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This paper describes our experience in the application of Lagrangian mini-drifters in
studies of coastal water circulation. As shown by our experiments in the Southeastern
Baltic Sea, an application of Lagrangian mini-drifters makes it possible to detect
the presence of complex sub-mesoscale vortex processes and inertial oscillations, i.e.,
processes that are difficult to numerically simulate. Moreover, the presence of vortex
formations is able to keep passive objects (drifts, oil anthropogenic pollution and so
on) floating in a strictly localized area for at least 1 week, even in changeable wind
conditions. Special attention in the paper is paid to a performance comparison of
the application of mini-drifters and an Acoustic Doppler Current Profiler (ADCP).
The advantages of drifters for determining flow parameters at low speeds are noted.
The main advantages of the proposed drifters are taken into account: the low cost
of manufacturing drifters (~ 150 USD per system) along with the low cost of GSM
communications, the ease of manufacturing and operation, with no special technical
experience required, and the link to obtaining operational data in real-time for
up to several weeks make these systems valuable supplementary tools for remote

sensing studies of processes in coastal zones.
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1. Introduction

The ecological situation of coastal zones is one
of the major concerns in modern science. This is
due to many factors: the increase of oil pollution
caused by an increase in oil and gas activity on the
shelf, intensification of commercial shipping and an
increase of suspended matter concentration, which
drives a decrease of bioproductivity and an increase
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of harmful algae blooming. One of the most impor-
tant questions for ecological monitoring is not only
the detection of anthropogenic and natural pollu-
tants but also the forecasting of their propagation
in time. A correct forecast is only possible if it is
based on an understanding of the whole spectrum
of hydrodynamic processes in the area. Bearing in
mind the complexity and high costs of field exper-
iments, we may assume that the variety of real-
ocean situations and impact of a great amount of
atmospheric and oceanic factors yield some frag-
mentarity in the description of real processes in the
areas of interest [Lynch et al., Marmorino
et al., . In order to forecast the propagation
of different types of pollutions, it is necessary to
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obtain comprehensive detailed data of a near real-
time spaciotemporal distribution of different meso
and submesoscale processes (eddies, vortex dipoles,
internal waves, fronts, etc.) [Ginzburg et al.,
Lavrova et al., . The submesoscale
phenomena are too complex to be studied due to
their non-stationarity, spontaneity of their appear-
ance and their relatively short lifetime.

There are many methods for studying coastal
dynamics and submesoscale processes, including
in-situ methods, numerical modelling and remote
sensing data. In modern science, numerical mod-
elling is considered to be the most popular and
comprehensive tool for studying dynamic processes
in coastal zones. As examples, we can mention the
Princeton Ocean Model, and its modifications for
various seas [Blumberg et al., Jankowski et
al., 2002} Svendsen et al., Zhurbas et al.,
[2003] 2004], the NEMO-Nordic model (Nucleus of
the European Modeling of the Ocean) [Madec et
al., , which was set up for the North Sea and
the Baltic Sea [Hordoir et al., Madec, ,
and many others. The main advantages of numer-
ical simulation are the data coverage of wide ar-
eas (averaged according to different time scales)
and the possibility to predict current fields in time.
However, for coastal water circulation, the results
of numerical simulation require a more detailed
analysis, with additional involvement of verifica-
tion based on in-situ data.

Oceanographic in-situ methods for studying cur-
rents can be divided into two parts. The first tech-
nique is based on Euler’s approach, when the flow
passes over a fixed point. The main types of instru-
ments used in this approach are impeller current
meters, which determine the speed of the current
through the frequency of the impeller shaft move-
ment in time, and an Acoustic Doppler Current
Profiler (ADCP), which determines the flow veloc-
ity through the Doppler shift by means of acoustic
signals. Both devices are widely used in oceano-
graphic researches [Joseph, , but can measure
only at a fixed point. However, coastal dynam-
ics is characterized by a high degree of spatiotem-
poral variability and cannot be fully described us-
ing several fixed-point measurements. Addition-
ally, most bottom-mounted ADCP devices do not
measure the upper meters of water columns due
to an acoustic blind zone near the surface. The
second method for describing currents is the La-
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grangian approach, when an object follows a cer-
tain water parcel. Sequential mapping of the ob-
ject’s location in space at regular intervals helps
to create the flow lines of a dynamic field. The
main types of instruments for researching the flow
field by the Lagrangian method is a Lagrangian
drifter and shore-based HF radars [Carlson et al.,
LaCase, . HF radars are very compre-
hensive measuring devices, which provide real-time
currents and wave data over a vast coastal zone
area, but they are quite expensive and difficult to
install. We will emphasize the Lagrangian drifter —
passive floating object, with or without an under-
water sail and a minimized windage area. Drifters
can be equipped with a remote data-transmitting
device (satellite, radio or cellular link) to transmit
data in real time or can store data internally. An
advantage of the application of Lagrangian drifters
is the possibility to cover vast areas with drifting
buoys, and the cost of a single instrument is rel-
atively low. The ability to send data in real-time
and follow currents at different depths (if using un-
derwater sails at different depths) makes these in-
struments very attractive for research processes in
coastal areas.

