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Fig. 9. The set of persistent high-Cprc regions in the Gulf of Finland in 1987-1991.

Table 2

Maximum levels (overall maximum Abs Max and average maximum Avg Max) and
standard deviations (Std Dev) of these maxima of the count of over-threshold values
of FTC in areas 1-9 of Fig. 8 for single 90-day and 180-day long batches.

Area 90-day long batches 180-day long batches

Abs Max Avg Max Std Dev Abs Max Avg Max  Std Dev
Areal 15 10.3 3.1 31 233 6.4
Area2 15 114 3.6 34 19.4 9.6
Area3 15 9.1 34 35 242 6.4
Aread4 19 12.1 55 36 19.8 9.0
Area5 17 14 3 45 322 6.8
Area6 15 73 3.6 29 12.9 8.8
Area7 19 113 4.5 29 16.3 6.6
Area8 22 15.6 35 37 29.1 5.8
Area9 30 222 39 60 46.5 7.1

the presence of high FTC values during one such interval not
necessarily leads to the formation of a noticeable deviation in the
concentration of surface floats. In general, several days of consecu-
tive match of the convergence field with the underlying Lagrangian
transport may be necessary to form substantial patches. To charac-
terise the persistency of the events with over-threshold values of
FTC, we singled out the longest continuous time interval during
which Cge > \/m for each batch in a selected location in each
of areas 1-9 in Fig. 9. The average value of this time interval for sin-
gle years and areas was mostly between 2 and 3 days (Fig. 10). The
smallest values of this “index of persistency” were found for area 6.

Fig. 10. Annual average of the maximum duration of consecutive events of
Crre > /172 within single 30-day batches in locations of the highest counts of
the over-threshold FTC values in areas 1-9 (Fig. 9) in the Gulf of Finland in
1987-1991.

This feature signals (quite expectedly) that the dynamics of
currents in this offshore region is more variable than in other areas
in question that are located much closer to the coasts. This “index
of persistency” of over-threshold values of FTC varied less than by
25% for different years for all areas (except for area 6). The time
interval of a few days is apparently sufficient for the formation of
noticeable patches.

4. Discussion and conclusions

The presented approach to quantify the long-term potential of
different sea areas to serve as locations of spontaneous patch
formation of substances locked in the uppermost layer of the sea
relies exclusively on the standard output of contemporary 3D
ocean models and uses a set of simple geometric elements to esti-
mate areas where high flow compressibility is synchronised with
the local Lagrangian transport. The discussed material demon-
strates that this essentially elementary approach has the capacity
to highlight clearly defined areas where the joint impact of conver-
gence of surface flow and Lagrangian transport of the emerging
patches may often (albeit not continuously) lead to considerable
increase in concentrations of surface floats, contaminants or
pollution in the surface layer, surfactant films, or other items of
substances that are locked in the water column near the sea
surface.

This effect of synchronisation of high flow compressibility and
underlying Lagrangian transport has been quantified in terms of
frequent occurrence of large values of finite-time compressibility
that exceed the threshold for the phenomenon of clusterisation
of surface floats to occur. This result is universal and apparently
works for any substances (contaminants, pollution, nutrients,
etc.) that are locked in the uppermost layer by some reason and
mostly affected by surface currents. Note that the described mech-
anism, strictly speaking, is only relevant for their concentration per
unit area, which not necessarily means changes to their concentra-
tion per unit volume in the water column. This approach ignores
the potential direct wind impact and wave-driven effects and is
thus only conditionally applicable for floating items and
substances directly at the surface. These impacts, however, can
be easily incorporated into the model similarly to the recent work
of (Murawski and Woge Nielsen, 2013).

Our analysis highlighted nine clearly distinguishable areas
where the clusterisation phenomenon and associated spontaneous
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patch-formation process, according to the model in use, is relatively
frequent. We stress that the processes in the area at the River Neva
mouth may be resolved inadequately and models with much higher
spatial and temporal resolution are necessary to adequately evalu-
ate the properties of both flow and patch-formation in this region.

