
                             Elsevier Editorial System(tm) for Journal of Marine Systems 
                                  Manuscript Draft 
 
 
Manuscript Number: MARSYS-D-11-00280 
 
Title: On the compressibility of the surface currents in the Gulf of Finland, the Baltic Sea  
 
Article Type: Special Issue:BSSC-2011 
 
Keywords: compressibility; Lagrangian transport; pollution dispersion; patchiness; pollution control; 
Baltic Sea; Gulf of Finland 
 
Corresponding Author: Mr. Andrea Giudici, M.Sc. 
 
Corresponding Author's Institution: Tallinn University of Technology 
 
First Author: Jaan Kalda, D.A. 
 
Order of Authors: Jaan Kalda, D.A.; Tarmo Soomere, Prof.; Andrea Giudici, M.Sc. 
 
Abstract: We study the effects of compressibility of a two-dimensional (2D) velocity field on the 
transport and mixing of substances floating on the sea surface overlying 3D circulation. The test area is 
the Gulf of Finland, the Baltic Sea, where large variations in compressibility are likely. The key 
development is the introduction of a modified measure of compressibility that is directly related to the 
ability of clustering of passive tracers in some regions of the sea surface. This measure is calculated 
based on 3D velocity fields calculated using the Rossby Centre Ocean Model (Swedish Meteorological 
and Hydrological Institute) for 1991 and the TRACMASS code for tracking Lagrangian trajectories. For 
the first time, a compressibility map of a marine region has been calculated in a systematic manner. 
The level of compressibility reaches the critical value for the formation of patches usually in coastal 
regions but also in certain elongated offshore areas. The spatial distributions of compressibility reveal 
extensive seasonal-scale variations, with the most persistent areas of high compressibility in the windy 
season (October-December). 
 
 
 
 



On the compressibility of the surface currents in the Gulf of Finland, 1 

the Baltic Sea 2 

Jaan Kalda
a
, Tarmo Soomere

a,b
, Andrea Giudici

a,*
, 3 

a
 Institute of Cybernetics at Tallinn University of Technology, Akadeemia tee 21, 12618 4 

Tallinn, Estonia 5 

b
 Estonian Academy of Sciences, Kohtu 6, 10130 Tallinn, Estonia 6 

*
 Corresponding author, e-mail: andrea@cens.ioc.ee 7 

 8 

Abstract. We study the effects of compressibility of a two-dimensional (2D) velocity field on 9 

the transport and mixing of substances floating on the sea surface overlying 3D circulation. 10 

The test area is the Gulf of Finland, the Baltic Sea, where large variations in compressibility 11 

are likely. The key development is the introduction of a modified measure of compressibility 12 

that is directly related to the ability of clustering of passive tracers in some regions of the sea 13 

surface. This measure is calculated based on 3D velocity fields calculated using the Rossby 14 

Centre Ocean Model (Swedish Meteorological and Hydrological Institute) for 1991 and the 15 

TRACMASS code for tracking Lagrangian trajectories. For the first time, a compressibility 16 

map of a marine region has been calculated in a systematic manner. The level of 17 

compressibility reaches the critical value for the formation of patches usually in coastal 18 

regions but also in certain elongated offshore areas. The spatial distributions of 19 

compressibility reveal extensive seasonal-scale variations, with the most persistent areas of 20 

high compressibility in the windy season (October–December).  21 
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Highlights: 26 

 We develop a modified measure of compressibility of sea surface reflecting clustering 27 

of tracers 28 

 Compressibility maps for the Gulf of Finland are calculated in a systematic manner 29 

 We track areas of a marine region which are likely to form clusters of floaters 30 

 High compressibility identified near the River Neva mouth 31 

 Extensive seasonal-scale variability in compressibility in the Gulf of Finland 32 

 33 

1. Introduction 34 

Knowledge of fundamental features of pollution behaviors and impacts on marine 35 

environment is crucial for sustainable management of vulnerable sea areas. This knowledge is 36 

of key importance not only for a better understanding of the environmental responses to 37 

pollutants but even more for the development of efficient prevention measures. This 38 

knowledge is still sparse, and many factors are yet to be taken into account (Andrady, 2011; 39 