The most complete description of drifter exper-
iments can be found in [Lumpkin et al., [2017]. A
sufficient improvement of the application of La-
grangian drifters for the task of studying the field
of currents is associated with the advent of the
ubiquitous GPS satellite tracking system in the
1970s. A pioneering research in the application of
Lagrangian drifters for studying flow fields was con-
ducted by Niiler and co-authors [Niiler et al.,[1987].
They launched underwater sail drifters, equipped
with Argos satellite receivers off the coast of Cal-
ifornia. Sybrandy and Niiler [Sybrandy and Ni-
ilier, also presented a guide to developing
Lagrangian drifters and recommendations for the
optimization of drifter experiments. Poulain and
co-authors [Poulain et al., conducted exten-
sive research by launching 54 Lagrangian drifters,
equipped with GPS and satellite communication
receivers, in the Black Sea from 1999-2003. Re-
sults of this detailed research allowed for the de-
scription of the large-scale circulation of the Black
Sea and revealed some distinctive features of the
Black Sea surface circulation. Poje and co-authors
described the submesoscale dispersion in the vicin-
ity of the Deepwater Horizon spill after the Grand
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Lagrangian Deployment was launched, with 300
GPS-drifters in the Gulf of Mexico calculating the
dispersion of the propagation of drifters in the
DeSoto Canyon region [Poje et al., . Recent
work [D’Asaro et al., showed the experience
of calculating ocean convergence and the dispersion
of flotsam for 200 drifters.

Despite the fact that an application of Lagrangian
drifters using satellite telemetry provides a large
array of useful information for investigating large-
scale circulation, this technology is quite expensive
and restricted in some countries or certain areas.
The recently acquired possibility of transmitting
information obtained by drifters via mobile phones
(GSM) makes drifter experiments affordable for
scientific groups with a constrained budget, who
are engaged in studies of mesoscale and small-scale
circulation in coastal zone areas covered by a cel-
lular connection.

In this paper, we share our experience of design-
ing low-budget Lagrangian drifters to study the dy-
namics of coastal water. We also show the applica-
bility of such drifters for the determination of pa-
rameters of coastal circulation in comparison with
other methods of investigating the flow field.

2. Materials and Methods

2.1. Requirements for Drifters

When using a Lagrangian drifter, the possibility
to obtain data in real time is very important. First,
in drifter experiments, there is a high possibility of
losing a device during bad weather conditions or
malicious acts, and, second, it is very important to
get data in real time in order to understand a cur-
rent hydrodynamic situation in the region. This
defines the necessity of transmitting the informa-
tion, obtained by a drifter, immediately after it has
been received. Drifters with a cellular communica-
tion (Global System for Mobile Communications,
GSM) channel for data transmission are signifi-
cantly cheaper than the satellite one, both with
respect to the cost of the equipment as well as to
the cost of data transfer. Given their low cost and
the limited range of their GSM-link (usually 25 km
away from the shore), we will henceforth refer to
them as mini-drifters.

To study the dynamics of coastal waters, a mini-
drifter should meet certain requirements. The di-
rect effect of the near-surface wind, which often
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Figure 1. Mini-drifter structure: 1 — GPS/GSM
tracker in a waterproof case; 2 — float; 3 — cable
for installing the sail at the required depth; 4 —
underwater sail; 5 — load; 6 — sail frame.

does not coincide with the direction of a current,
should be minimized. This can be achieved by the
implementation of an underwater sail in a certain
area to transmit the impulse of the water flow to a
drifting object. With a sufficient area of an under-
water sail, the pulse of a flowing water volume over-
comes the effect of the wind pulse, acting on the
minimally projecting area above the water surface
if the wind speed does not exceed 10 m/s [Dauvis,
. This allows us to neglect the impact of near-
surface winds. Finally, a drifter should be able to
track the movement of water masses, not only in
the surface layer itself, but also at a certain depth.
To achieve this, it is necessary to apply a series of
mini-drifters with an underwater sail at different
investigated horizons and depths.