The presence of other areas is consistent with the current
understanding of the circulation patterns of the Gulf of Finland.
The presence of one of the strongest of such areas in a region of
the gulf where the voluminous runoff of the Neva River (and
possibly of the Narva River) merges with the overall circulation
pattern of waters of the Gulf of Finland is not unexpected because
convergent flow patterns, one of the reasons of persisting high Crrc
values, evidently are frequent there. This area has been highlighted
as often hosting downwelling (Myrberg and Andrejev, 2003). Also,
all identified areas of potential spontaneous patch formation along
the southern coast of the gulf (especially areas 3 and 7) exhibit
frequent downwelling according to the model results of Myrberg
and Andrejev (2003).

The presence of areas that may often host conditions of sponta-
neous patch formation in the northern part of the gulf may be
related with the quite persistent inflow of fresh waters present
in the surface-layer (0-2.5 m) near the northern coast (Andrejev
et al., 2004), which is thought to play a major role in the function-
ing of the gulf. The most interesting in this context are the areas
located near the north-western coast of the gulf and in the middle
of the widest part of the gulf. Their existence is somewhat surpris-
ing. Although their presence may be seasonal or limited to a few
years, it still signals the possible presence of frequent and long-
term convergence areas of surface currents and calls for further
studies into the discussed phenomenon.

Finally, it is important to emphasize that the presented
approach to highlight the areas potentially prone to patch forma-
tion is based on counting the number of days during which the
finite-time compressibility exceeds the level for clustering. This
is, strictly speaking, only a necessary condition for an actual patch
formation to occur. If the days with over-threshold values of finite-
time compressibility are interspersed with days when this quantity
is lower, the emerging patch may simply drift out of the region in
question and no substantial increase in the concentration occurs.
This feature may limit the possibilities to detect the presence of
intense clustering of surface floats in some of the indicated areas
from in situ experiments or remote measurements. Also, a detect-
able (or potentially dangerous) increase in the concentrations only
occurs if the background concentrations are high enough. This
feature calls for further research into pathways of contaminants
and potentially dangerous substances in the surface layer from
their release spots (river mouths, wastewater releases) to the areas
of likely patch formation.
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Abstract-We address a novel option to identify areas of
spontaneous patch formation using the concept of finite-time
compressibility (FTC) of surface velocity fields. This concept
makes it possible to systematically account for the correlations of
convergence of surface velocity fields and the underlying
Lagrangian transport in the surface layer. Areas with high levels
of FTC naturally arise if a transient localized convergence area
(e.g. downwelling) moves synchronously with the surface current.
We evaluate the FTC levels in the Gulf of Finland by means of
tracking changes to the geometry of a large set of triplets of
passively advected water parcels by surface currents extracted
from 3D simulations for the period 1987-1991 using the OAAS
model with a spatial resolution of 1 nautical mile. The focus is on
seasonal variations of areas in which the FTC regularly exceeds
the threshold for clusterization of surface floats in ideal
Kraichnan flows. Six such areas are located along the coast and
roughly coincide with frequent downwelling areas whereas three
are located in the central region of the gulf. The areas near the
southern coast of the gulf and at the entrance to the Neva Bight
are present all year round whereas other areas only emerge
during certain seasons.

I.  INTRODUCTION

Under normal conditions, the sea surface layer is extremely
heterogeneous across a broad range of spatial and temporal
scales. The underlying ecosystems may be deeply influenced
by variations of any of the natural biogeochemical variables or
substances of anthropogenic origin.  Such variations in
concentrations, referred to as patches [1,2], may impact the
ecosystem in a positive or negative way. Negative impact is
often associated with factors of anthropogenic origin and
substances released into the environment through e.g.
dredging, dumping, aquafarming or discharge of
(micro)plastic, chemicals or pollutants.

