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Abstract. This paper describes the results of the field experiment to study the effect of forma-
tion of a film slick as a result of gas escaping from the water column and shows the possibility of
its detection by radar means of remote sensing. The experiment in the water area of the Gorky
reservoir (Russia) using X-band radar Micran MRS-1000 installed on the avantport lighthouse
was conducted. The assessment of the size and morphology of the slick spot was performed.
The features that make it possible to distinguish a slick formed by an underwater bubble stream
from background slicks of natural origin are noted.
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1. Introduction

Gas outlets from the sea occur for various reasons. One of them is the damage of underwater gas pipe-
lines, the length of which is thousands of kilometers in the world. In this regard, continuous moni-
toring of the technical condition of pipelines, as well as detection and assessment of the volume of
leaks in real time, are essential to minimize economic and environmental damage. To monitor the
condition of long subsea pipelines, specialized vessels and air fleet are used, which implies high fi-
nancial costs and discrete observations. Methods for remote detection of gas leaks on land are being
actively developed [1]. In addition, there is an oceanological problem related to the study of gas emis-
sions from the seabed (see, for example, [2, 3]). This work is devoted to the study of the possibilities of
a remote approach to detecting gas outlet areas on the sea surface, based on a fundamentally different
physical manifestation of this phenomenon.

2. Problem statement

Currently, a fairly wide list of physical phenomena has been identified that can be used as a basis for
remote detection of gas escaping from the water column. This may be a change in the temperature of
the water surface [4]; the manifsestation of anomalies in the signal of reverse acoustic scattering in the
water column [5]; disturbance of the sea surface by bubble gas plumes [6]; the appearance of areas of
increased turbidity as a result of lifting the suspension from the bottom; anomalies of positive contrast
on radar images of places where gas bubbles exit to the water surface in a weak wave or calm due to
a lower density of water containing bubbles; observation of areas of smoothing of surface wind waves
in radar images as a result of generation of internal waves by gas emissions; smoothing of the sea sur-
face due to the appearance of surface currents around the gas outlet area; domed gas emissions; the
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presence of bubbles and cracks in the ice cover, as well as gas plumes in the atmosphere (see [7] and
cited literature).

Bubble gas outlets that form the phenomena described above usually have a sufficiently large scale
(from a few meters to hundreds of meters or more) and a long time character, which makes it possible
to detect them successfully. But accidents on underwater pipelines occur suddenly, and the scale of the
gas outlet area on the water surface may be less than 1 meter, while the suspension lift from the bottom
may not occur, and the surface velocity of the current around the gas outlet area and the generation of
internal waves in this gas stream may be insufficient to detect such gas emission on satellite images.

On the other hand, according to the flotation theory [8, 9], gas bubbles rising from the water col-
umn bring surfactants dissolved in it to the surface of the water. Therefore, in natural reservoirs where
water contains natural surfactants and suspended substances, the process of gas escape from the water
column is accompanied by the appearance of a film of surfactants on the water surface [10]. This sur-
factant film has a number of properties that differ from the properties of the clean water surface [11].
Previously conducted laboratory [12, 13] and field [14] studies confirmed the accumulation of surfac-
tant film on the water surface in result of a short (within 15 minutes) action of the bubble stream.

The sea surface is often covered with films of surfactants of biogenic or petroleum origin. They have
a fairly large area and, due to the smoothing of short wind waves and the formation of so-called slicks,
are clearly distinguishable on radar images [11, 15, 16]. Methods for classifying slicks formed by petro-
leum products or caused by natural surfactants are being actively developed [17—24]. However, slicks
formed by underwater bubble streams have their own differences, which should be taken into account
when developing a method for identifying them.

An important distinguishing feature of the slick formed by a film of surfactants carried out by gas
bubbles from a damaged underwater gas pipeline will be the relative immobility of the source of sur-
factants. This means that even if the surfactant spot is strongly pulled by wind and current, one end of
the slick, the so-called “head” of the slick, will always be located above the area of the gas leakage —
the source of surfactants (similarly, [25, 26]).