The following is a description of the mini-drifters
that we have developed and used in our studies of
the coastal currents in the Black and Baltic Seas.

2.2. Low Cost GPS/GSM/GPRS
Lagrangian Mini-Drifter

A schematic diagram of our mini-drifter is shown
in[Figure Il The main working tool of a mini-drifter
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Figure 2. Mini-drifter deployment: 1 — Underwater sail launch; and 2 — deployment of

mini-drifter.

is the GPS / GSM-tracker (marked with 1 in [Fig]
that determines the coordinates of a drifting
object and transmits them to a receiving device via
the mobile network as short text messages (SMS)
or via the General Packet Radio Service (GPRS)
channel to a remote server.

A box with the tracker is attached to a float (2 in
, from which a rope (3 in , with
a sail (4) and an attached load (5), is lowered to a
required depth to determine the movement of wa-
ter. An underwater sail, has frame, (6 in,
and two perpendicular blades.

As a transceiver in the mini-drifters, we use car
trackers. This programmable device determines
the coordinates of its location using the GPS re-
ceiver and transmits these coordinates over a mo-
bile cellular communication system to a device,
such as a mobile phone, a smartphone, a tablet
or a computer.

The programming of a tracker is carried out by
a sequence of SMS-messages, with commands that
specify the settings of the tracker mode, or through
commands via a remote web-interface.

Data can be hosted in real-time on a data server
for quick view and can be further downloaded.

In our experiments, Lagrangian drifters have
worked, on average, for at least two weeks with-
out needing a battery replacement.

The launch of mini-drifters, as a rule, is carried
out from a small research vessel (Figure 2)). A lim-
itation of the immediate transmission of data ob-
tained by mini-drifters by cellular communication
is, first of all, that a marine area is covered by a
GSM signal. In the Russian waters of the south-
eastern part of the Baltic Sea, the GSM signal is
available at 30 km from the coast.

Information gathered outside of a cellular range
is stored on a memory card and can be transmitted
when a mini-drifter returns to a zone with an avail-
able signal. As a result, mini-drifters can provide
quite complete and objective information about the
parameters of coastal currents at various horizons.

3. Results and Discussions

3.1. Comparison of Results Obtained by
Lagrangian Mini-Drifters and ADCP
Subsection

In July 2014, our field work on the Black Sea
shelf, in the vicinity of the Gelendzhik City
, included experimental launches of a series
of mini-drifters, synchronized with the towing of
the acoustic Doppler profiler ADCP by a small re-
search vessel.
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Figure 3. Area of ADCP/mini-drifters joint experiment in the Black Sea coastal
zone, near Gelendzhik City. Fragment of georeferenced true color composite of the MSI
Sentinel-2A image (©ESA); Red point shows the location of the area of experiment.

Four mini-drifters, with underwater sails of
1 mx1 m, were launched at a distance of about
150 m from each other. The sails were located,
relative to the water surface, at depths of between
0.5 and 1.5 m, 4.2 and 5.2 m, 6.6 m and 7.6 m,
and 15 and 16 m. The drifters with sails, lo-
cated at a depth of between 15 and 16 m, were de-
ployed, first, at a distance of about 1.5 km from the
shore. Then, while moving to the seaside, the other
drifters were alternately launched, with their sails
located at decreasing depths of 6.6 and 7.6 m; 4.2
and 5.2 m; and 0.5 and 1.5 m. Drifters transmit-
ted the coordinates of their location every 10 min-
utes via the GSM-channel as SMS-messages. Si-
multaneously, the vertical distribution of currents
at a depth of 150 m was measured by the ADCP
TRDI WorkHorse Sentinel 300 kHz from a small
vessel. The first depth cell, measured by ADCP,
was placed at a depth of 4 m, and the vertical
spacing between cells was from 2 m up to 150 m.
The ADCP measured current ensembles at a rate
of 2 seconds, revealing the research vessel speed,
which was approximately 1.2 m/s, and resulting in
an overall spatial resolution of approximately 3 m.
All currents within the vertical resolution cell were
averaged over an interval of 80 ensembles. With
this setup, the averaged standard deviation was

0.78 cm/s, with a spatial resolution of ~ 200 m in
the direction of the movement of the small vessel.
The weight of each measurement was taken to be
the same within the averaging window due to the
quasi-state motion of the vessel at the experiment
sites. An autonomous GPS receiver, connected to
a computer, was used to identify the coordinates
of the vessel, and the internal ADCP compass was
used as a heading source.