Schilling and Zessner, 2011). One of the vital questions is how and where dangerous 40 

Manuscript
Click here to download Manuscript: BSSC2011_Final_Full - No pics.doc Click here to view linked References

http://ees.elsevier.com/marsys/download.aspx?id=71309&guid=d30c9202-42e5-4105-a027-edbbbd4605e2&scheme=1
http://ees.elsevier.com/marsys/viewRCResults.aspx?pdf=1&docID=1946&rev=0&fileID=71309&msid={A07DA50B-1F29-44DF-BB7B-A41624585DB3}


concentrations of adverse impacts (e.g. harmful algal blooms), frequently observed in natural 41 

conditions in the surface layer, develop from overall low readings of background fields. 42 

The movement of different substances within the water column in the ocean is 43 

governed by the three-dimensional system of currents. Such motions generally result in 44 

spreading of initially closely located particles (Richardson, 1926; Ollitrault et al., 2005). 45 

Therefore, it is natural to expect that the concentration of different adverse impacts is the 46 

largest in the vicinity of their release site to the marine environment and that remote areas are 47 

safe. The situation is much more complicated for substances (such as oil pollution or plastic 48 

debris) that are locked in the surface layer. First of all, this layer is additionally affected by 49 

wind and waves. Both wind- and wave-induced transport are highly anisotropic and mostly 50 

mimic the behavior of the wind and wave patterns, which can be forecast and hindcast with a 51 

reasonable accuracy nowadays. As the properties of both these fields usually vary quite 52 

slowly over the open sea areas, the related transport normally does not lead to substantial 53 

changes in the concentration of different substances in the surface layer. 54 

It is well known that large intense currents such as the Gulf Stream or Kuroshio carry 55 

large water masses from coastal areas across oceans to a distance of many 1000s of km. This 56 

feature makes the pollution or litter propagation problem a fairly general and global one. 57 

Moreover, substances in the surface layer are carried to extremely remote locations over areas 58 

that do not host such strong currents. For example, debris originating from South America is 59 

frequently found as beach litter on remote Pacific Islands (Richards, 2011). 60 

A fascinating property of marine debris is its ability to form areas with high 61 

concentrations in the open ocean, far from jet currents. Perhaps the most well-know such area 62 

is located in the North Pacific Subtropical Convergence Zone (STCZ) and is sometimes called 63 

the Great Pacific Ocean Garbage Patch (Pichel, 2007). Therefore, even remote offshore 64 

locations are certainly not immune from problems related to high readings of pollution or 65 

litter in the surface layer. 66 

The existence of such areas is usually associated with specific three-dimensional (3D) 67 

features of the ocean circulation (Lee, 2010). In essence, this feature can be interpreted as a 68 

particular realization of so-called patchiness of a number of different properties of the marine 69 

environment (Powell and Okubo, 1994). Many physical processes may be responsible for the 70 

presence of patches of different size and shape. For example, filament generation in quasi-71 

two-dimensional velocity field (Held et al., 1995) naturally leads to extremely complicated 72 

spatial structure of concentrations of various properties (Kalda, 2000) and even such 73 

frequently occurring phenomena as horizontal density gradient (Burchard et al., 2008) or 74 

classical estuatione circulation (Burchard et al., 2004) may lead to accumulation of sediment 75 

particles or well-defined turbidity maxima. In the Baltic Sea patchiness has been subject to 76 

intense studies since the 1980s (Kononen et al., 1992; Granskog et al., 2005). In this area the 77 

phenomenon of patchiness is usually linked to various mesoscale hydrodynamic features such 78 

as eddies, frontal zones, or local jet currents. A similar mechanism, usually working at even 79 

smaller scales, is Langmuir circulation (Thorpe, 2009). All the listed phenomena normally 80 

have a substantial vertical component and, thus, an essentially 3D vertical structure. 81 

In this paper, we make an attempt to link the potential of formation of patches (more 82 

generally, inhomogeneities in initially homogeneously distributed fields of passive tracers 83 

locked in the surface layer) on sea surface with so-called property of compressibility of sea 84 

surface. This property is one of important factors, which controls the behavior of the pollution 85 

spreading, and, if present, may naturally lead to the formation of high concentrations in 86 

different adverse impacts or marine garbage. We emphasize the substantial difference of this 87 

phenomenon from the more widely spread concept of compressibility of the entire medium 88 