An important role in the formation of such patches of
floating substances may play three-dimensional motions (in
which water parcels may dive) underlying the two-
dimensional surface layer that hosts lighter floats, films or
substances that are locked in this layer by other constraints
[3]. Surface velocity fields of such systems may often host
long-living convergence areas. Items and substances that are
either floating on the sea surface or are locked in the surface
layer (e.g. radioactive substances in a thin layer of fresher
water, [4]) tend to gather in such areas. This property can be
quantified in terms of the classical notion of compressibility of
a velocity field [5] (called flow compressibility below). Such
an increase in the concentration is usually relatively modest as
surface currents are not necessarily correlated with the
convergence field and thus tend to carry the emerging patch

away from the convergence region. The concentration,
however, may explosively accelerate if the flow
compressibility exceeds a certain threshold, after which rapid
and spontaneous clustering of floats may start [5]. This
process may naturally happen when the convergence field and
the underlying current are correlated during a longer time
interval; for example, when an area of intense convergence
moves synchronously with the Lagrangian transport of the
gradually forming patch [6]. Therefore, an analysis of the
history of correlation (finite-time correlations) is necessary to
identify such phenomenon rather than looking at a sequence of
instantaneous correlations of convergence and Lagrangian
transport.

We explore a simple method for identification of such areas
of natural increase in the concentration of items on sea surface
by means of the recently developed measure of finite-time
compressibility (FTC, [7,8]). As we are interested in the
possibilities of spontaneous patch generation in realistic
conditions, we evaluate the FTC levels in the Gulf of Finland,
the Baltic Sea, using only surface velocity fields. This is done
by tracking changes to the geometry of a large set of triplets of
water parcels that are passively advected by surface currents.
This water body often hosts downwelling [9—11] and has been
shown to frequently host regions of high FTC [8]. These areas
are generally prone to changes in concentrations of floating
matter and the associated patch-formation process in the
surface layer. With this measure, we illustrate the presence
and seasonal variability within the years 1987-1991 of single
regions in which the FTC often exceeds the threshold for
clusterization of surface floats in ideal Kraichnan flows [12].

Recent studies [7,8] have demonstrated the existence of
spots with very high instantaneous values of FTC in semi-
enclosed sea areas as the Gulf of Finland. Similarly to [12],
we focus here on the areas where such high values may
regularly occur in a longer time scale. Our goal is to highlight
the areas where the phenomenon of such spontaneous increase
in surface concentrations is frequent, that is, frequently
hosting values of FTC that exceed a certain important
threshold. The areas are the most likely candidates for rapid
and spontaneous patch formation.

We use precomputed velocity fields and certain easily
computable quantities for this task. The focus is on seasonal
variations of areas in which the FTC regularly exceeds the
threshold for clusterization of surface floats in ideal Kraichnan
flows.
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Figure 1. Location scheme of the Baltic Sea and the test area Gulf of Finland.
II. METHODS AND DATA

1. Quantification of finite-time compressibility

The concept of FTC and its interrelations with the classical
compressibility of a medium and with flow compressibility (of
surface velocity field) have been extensively described in [7,8]
and we present here only the most important aspects. The
classical notion of flow compressibility employs the
(Helmholtz) decomposition of velocity fields into their
solenoidal (with zero divergence) and potential (with zero
curl) components. Flow compressibility C. is the relative
weight of the potential component and thus is a normalized
quantity that substantially differs from the notion of
divergence. This definition ignores the history of the velocity
field. In many occasions, though, long-term interrelations of
the divergence (or flow compressibility) field and Lagrangian
transport of the parcels of the medium are decisive [6]. The
FTC provides an option to account for the interplay of these
two drivers by integrating in some sense their joint impact
over a certain (finite-time) section of their history.

Theoretically, it is possible to start from the 3D velocity
fields, to split them into solenoidal and potential components,
and to analyze these components. This process, however, is
not straightforward and, given the approximate nature and
relatively low spatio-temporal resolution of numerically
simulated velocity fields, may contain extensive uncertainties.
For this reason we employ a definition of FTC that relies on
the tracking of changes to certain elements of the sea surface
that are formed by triplets of water parcels (Fig. 2) that are

locked at the sea surface and passively advected by horizontal
components of surface currents [7,8]. The finite-time
compressibility of each point of the sea surface is evaluated
semi-locally, by observing the relative changes in the
geometrical properties of these surface elements during a
certain time interval (Fig. 2).