The routes of drifters in the experiment, on
3 July 2014, and the current field parameters, found
by means of ADCP, are shown in The
weather during the experiment was calm, resolv-
ing in southeastern winds with an average of 2 m/s
magnitude, and the height of waves was not more
than 1 m. The drifters moved mainly in the south-
eastern direction, but with different speeds because
their sails were at different depths, which reflected
different depth velocities. The drifter with a sail at
depths of between 0.5 and 1.5 m (drifting time 7.5
hours) moved with an average speed of 0.45 m/s,
showing the presence of a strong current in the
coastal zone. With depth, the current velocity de-
creased, while the same direction was maintained.
The drifter with a sail at depths of between 4.2
and 5.2 m (with a drifting duration of 3 hours) co-
incided with the upper cell of ADCP, showing an
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Figure 4. Results of the ADCP /mini-drifters joint experiment. Mini-drifter trajectories
are shown as colored dots; currents determined with ADCP at 4 m depth are shown as

black arrows.

average drift velocity of 0.37 m/s. The drift speed
almost completely matched the results of measure-
ments using ADCP with the assumptions of the
measurement precision (an error is 0.05 m/s). The
drifter with a sail at a depth of between 6.6 and
7.6 m (with a drifting duration of 9 hours) moved

Magnitude, m/s

at about the same speed as the drifter, whose sail
was located higher. This indicates the presence of a
quasi-homogeneous flow in the layer from the sur-
face to a depth of 8 m, which was confirmed by
vertical velocity profiles according to ADCP ([Fig-|
ure 5). The drifter with a sail recessed at 15 m

Direction, deg

H350

300

Figure 5. Current distributions determined with ADCP versus depth and distance.
Current magnitudes are shown as contour lines; current directions are shown with a col-
ored fill. Colored dots present the launching points of mini-drifter deployments (similar

to those shown in [Figure 4J).
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Figure 6. The Area of field experiments from
20142017 in the southeastern part of the Baltic
Sea. A Fragment of the georeferenced true color
composite of the MSI Sentinel-2A image (©ESA).
Red point shows the location of the image on the
map.

(with a duration of drift of 27 hours) moved much
slower than the others. Its average drift velocity
was only 0.07 m/s.

A distribution of velocities and directions of cur-
rents on 3 July according to the ADCP survey, is

shown in The starting points of drifters
are marked with circles, whose color is the same as

those shown in The current, according
to ADCP measurements, was pressed to the shore,
slightly weakening in the seaward part of the pro-
file. The current velocity decreased uniformly to
a depth of 20 m, where the minimum velocity was
0.1 m/s. At depths of the isotach of 0.1 m/s, the
drifter was moving with a sail buried 15 m deep.
As can be seen in [Figure 4] and [Figure 5| the dif-
ferences in the absolute speeds of the drifter and
ADCP data are not more than 0.03 m/s. However,
the difference between the directions of motion of
the drifter at a depth of 15-16 m and the direc-
tion obtained from the ADCP data is 30°-45°. We
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can explain such a difference by the fact that the
ADCP poorly determines the direction of the cur-
rent vector with a small current velocity due to the
imperfection of the metrological properties of the
magnetic compass of the instrument and the initial
error of the method, caused by towing the ADCP
with much higher boat velocities (> 1 m/s) than
the measured current velocity.

A comparison of different methods of measur-
ing the current characteristics shows a good agree-
ment between the determination of the current vec-
tor, using Lagrangian mini-drifters, and the Eu-
ler approach, using ADCP, when the flow velocity
is more than 5 cm/s. The comparison also shows
a significant advantage of Lagrangian mini-drifters
over ADCP technics, when the current speed is be-
low 5 cm/s. The direction of the flow is determined
much more accurately with the help of Lagrangian
drifters, and the data of the towed ADCP are not
reliable for studying currents with low velocities.
Lagrangian mini-drifters are also capable of mea-
suring the flow parameters closer to the water sur-
face because ADCP has a blind zone, the magni-
tude of which is determined by the frequency of the
acoustic signal.