(sea water or air) understood as a measure of the relative volume change as a response to 89 

pressure variations. In this paper we use the notion of compressibility as the relative weight of 90 

the potential component of a velocity field. This definition relies on the motion of water 91 

particles. Three-dimensional atmospheric flows as well as the flows in the bulk of the water 92 

basins are usually almost incompressible; however, the two-dimensional velocity field at the 93 

water surface can be compressible even when water particles, initially located at the surface, 94 

are confined to stay at the surface. This happens because of the possibility of vertical motions 95 

of water masses (up- and down-welling in the marine environment) in the water column. In 96 

this sense, compressibility of sea surface can be interpreted as an indicator of the impact of 97 

3D motions on the concentrations of different substances in a particular location of the 98 

surface. The highest values of compressibility can, thus, be naturally associated with areas 99 

prone to the development of well-defined patches. 100 

While the effect of compressibility on different properties of the fluid motion and 101 

transport has been extensively studied both theoretically and experimentally (Falkovich et al, 102 

2001; Cressman et al., 2004;  Boffetta et al., 2004; Kalda, 2007), the evidence of its 103 

importance in marine environments is still scarce. The most prominent consequence of 104 

compressibility is the gathering of floating particles into patches. This feature is crucial in 105 

many environmental applications as it may substantially affect both the probability and 106 

propagation time of adverse impacts in different offshore areas to the vulnerable regions; for 107 

example, pollution is likely to stay for a long time in areas of high compressibility. Such areas 108 

can be interpreted as natural areas of reduced risk in terms of pollution transport from these to 109 

the coasts (Soomere et al., 2010). 110 

In this paper, we study the effects of compressibility of a two-dimensional velocity 111 

field on the transport and mixing of substances floating on the sea surface of the Baltic Sea, in 112 

the area of the Gulf of Finland, and overlying a 3D field of motions. The key development is 113 

the introduction of a modified measure of compressibility (that is directly related to the ability 114 

of clustering of passive tracers in some regions of the sea surface) and a demonstration that its 115 

values may exceed the threshold for the formation of patches. The structure of the paper is as 116 

follows. Section 2 gives a short insight into the general problem of compressibility of 2D and 117 

3D flows. The pool of velocity data, models used for its calculation and for tracking the 118 

surface elements on sea surface are described in Section 3. The definition of a modified 119 

measure for compressibility of 2D flows and its calculation scheme from 2D velocity fields 120 

are presented in Section 4. Section 5 depicts the resulting spatial distribution of this measure 121 

for the Gulf of Finland. The basic message from the research to the marine science is 122 

formulated in Section 6. 123 

 124 

2. Compressibility of 2D flows overlying almost incompressible 3D motions 125 
 The fundamental theorem of vector calculus, the Helmholtz's theorem, states that any 126 

sufficiently smooth, rapidly decaying vector field in three dimensions can be expressed as the 127 

sum of an irrotational (curl-free, also called potential) vector field and a solenoidal 128 

(divergence-free) vector field. This is known as the Helmholtz decomposition. Consequently, 129 

virtually every realistic field of motions in the ocean (formally, defined everywhere in space 130 

and vanishing at infinity together with its first derivatives) can be decomposed, to a first 131 

approximation, into its solenoidal and potential components (with zero divergence and curl, 132 

respectively). In this framework, compressibility is defined as the relative weight of the 133 

potential component of the velocity field. Its particular values, therefore, are in the range from 134 

0 (fully solenoidal flow) to 1 (fully potential flow). In what follows, however, we adopt a 135 

slightly different definition of compressibility, which will be referred to as the finite-time 136 



compressibility and which coincides with the classical definition at the limit of ideal 137 

Kraichnan flows (Falkovich et al., 2001). The reasons for such an approach will be explained 138 

below. 139 

There exists a direct link between the compressibility of a motion system (either 2D or 140 