To evaluate this measure, we calculate the ratio of the
relative changes dS, of the surface area of these elements S,
over the similar changes to their edges. The relative change of
the area S, of such an element over one time step is
das, =(S,~S,)/S,. The relative changes to the squared
lengths of two of its edges 4, and B, (Fig.2) are
dA,:ZA}-A,{I)/Af and  dB, = (B> -B2,)/B?.  The
approximate values of FTC over a certain time interval are
calculated as follows [7]:

2dSrms (])
dA,,, +dB

where dS,,,, dA,,s. dB,,, stand for the root mean square of
the instantaneous values of dS,, dd4, and dB, over the time
interval during which the motion of the element is tracked.
The resulting values of Cpy, although related to the initial
location of the element, actually characterize the motions over
a certain wider sea area. This method of calculations
implicitly involve a time scale over which dS,, . etc. are
calculated and that has the meaning of correlation length
accounted for in the calculations.

As mentioned above, spontaneous patch generation is most
likely if the classical flow compressibility exceeds a certain
threshold, over which clustering phenomenon of surface floats
may occur. For the idealized Kraichnan flows such a
clustering is expected if the classical flow compressibility
exceeds the value C.=0.5 [13]. For such flows the
relationship between the classical flow compressibility C.
and Cjpc has been obtained in [7]:

_2Cc ©)
2C- +1°
Equation (2) confirms that these two measures behave

CFTC =

rms rms

2 _
Crrc =

Figure 2. Triplets of simulated floating particles used to calculate Finite Time
Compressibility.



similarly (e.g., they simultaneously tend to zero) but their
single values are normally different. They only coincide at
Ce =Crpe =0.781.

2. Numerical setup

The surface 2D velocity fields used in this paper are derived
from simulations of the hydrodynamic model OAAS (see [14—
16] and references therein) with a spatial resolution of
1 nautical mile and a vertical resolution of 1 m (except for the
uppermost layer that is 2 m thick). The OAAS model is
specifically designed for simulation of ocean circulation in
basins with complicated geometry such as the Gulf of Finland
[14]. The model run, the velocities from which are used for
this study, was forced with the river runoff data from [17] and
meteorological data from a regionalization of the ERA-40 re-
analysis over Europe with a spatial horizontal resolution of
25 km [18,19]. The model was run for the interior of the Gulf
of Finland to the east of longitude 23°27" E. At this boundary,
the OAAS model uses 3D information about hydrographic and
hydrodynamic fields calculated using the RCO model [20] for
the entire Baltic Sea [16]. The modeled velocity data cover
the entire Gulf of Finland for 1987-1991, with a temporal
resolution of 3 hours.

The calculations employ 2D horizontal velocity components
at sea surface for a certain sea area and a longer time interval
[ START;or , ENDyoy] with a temporal resolution of the
available velocity fields SIM,,,. (Fig.3) One fluid parcel
then positioned at the center of each wet grid cell of the
circulation model and triangular elements are composed from
these as indicated in Fig. 2. As the OAAS model uses regular
rectangular grid with an almost equal step along latitudes and
longitudes [16,21] , the selected parcels are uniformly
distributed over the study area.

The interval [ START;o; , ENDyor] is divided into time
windows with an equal length of SIM,,,,,, over which the
motion of the selected parcels is tracked (cf. [22]). In essence,
this parameter indicates the time over which the possible
correlation between the local properties of flow convergence
and underlying Lagrangian transport are tracked accounted
for.