3.2. Comparison of Results Obtained by
Lagrangian Mini-Drifters and Numerical
Simulation

Since 2014, we have carried out field experiments
in the Russian waters of the southeastern part of
the Baltic Sea . The main purpose of
our field work is to determine the parameters of
the dynamics of coastal waters. In August 2017, a
number of experiments were conducted with mini-
drifters to reveal the direct influence of the wind
on the drift of the buoys. We launched eight mini-
drifters, constructed according to the design, de-
scribed above. The location of each drifter in
real time was transmitted every 15 minutes via
GSM communication as SMS messages. To de-
termine the direct influence of the wind, a fore-
cast of the drift of the buoys was determined us-
ing the interactive model, Seatrack Web HELCOM
(https://stw.smhi.se/).

Initially, the Seatrack Web model was developed
only to predict the drift and transformation of
spills of various types of oil products in the Baltic
Sea. Since 2014, the floating object has been
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Figure 7. Results of the numerical modeling and mini-drifters joint experiment. Tra-
jectory of mini-drifter propagation — grey line, Seatrack WEB simulation with 0% wind
influence coefficient red dots, Seatrack WEB simulation with 5% wind factor — blue dots,
and Seatrack WEB simulation with 10% wind factor — green dots.

added to the model to track lost buoys and other
objects on the surface. When determining the
propagation path of such objects, the so-called
wind factor is taken into account. This is presented
as a percentage of the floating object’s drift due
to a wind. Model simulations can be run forward
as well as backwards in time. The system uses
the forecasted wind and current fields to predict
five days of the drift of oil or other particles in
three dimensions, with a spatial resolution of one
nautical mile and a time resolution of 15 min.
It takes into account a wind field forecast (and
a number of other meteorological parameters),
updated every three hours, and currents. The force
fields of Seatrack Web HELCOM are presently
provided by the weather model, HIRLAM, and
the ocean model, HIROMB [Ambjirn et al.,
Liungman, O., Mattsson, J., Scientific docu-

mentation of Seatrack Web; physical processes,
algorithms and references, 2011. Available online:
http://www.smhi.se/polopoly_fs/1.15600!STW _
scientific.documentation.pdf (accessed on 11 July
2018)]. HELCOM Seatrack Web is fully opera-
tional and available 24/7 to everyone with a login
access. The modeling results were provided to us
in the framework of the environmental monitoring
by LUKOIL-KMN Ltd.

Let us take a look at the results of our exper-
iment, conducted on 27 August 2017. The buoy
with an underwater sail of 1 m?, located at a depth
of 5 m (from 4.5 to 5.5 m) under the surface of the
water, was launched at 14:00 GMT. The buoy was
sending information until 03:39 GMT on 29 August
2017. The trajectory of the drift of the buoy dur-
ing this period is shown in The average
drift rate was 12 cm/s.
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Since the temporal steps of the calculated fields
by the Seatrack Web model is 15 minutes, the start-
ing time of the buoy (27.08.2017, at 14:00 UTC)
was taken as the start of the model forecast, and
the end was considered to be 03:45 UTC on 29 Au-
gust 2013, i.e., closest to the time of 03:39, at which
point the drifting ended. Three model calculations
were performed, with different wind factor values:
0% (no wind effect), 5% and 10%. This is a param-
eter that determines the direct effect of wind on a
floating object, taking into account its surface sail.
The trajectories of the model forecast of the buoy
drift, with different wind factor values, are shown
in by differently colored points.

The model forecast showed that the closest cal-
culated drift trajectory of the floating object to
the in-situ data was with a zero wind factor (see
Figure 7). With wind factors of 5 and 10%, the
drift velocity of the model object is 47 cm/s and
75 cm/s, respectively, which significantly exceeds
the observed real drift speed. At the same time,
objects in the model reached the northern coast of
the Sambia Peninsula in the Cape Taran area after
8 hours 15 minutes and 5 hours 15 minutes, re-
spectively, which did not coincide with the pattern
observed in the field.

With a wind factor of 0%, the average drift ve-
locity of the buoy from the launching point to the
point of inflection of the model drift path (shown

as 1 in [Figure 7)) is 15.3 cm/s, and that from the

inflection point to the end point of the model fore-
cast (2 in is 13.5 cm/s. The velocities
of the floating object differ from those measured in
the field, i.e., 2 cm/s, which agrees well with the
real situation. From this experiment, we concluded
that, for our mini-drifter, we can take the wind fac-
tor of 0% and that the trajectory of a drifter is es-
sentially determined by the velocity and direction
of the current at a given depth.

The model calculation and field data also show
that the short-period forecast correlates well with
the actual drift, especially regarding the magnitude
of a flow velocity. There is no complete agreement
in a direction by a model and the real drift, even on
a daily forecast. This is because the Seatrack WEB
model, even with its unconditional advantages in
cases of homogeneous flows, is not a vortex-solving
model and does not take into account the subme-
soscale vortex processes, which has been noted in
earlier works [Ginzburg et al., Lavrova et
al., . To identify the local non-homogeneity
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of coastal currents, the use of Lagrangian drifters
is extremely useful.