3D) and the possibility of formation of patches of concentration of passive tracers or particles 141 

injected into the fluid. Namely, systematic development of patches is only possible if the 142 

potential flow component dominates, that is, the values of compressibility exceed the 143 

threshold of 0.5. Compressibility of a realistic fluid motion is generally nearly 0, hence fluids 144 

are incapable of producing the patchiness of tracers (Fine and Millero, 1973). The most 145 

important exception here is the marine surface layer. Here large values of compressibility are 146 

possible due to the capability of the particles floating on it to “dive” into the third dimension 147 

(Garrison, 2011). Thus, the average compressibility of such a formally 2D velocity field on 148 

sea surface may largely exceed the analogous values for purely 2D or geostrophic flow. This 149 

property, in essence, is a generalization of several above-mentioned phenomena that lead to 150 

the development of inhomogeneities on the sea surface and can explain, at least partially, the 151 

patchiness of floaters in the marine environment. 152 

It has been shown that the presence of non-zero compressibility can affect 153 

dramatically the behavior of the tracers, giving rise to clusterization of the tracer particles and 154 

fractal structures (Bec et al., 2004; Perlekar et al., 2010). According to the theoretical studies 155 

of ideal Kraichnan flows (which are delta-correlated in time), the crossover to clusterization 156 

takes place at the critical value compressibility of C = 0.5 (Falkovich et al., 2001). However, 157 

both experimental and numerical results indicate that the time correlations (which are always 158 

present for real hydrodynamic flows) can either inhibit or catalyze the clusterization process 159 

(Boffetta et al., 2004). Regarding the compressibility of real water flows, it has been shown 160 

that the free-slip surface of fully turbulent water volumes is characterized by C  0.5 161 

(Schumacher and Eckhardt, 2002). However, mesoscale and large-scale marine water flows 162 

are often quasi-two-dimensional (Rhines, 1979; Kraichnan and Montgomery, 1980), which 163 

leads to the reduction of the compressibility of the surface velocity field. Theoretically, non-164 

linear waves may contribute to the increase in the surface compressibility. This effect 165 

apparently becomes evident, if at all, in quite specific conditions. For example, it has been 166 

shown that such an effect is negligible for weakly nonlinear waves (Vucelja et al., 2007). 167 

Therefore, the major source of sea surface compressibility evidently is the specific nature of 168 

the local 3D circulation that may give rise to systematic diving (e.g. downwelling) or uplift 169 

(e.g. upwelling) of water masses in certain sea areas. 170 

The compressibility of a velocity field coincides with that of the motion of fluid 171 

particles floating in it. This feature makes it possible to analyze the compressibility of the 172 

particle field by means of addressing the compressibility of the vector field consisting of 173 

displacement vectors of simulated floaters’ trajectories. 174 

Since the overall surface area of the sea is constant in time, the average flow 175 

divergence over the entire sea surface is strictly zero. Surface floaters (passive tracers, adverse 176 

impacts, plastic debris, oil pollution, etc.) though, tend to spend more time in contracting 177 

regions than in expanding ones: the expanding flows tend to push floaters away, while the 178 

contracting ones tend to attract and keep floaters within their areas of influence. Therefore, 179 

particles tend to gather into patches in areas that systematically reveal nonzero 180 

compressibility. 181 

 182 

3. Circulation model and Lagrangian tracking code 183 



In this study we concentrate on the Gulf of Finland (Alenius et al., 1998), the 184 

easternmost sub-basin of the Baltic Sea. This water body frequently hosts long-term powerful 185 

upwelling and downwelling events (Lehmann and Myrberg, 2008; Leppäranta and Myrberg, 186 

2009) and thus is a natural candidate for sea domains with substantial nonzero levels of 187 

surface compressibility. We employ surface velocity fields calculated for 1987–1991 in the 188 

Swedish Meteorological and Hydrological Institute by the Rossby Centre Ocean Model 189 

(RCO) in the framework of BONUS+ BalticWay cooperation (Soomere et al., 2010). This 190 

time interval has been chosen in order to make our results comparable with those obtained in 191 

the framework of studies into the quantification of offshore areas in terms of their ability to 192 

serve as sources of environmental risk to the coastal areas in terms of current-induced 193 

transport of adverse impacts released at these areas to the nearshore (Soomere et al., 2011). 194 