There exist many technologies for building Lagrangian
trajectories from precomputed velocity data. The methods
that work with relatively low temporal resolution of the data
(e.g., TRACMASS, [23,24]) or methods that are applied in
environments with strong gradients [25] use internal
interpolation of the trajectories within the time step SIM g,
of velocity data and/or higher-order numerical schemes for
solving the advection of selected parcels. As several key
statistical properties of the resulting sets of trajectories of
passively advected parcels on the sea surface have been shown
to be almost invariant with respect to variations in the method
of their calculation [26] we use the simplest first order Euler
method (with a step SIM g, ) to construct the trajectories.

The quantities dS,, d4, and dB, are evaluated for each
time step of the saved velocity data according to the stencil
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Figure 3. Calculation scheme for season-long batches.

From these instantaneous values, the
quantities at the right-hand side of Eq. (1) dS,,,,, dA4,,, and
dB,,, are evaluated for each triangular element and the set of
used times instants within the time window SIM ., . The
product of each calculation over a time window for the entire
set of elements is a spatial distribution (map) of Cpy, similar
to those described in [8]. For simplicity, these distributions
are called instantaneous maps of in this paper (Fig. 4).

The calculations involve several adjustable parameters. The
key quantities, to be chosen properly to highlight phenomena
with specific time scales, are the batch length &7 and
SIM | pgn,- In this paper they are chosen as 30 days and
6 hours, respectively, in order to highlight phenomena on a
seasonal scale. A discussion of the reasonable choice of these
parameters in the Gulf of Finland is presented in [27] in the
context of semi-persistent patterns of Lagrangian transport.

The resulting maps are grouped together in so-called
season-long batches. In this paper we consider batches
corresponding to a calendar map (“June”, “July”) with a
length of 1 month (Fig. 3). As our focus is on the spontaneous
increase in surface concentrations, we identify pixel-wise the
cases when Cpy- exceeds the critical threshold of M for
the clustering phenomenon in each instantaneous map. Doing
so is similar to the peak-over-threshold approach often used

shown in Fig. 2.
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Figure 4. An instantaneous FTC map calculated for 01 March 1987 with
SIM Length =24 hours.



elsewhere in physical oceanography (e.g., [28]) and in
extreme value analysis [29]. For each batch and pixel (wet
grid cell of the circulation model) we count next how many
times the values of Cj;- exceeded this threshold in all maps
belonging to this batch. This algorithm produces a map of the
count (equivalently, the frequency of occurrence) of over-
threshold values of Cp- during single months.

Variations in the properties of Lagrangian transport in the
study area usually have no distinguishable pattern on monthly
scale but reveal clear seasonal patterns [26,30]. To properly
reproduce the reaction of the FTC on seasonal variations of
the driving forces, we rely the seasonal course of wave heights
in the Gulf of Finland [31] and choose the following
representation of seasons: calm spring-summer season: May,
June and July; transitional autumn season: August, September
October; windy autumn-winter season: November, December,
January; transitional spring season: February, March, April.
For each season, we count pixel-wise for each wet grid point
how many times the instantaneous values of Cp;- have
exceeded the clusterization threshold. This procedure is
equivalent to simple averaging of the number of over-
threshold values of Cprp- in instantaneous FTC maps within
each season in the sense of the above definition.

Similar counts for the entire five-year interval 1987-1991
were recently analyzed from the viewpoint of the existence of
single areas where the over-threshold Cpp- values often
occur in all seasons using types and spatio-temporal
resolutions of the ocean model [7,8,12]. This analysis resulted
nine distinct areas of where high values of Cppr may
regularly occur (Fig. 5).

Two such areas were found near the northern coast of the
gulf and four areas near the southern coast of the gulf,
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Figure 5. Location scheme of regions where over-threshold values of Cpy
often occur in the Gulf of Finland in 1987—-1991.
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spanning across all its relatively wide part. One area was
identified at the entrance to the Neva Bight where the runoff
of River Neva merges with the cyclonic circulation in the gulf
[10]. Somewhat surprisingly, one such area was found in the
middle of the widest part of the gulf. The area near Saint
Petersburg is probably not realistic as the circulation model
evidently had insufficient resolution to replicate the flow
properties in this region.