3.3. Case Studies of Coastal Currents by
Mini-Drifters

The southeastern part of the Baltic Sea, where
we conduct field studies every summer, is a re-
gion of intense and varying water vorticity [Gade
et al., Karimova and Gade, Lavrova et
al., [2008] {2010} [2018]. Satellite monitoring of the
sea surface in the visible and microwave (radar)
range of the electromagnetic spectrum remains the
main method of studying these processes. How-
ever, satellite images in the field of optical inho-
mogeneities or surface roughness provide informa-
tion only of the surface manifestations of vortex
structures and their horizontal scale. A diameter
of vortex structures expressed in satellite images
vary, with a broad interval of between 2 and 25 km.
Small-scale (submesoscale, with diameters smaller
than the baroclinic Rossby radius of deformation,
R4) as well as mesoscale eddies (with diameters
larger than Rg4) can also be observed. However,
to describe velocities of the currents within the
vortex formations, their three-dimensional struc-
ture and their influence on the general character of
the coastal water circulation operational oceano-
graphic monitoring tools should be considered.

During the field work in the southeastern part
of the Baltic Sea in 2015 and 2016, drift experi-
ments were conducted in conjunction with ADCP
measurements from a small vessel and satellite ob-
servations. Let us take a look at two experiments
conducted during two different summer seasons.
Buoys with an identical design had a submarine
sail with an area of 1 m? and were located at a
depth of between 4 and 5 m from the water sur-
face. The buoys were launched approximately in
the same season, i.e., the end of July and the be-
ginning of August, and practically in the same area.
However, their trajectories were completely differ-
ent.

3.3.1. Experiment on 28 July — 5 August
2016. In 2016, one of the buoys was launched on
July 28 at 11:45 GMT in the area off the Cape
Taran, at a point with the coordinates: 55.0145°N,
19.8581°E. At the time of the launch, according to
the data of the ship weather station, the wind was
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Figure 8. Lagrangian mini-drifter trajectory dur-
ing 2016 field experiments. Dashed blue line shows
general direction of propagation. Position of mini-
drifter in time shown as dots, calculated speed be-
tween two dots is shown by color legend.

predominantly northeasterly, with velocities that
did not exceed 5 m/s. The current velocity at a
depth of 4 m, as measured by means of ADCP,
was 25 cm/s, and the flow direction was west-
southwest. Real time data transmission was car-
ried out as SMS-messages via the GSM-channel of
communication, at intervals of 30 minutes. Due to
the weakness of GSM signals in the launch region,
communication with the drifter was abruptly lost,
with the exception of several successful sessions,
which allowed an estimation of the initial speed of
the drifter’s propagation. This was 30 cm/s, which
was close to the average value of the speed of cur-
rents at the same depth, according to ADCP data.
The direction of the drifter at the initial stage also
corresponded to the direction of the local currents

at the moment of the launch, measured by means
of ADCP.
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Communication with the drifter was restored au-
tomatically at 18:40:43 GMT on 30 July 2016,
when the drifter was at the coordinates: 54.7500°N,
19.8466°E. To determine the approximate drift tra-
jectory of the buoy in areas with a lost GSM signal,
the speed at the time of its launch was assumed to
be constant. A comparison of the distance trav-
elled by the drifter until the recovery of a stable
GSM signal with the initial speed shows that the
trajectory of the buoy was not confused by any cir-
culation process, and the drift was even. The next
distinctive stage of drift consisted of two inertia
loops from 31 July to 2 August during which the
drifter significantly reduced its movement speed to
10 cm/s. The drift period along each of the loops
was about 15 hours. After those two loops of in-
ertial oscillations, the drifter continued its quasi-
uniform movement in the southwest direction, with
a drastic change in the direction, to the east, on
3 August before completely stopping. At the final
stage of the drift, the buoy passed about 45 km
along the coast in a northeasterly direction, at a
speed of between 20 and 30 cm/s, until it reached
the shallow water near the small town of Yantarny,
where it was seized.

