddy, without actually oil being visibly present at
the sea surface, see Figure 6. The eddy delineated by the
oil is actually present in the results of the HYCOM
model, see Figure 7. Thus the oil features can be usedas
well to validate current models at the surface.

Figure 6: Extent of the oil seep features from the same

location derived from 4 different SAR acquisitions by
different sensors and color-coded by acquisition date.
The contours of the seep are derived by ESA SNAP

22-Apr-2017 12:00:00

Yo

Figure 7: Sea surface current in m/sec as derived from
the HYCOM model

The surface slick traces the outline of an eddy with cen-
ter at 29deg 30 min North, 88deg 20 min West, surface
currents shown are as computed by the HYCOM model,
see, Figure 7. It should be noted, that higher resolution
features of the frontal system between fresh and salty
water as observed in Figure 2 cannot be reproduced by
the model.

We acquired both TS-X Stripmap and RADARSAT-2
fine quad-polarisation mode data at the same time to
investigate processes at the front in high resolution on
April, 20™. Figure 9 shows the interaction between the
slick and the front on RADARSAT-2, the same area is
acquired by TS-X at the same time, see Figure 10. On
both images the oil seep can be detected. The seep ex-



tends to the Mississippi front, gets drawn into the front
towards the West and part of the slick submerges under
it.

The X band TerraSAR image shows bright frontal fea-
tures due to interaction of the ocean waves from the
Gulf with surface currents at the front. Fronts are better
detectable on the X- than on the C-band imagery, due to
the higher backscatter from breaking waves. Small fil-
ament slick features are detectable in a large area behind
the front. Visually on the ocean surface only the smooth
sea surface is observed, in the zone behind the front no
oil was detectable, see Figure 1 b.

The NRCS on the RADARSAT image diminishes from
-18 dB on the sea surface to -30dB in the slick covered
area as well for the slick entrained in the front as for the
oil in the seep area. Thus the question whether there is a
similar thickness of oil in the front as at the seep cannot
be answered just from the SAR intensity image. In addi-
tion or TS-X data the oil slick damping causes the inten-
sity to drop below the NESZ of -19dB.

Figure 8: Radarsat-2 calibrated NRCS, V'V April 25™,
the image is colour-coded to show the stronger damping
in the center of the slick (blue) in comparison to the out-
side (green). The front at which the slick appearance
vanishes is not detectable.

This shows the high potential of SAR to detect slick fea-
tures that may consist only of surfactants of a nanometer
thickness. On the other hand this means that SAR im-
agery can easily be misinterpreted, when used in opera-
tional oil spill detection. Users of oil spill detection of-
ten complain about a too high humbers of alarms. The
cause for this is not just the presence of look-alikes from
algae, the cause is that an extremely thin layer of oil,

often just a monomolecular layer of crude oil, not visi-
ble by a change of colour at the sea surface, smooths the
sea surface and thus results in dark areas on SAR.

In Figure 8 we show the NRCS of a RADASAT 2 im-
age from April 25", color-coded to highlight the slightly
stronger damping at the center of the slick. Methods to
detect thicker oil due to illegal spills, that have to be re-
moved, and to distinguish these from nano-to microme-
ter layers, have to still be developed or improved. In op-
erational systems human operators tend to overestimate
the likelihood of a spill.

For detecting oil on optical imagery in sun glint similar
arguments apply, as this glint is as well due to sunlight
reflection on a smooth sea surface.

Figure 9: RADARSAT 2 Quad fine pol, V'V, April, 20"
23:57 UTC

Figure 10: TerraSAR X Stripmap image, VV April 20"
23:57UTC

It has been shown, that polarimetric SAR data can be
used to differentiate between crude oil and so called
look-alikes [5], [11]. [12], [13]. For future SAR systems
special care should be taken to design for the necessary
NESZ and coherence of the VV and HH channels,
which is not sufficient for the respective methods. Of
further importance is to determine in SAR images the
much smaller area that is covered by visibly detectable
oil.



4 Conclusions

SAR data from different sensors namely Sentinel-1,
RADARSAT-2 and TerraSAR-X were acquired to in-
vestigate the possibility to detect oil seepage and ob-
serve its interaction with the Mississippi river fresh wa-
ter front during the SPLASH field campaign. The acqui-
sitions will be a basis to model the processes at the front
in high resolution.

The seep was detectable on all SAR images at all envi-
ronmental conditions down to a wind speed u,, of lower
than 3 m/sec. The NESZ of the SAR systems needs to
be better than -30 dB at low wind speed for X and C-
band to distinguish between oil coverage and slicks or
smooth sea surface. New complex methods involving
the co-pol phase difference and thus distinguishing be-
tween crude oil on the surface and a smooth sea surface
again need a NESZ better -30dB in low wind conditions
(around 3 m/sec) and incidence angles larger than 30
degrees.

This may be important for the design of new systems,
especially in L-band, where the NESZ would need to be
larger than -50dB. For C- and X- band -32 dB is ob-
served in oil seeps. For the detection of the surface oil
only the co-pol channels are needed. Coherent Co-Pol
channels of NESZ of better than -30dB are useful not
only to distinguish between between crude oil and look-
alikes, but mainly to determine the significance, i.e.
thickness, of an oil spill.

To observe the interaction of oil seeps with river fronts,
in detail a resolution better than 5m is needed. Freshwa-
ter fronts showed up to be more prominent in X than in
C-band imagery
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