3. Description of the experiment

In this paper, the effect of forming a film slick in result of gas escaping from the water column and the
possibility of its detection by radar means of remote sensing were experimentally confirmed. The field
experiment was conducted in the water area of the Gorky reservoir. A compressor was installed on
the floating laboratory “Geophysicist” (figure 1a) and supplied air to a depth of about 10 meters. The
effects of the removal of natural surfactants from the water column and the formation of a film slick
were recorded visually, with a camera and using X-band radar (Micran MRS-1000) installed on the
avantport lighthouse (figure 1b). The parameters of the current were recorded by the acoustic Doppler
current profiler (ADCP) and the wind — by the ultrasonic wind sensor WindSonic installed on the
“Geophysicist”. The “Geophysicist” scientific boat itself was anchored at some distance from the exit
point of the bubble stream.

¥ WindSonic
A

(b) X-band Radar

Figure 1. Field experiment on the formation of a film slick by a bubble stream: (a) the scientific boat “Geo-
physicist”, equipped with air compressor, ADCP and ultrasonic wind sensor WindSonic; (b) the avantport light-
house, where the radar Micran MRS-1000 was located.
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4. Results and discussion

The wind speed during the experiment was 3—6 m/s from the south. The current in the upper water
layer at a depth of 1 meter was stable and its speed was 10 cm/s (figure 2), the mean direction of the
current vectors was almost due north (8—12°). The slick bands recorded on the radar images (figure 3)
were oriented in the direction of the total surface current vector.
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Figure 2. Velocity and direction of the current at a depth of 1 m in the area of the experiment according to
ADCP data. The blue lines represent the current vectors; the red line is the drift trajectory of the scientific boat
“Geophysicist” at anchor.

A stripe slick structure formed by a bubble stream was registered on the radar images (figure 3a, b).
The dark vertical stripes in figure 3a, b are slick spots stretched out in the wind. They have different
widths and contrasts: the presence of natural or so-called “background” slicks in the experiment zone
allowed us to compare them with an artificial bubble-made slick and to highlight some of the features
of the latter. First, this is the difference in contrast (the ratio of the intensity of the radar signal in
slicks and on a clean surface) in the background slick and in the bubble-made one, which makes it
possible to detect it using radar methods. Secondly, there are morphological differences: slick created
by bubble stream has a clearly defined “head” at the place of its formation, i.e. in the area of the bub-
ble stream exit from the water, and it has clearer boundaries in general.

The size of the slick according to visual estimates (figure 3c, d) was 15—20 m across the wind, and
more than 100 m along the wind. In the upwind of the bubble outlet area a rip was formed, because of
the collision of currents initiated by the bubble stream with the wind current. The rip can be seen both
on the photographs taken at the initial moment of bubble stream formation (figure 3c) and on the ra-
dar images (figure 3a, b).

It should be noted that the natural limitation of the proposed approach is the need of small-scale
wind waves on the water surface, which are generated at near-water wind speeds exceeding 2—3 m/s.
But if the wind is too strong (more than 10—12 m/s), the formed slicks will quickly collapse, this fact
will also make it difficult to detect such slicks by radar [11]. Further development of the proposed ap-
proach requires additional experiments under various hydrometeorological conditions.
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Figure 3. Images of the bubble outlet area: (a) radar image of the water surface in the study area; (b) a fragment
of a radar image of a slick formed by the bubble stream; (c) the image of the bubble outlet area at the initial mo-
ment of its formation; (d) the image of the bubble outlet area in steady state of the bubble stream.

To create an algorithm for recognizing artificial slicks, including those formed by underwater gas
emissions in the field of background slicks, a special polarizing parameter RND (relative Resonant to
Nonresonant signal Damping) can be used as a basis, which makes it possible to differentiate various
types of film contamination of the sea surface on radar images [21, 22].

5. Conclusions

The fact of formation of a film slick on the water surface near the gas outlet area has been confirmed
in the field experiment. The surfactants carried by bubble stream to the water surface form a slick spot
that can be registered by X-band radar. The size of the slick band obtained in the field experiment was
several tens of meters wide and several hundred meters long, this fact opens up opportunities for confi-
dent detection of gas outlet areas on the water surface by modern satellite radar methods.

One of the important practical results of this work is the confirmation of the possibility of remote
detection of bubble emissions, for example, from damaged of underwater gas pipelines, based on im-
ages of slicks above them.

An important distinctive feature of a slick formed by an underwater bubble stream is the difference
between its contrast and the contrast of background slicks on radar images. In addition, the bubble-
made slick has a clearly defined “head” at the place of its formation and it has clearer boundaries in
general.

The proposed approach requires the presence of short wind waves on the water surface and can be
effective in the range of near-water wind speeds of 2—12 m/s. Further development of the approach
implies additional experiments under various hydrometeorological conditions.
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