The trajectory of the motion of the Lagrangian
drifter during the experiment of 2016 is shown in

During the 2016 experiment (28 July — 5 Au-
gust), seven radar images were obtained, four of
which were SAR-C Sentinel-1A (28 and 30 July, 2
and 4 August), two Radarsat-2 (1 and 4 August)
and one TerraSAR-X (29 July). The weather dur-
ing the experiment was mostly cloudy, and only
two MODIS Terra/Aqua images in the visible range
were informative from 27 July. An analysis of all
obtained satellite images showed no significant hy-
drodynamic processes, such as vortex structures
in the area, which could affect coastal currents.
It is worth noting that the drifter moved over a
vast territory, and its trajectory was complicated
by the presence of inertial oscillations and sharp
drift turns in the drift direction. Presumably, the
drift of the Lagrangian buoy occurred mainly un-
der the influence of drift currents, formed by the

changing wind (Figure 9). As noted above, at the

time of the drifter’s launch, the wind was north-

easterly (Figure 9b) and, on 30 July changed to
northwes). During the period from
31 August to 2 August, when the trajectory of the
drifter consisted of inertial loops, the wind changed

10 of 16



ES1001

KRAYUSHKIN ET AL.: APPLICATION OF GPS/GSM LAGRANGIAN MINI-DRIFTERS

ES1001

Figure 9. The wind field (blue arrows), according to the HILRAM reanalysis at different
stages of the drifter propagation in the experiment of 2016: a) At the moment of the
drifter launch; b) at the time the inertial oscillations, applied to the longshore stream
current; c) at the stage after inertial oscillations, predominantly in the dynamics of the
Southeastern Baltic; d) before decelerating the movement of the drifter and turning it
to the north; e) at the stage of slowing down the movement of the drifter and turning it
to the north; and f) at the final stage of the drifter movement. The black point marks

the initial position of the drifter.

from northwesterly to westerly, sometimes intensi-
fying to 12 m/s (Figure 9d). Under the influence
of a strong southwesterly wind on 4 August
ure 9¢), the northeastern alongshore current was
established and detected, with the help of a drifter
experiment.

3.3.2. Drift Experiments on 2—-10 August
2015. On 2 August 2015, two Lagrangian drifters

were launched in the Baltic Sea, off the Taran
Cape, at points with the following coordinates:
55.0341°N, 20.0117°E and 55.0031°N, 20.0143°E.
Drifters were launched during an oceanographic
survey at a distance of ~ 3.5 km from each other.
Real time data transmission was sent to a remote
server via a GSM-channel through a 2G network.
The interval between data transmissions was 1 hour.

At the time of the launch, there was a wind in the
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Figure 10. Lagrangian mini-drifter trajectories during the 2015 field experiments. Left:
Dashed lines show the general direction of propagation. Right: Positions of the mini-
drifter in time are shown as dots, and the calculated speed of the two drifters is shown

by the color legend.

south direction, the speed of which did not exceed
5 m/s. The flow velocity, according to the ADCP
data, was not more than 25 cm/s, and the direc-
tion of the current was western. The first buoy

(Figure 10| left — orange points) drifted for ~ 2.5

days until communication with it was completely
lost. The second buoy left — blue dots)
drifted for almost a week until communication was
lost. During the first two days, both drifters fol-
lowed closed trajectories and finally crossed the ini-
tial launching point, resolving an oscillation with a
radius greater than the radius of the inertial oscil-
lations in this region (5 km). The drift velocities
at this point reached 30-40 cm/s, which were sig-
nificantly greater than the velocities according to
the ADCP data. The drifters continued to move
in the same direction until one of the buoys lost its
signal. The second buoy drifted for the next four
days in a relatively localized region, with complex
closed trajectories, and returned to the point of
the initial launch right). The drift of
the buoy at the final stage was complicated by the
presence of inertial oscillations, with a period of
about 14 hours. The average speed of the drifter
movement in the final stage was 40 cm/s and de-

creased to 10 cm/s in the places where the drift
direction changed. During the 2015 experiment,
from 2 August to 10 August, a changeable wind
pattern was observed . The prevailing
wind direction in the region changed several times,
and, in contrast to the experiment of 2016, the drift
of the buoy occurred in a very localized region.