III. RESULTS

The described areas not only reveal extensive pattern of
seasonal variations (Fig. 6) but also some interesting features
that were smoothed out when considering the entire five-year
time interval. We do not discuss here area 9 in the immediate
vicinity of Saint Petersburg because it is located in a region
where the OAAS model is probably not capable of adequately
representing the flow field.

First of all, all areas where the count of over-threshold
values exceeds about 10% of the time in a particular season

Figure 6. Maps of the average count of the over-threshold FTC values for season-long batches.




are much more concentrated in single seasons. Several areas
are clearly present only in a specific season: area 4 in spring
and area 2 in autumn. Moreover, areas 1 and 2 near the
northern coast are relatively weak and thus spontaneous patch
generation is not generally unlikely in their locations. Area 6
is distinguishable in spring and winter and thus may be to
some extent related to the presence of ice cover.

Other areas are evident in most of seasons. Among these,
the number of over-threshold counts in area 3 at the southern
coast of the gulf near its entrance is very large in spring and
summer but much smaller in autumn and almost zero in
winter. This count in area 7 in Narva Bay also substantially
varies in different seasons but the area itself has an almost
constant size and location. Similarly, this count in the
elongated and quite narrow area 5 that stretches over almost
100 km long segment of the north-eastern coast of Estonia
varies almost three times in different season but the area itself
almost does not vary. The most persistent in all seasons is a
relatively large area 8 in the eastern gulf. The permanent
presence of large number of over-thershold values of C,;. in
this region is characteristic also to earlier simulations [12] and
apparently is a long-term feature of the dynamics of the Gulf
of Finland.

The schematic presentation of the seasonal presence areas in
question (Fig. 7) in different years confirms that some areas
(e.g., areas 3 or 8) are present in almost all seasons (except in
autumn for area 3) of the five-year interval in question. The
most frequent presence is found for the spring season and the
most fragmentary for the summer season. This difference may
reflect the seasonal variations of the directional structure of
winds (and also distribution of downwelling areas) in the Gulf
of Finland [11] but no clearly defined relationship seems to
exist.

It is to be expected that using a longer duration of the time
windows reducea the count of over-threshold values of FTC.
This feature evidently reflects the loss of correlation between
the convergence field and the underlying Lagrangian transport
of the emerging patch after some time

IV. DISCUSSION

The performed analysis of seasonal variations of the
frequency of occurrence of over-threshold values of the finite-
time compressibility of surface flows highlights three areas
where such values are not only frequent but occur almost all-
year round. Specifically, the nearshore of the southern coast
of the entrance to the Gulf of Finland, an almost 100 km long
segment of the north-eastern coast of Estonia and the
easternmost part of the Gulf of Finland near the entrance to
the Neva Bight apparently are the most likely regions of
spontaneous increase in the concentrations of various floats on
the sea surface and substances locked in the uppermost layer
of the sea.

The first two are located in regions that often host
downwelling [9]. During strong downwelling events water
parcels systematically sink into deeper layers whereas lighter
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additives (debris, microplastic, oil spills, polluted or nutrient-
rich fresh water from rivers) stay at the surface. Therefore,
this process naturally leads to an increase in the concentration
of additives. The areas in question are natural candidates for
spontaneous patch formation. Also, the area at the entrance to
the Neva Bight where the runoff of River Neva merges with
the cyclonic circulation in the gulf [10] naturally hosts
frequent convergence zones that may be at times synchronized
with the surface currents.

The frequency of occurrence of high values of finite-time
compressibility is quite sensitive with respect to the time
interval during which the correlation of the convergence and
Lagrangian transport is calculated. The presented material
suggests that this correlation substantially weakens already
within about two days. The temporal resolution of the
velocity data used in this study (3 hours) is insufficient for a
detailed analysis of the sensitivity of the results with respect to
the correlation length. However, such a study is highly
desirable as it would shed much more light to the structure of
flow fields in the selected areas.
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