An analysis of satellite images over the area of
the experiment shows that strong vortex activity
took place off the northern coast of the Sambia
Peninsula. This was recorded on practically daily
images of MODIS Aqua and the images of ETM
+ Landsat-7 (3 August), OLI Landsat-8 (4 Au-
gust) and MSI Sentinel-2A (7 and 10 August). Sev-
eral vortex structures were identified, including at
least 2 vortex dipoles, stretching along the north-
ern coast of the Sambia Peninsula and north and
northeast of the Taran Cape (Figure 12f). The di-
ameter of the cyclonic part of the larger dipole was
about 30 km. Vortex dipoles, practically remain-
ing in place, were observed on all satellite images in
the visible range, from 3 August to 11 August. We
can assume that these vortex structures, detected
on satellite images, kept the Lagrangian drifter in
the launch area for an entire week.
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Our assumption is based on a statistical anal-
ysis of the results of drift-experiments, which we
conducted for 5 years, from 2014 to 2018. In the
absence of vortices in the Cape Taran area — and
this was in 18 cases out of 20 — the drifter was
left in the south-west, spreading along the western
coast of the Sambian Peninsula, performing inertial
oscillations (loops), or, in the case of stable east-
ern currents, spreading along the northern coast of
the Sambian Peninsula, towards the Curonian Spit
[Lavrova et al., . Only in the presence of sta-
ble vortex structures did it remained for a long time
in a localized region, as we saw in August 2015.

Thus the results in the case studies show that
in the coastal zone of Southeastern Baltic the sur-
face circulation is determined not only by wind
forcing but also by the presence of vortex struc-
tures in the area. This feature can play a criti-
cal point during propagation of surface pollutants
forecast, in particular oil spills, commonly detected

in the regions with an intensive commercial ship-
ping. Results of drifter experiments convincingly
demonstrated that in the case of submesoscale vor-
tex structure (eddy dipoles and others) presence
in the area the passive floating objects, as drifters
or pollutants, propagates in a very localized area
during long time intervals. In a case of a weak
vortex activity pollutants will propagate over vast
territory. Joint analysis of real-time data derived
from remote sensing monitoring and drifter experi-
ments allowed us to provide an operational forecast
of surface pollutants propagation.

4. Conclusions

The paper describes the application of La-
grangian mini-drifters in studies of coastal ocean
circulation. A comparison of the real trajectories
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Figure 12. Vortex structures in the area of the drifter experiment. Fragment of the
true color MSI Sentinel-2A image, obtained on 7 August 2015.

of our mini-drifters with the predicted ones from
the interactive numerical model, Seatrack WEB
HELCOM, with different wind factors, showed that
the propagation of drifters, described in the article,
strictly coincides with a current, and the wind force
has a minimal direct effect on drifters.

As shown by our experiments in the Southeast-
ern Baltic Sea, an application of Lagrangian mini-
drifters makes it possible to detect the presence of
complex sub-mesoscale vortex processes and iner-
tial oscillations, i.e., processes that are difficult to
simulate numerically. Our many-year remote sens-
ing monitoring shows [Lavrova et al., that a
presence of different vortex structures in the South-
eastern Baltic could strongly influence the propa-
gation of surface pollutants and oil spills, regularly
determined on satellite images. Joint analysis of
remote sensing data and drifter experiments can
help us improve the operational forecast of surface
pollutants propagation. Case study described in
the paper shows that the presence of submesoscale
eddies, determined by remote sensing data influ-
ences the passive objects (drifts, oil anthropogenic

pollution and so on) which are able to keep floating
in a strictly localized area for at least 1 week, even
in changeable wind conditions.

Despite some limitations of Lagrangian
GPS/GSM drifters application (GSM cover-
age, GPS accuracy, grid deformation and high
possibility of lost) they are very informative and
affordable for researches with constrained budgets,
and it is an easily accessible method of studying
near-coast circulation.

A comparative analysis of data obtained from
such mini-drifters and an Acoustic Doppler Cur-
rent Profiler (ADCP) is based on in-situ stud-
ies of currents in the coastal part of the Black
Sea. When the average current velocity is greater
than 20 cm/s, an error in determining the abso-
lute current magnitudes by two types of instru-
ments does not exceed 3 cm/s. There are some
advantages of using mini-drifters. While ADCP
has a “blind zone” at depth of about 2 m, La-
grangian drifters can measure currents at this shal-
low depth. Drifters can also record a low flow rate
of currents, which are not detected by the ADCP
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method. Drifters can be used to determine the flow
direction at any flow rate, in contrast to ADCP, for
which the flow direction is not determined if the ve-
locities are small, for example, when it is less than
5 cm/s, which is shown in the experiment described
in this paper.

The low cost of manufacturing drifters (~
150 USD per system) along with the low cost of
GSM communications, the ease of manufacturing
and operation, with no special technical experience
required, and the link to obtaining operational data
in real-time for up to several weeks make these sys-
tems valuable supplementary tools for remote sens-
ing studies of processes in coastal zones.
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