The horizontal resolution of the model grid is 2×2 nautical miles and the model uses 41 195 

vertical levels in z-coordinates (Meier et al., 2003; Meier, 2007). The thickness of the vertical 196 

layers varies between 3 m close to the surface and 12 m in 250 m depth. The uppermost layer 197 

corresponds to water masses at depths 0–3 m. 198 

The RCO model has been described in a number of sources (Meier, 2001; Meier et al., 199 

2003). As we only use velocity fields produced using this model, we present here only shortly 200 

its key features. It is a Bryan-Cox-Semtner primitive equation circulation model following 201 

(Webb et al., 1997) with a free surface (Killworth et al., 1991) and open boundary conditions 202 

(Stevens, 1991) in the northern Kattegat. It is coupled to a Hibler-type sea ice model (Hibler, 203 

1979) with elastic-viscous-plastic rheology (Hunke and Dukowicz, 1997). Subgrid-scale 204 

mixing is parameterized using a turbulence closure scheme of the k-ε type with flux boundary 205 

conditions to include the effect of a turbulence-enhanced layer due to breaking surface gravity 206 

waves (Meier, 2001). A flux-corrected, monotonicity-preserving transport scheme following 207 

(Gerdes et al., 1991) is embedded. No explicit horizontal diffusion is applied. The model run, 208 

data from which is used below, is forced with 10 m wind, 2 m air temperature, 2 m specific 209 

humidity, precipitation, total cloudiness and sea level pressure fields from a regionalization of 210 

the ERA-40 re-analysis over Europe using a regional atmosphere model with a horizontal 211 

resolution of 22 km during 1961–2007 (Samuelsson et al., 2011). The atmospheric forcing 212 

fields are extended beyond the ERA-40 period with analysis data from the operational 213 

ECMWF model (Anderson et al., 2006). As the atmospheric model tends to underestimate 214 

wind speed extremes, the wind is adjusted using simulated gustiness to improve the wind 215 

statistics (Samuelsson et al. 2011). Standard bulk formulae are used to calculate the air-sea 216 

fluxes over open water and over sea ice. For further details of the model set-up and an 217 

extensive validation of model output the reader is referred (Meier, 2001; Meier et al., 2003)). 218 

The displacement of water particles has been calculated using their Lagrangian 219 

trajectories found by the TRACMASS model (Blanke and Raynard, 1997; Döös, 1995; de 220 

Vries and Döös, 2001) from the precomputed RCO velocity fields. Theoretically, using the 221 

TRACMASS model together with the 3D velocity data, it would be possible to calculate the 222 

classical compressibility of the velocity fields. However, as mentioned above, for real time-223 

correlated flows, the non-zero values of compressibility alone are unable to describe the 224 

development of patches on the sea surface (such as the floater clusterization). The physical 225 

reason for that is most explicitly demonstrated when we consider a hypersonic (compressible) 226 

gas flow. In such flows, at any moment of time, the velocity field is compressible, because the 227 

dynamic pressure exceeds the hydrostatic one. Meanwhile, this compressibility has long-term 228 

negative correlation. For delta-correlated flows, nonzero values of compressibility mean that 229 

the sum of Lyapunov exponents is negative, i.e. material volumes contract exponentially in 230 

time. This contraction is actually the fundamental reason of the creation of patchiness owing 231 

to the presence of non-zero compressibility. However, the material volumes of hypersonic gas 232 



flow cannot contract exponentially: eventually the hydrodynamic pressure will play a role and 233 

stop the contraction. As a result, even though the classical compressibility of hypersonic 234 

flows can be considerable, the sum of the Lyapunov exponents remains strictly equal to zero. 235 

This property is equivalent to the absence of creation of long-term patchiness. 236 

 237 

4. Method for compressibility calculations 238 

Therefore, in order to reach a measure of compressibility that is more directly related 239 

to the formation of patches, the definition of compressibility needs to be revised towards 240 

accounting for the properties of real flows with finite time-correlations. Following this line of 241 

thinking, we employ the modified definition of (finite-time) compressibility. The idea is to 242 

relate the finite-time changes in the material volumes (e.g., surface areas in the case of 2D 243 

flows overlying 3D circulation) to the finite-time changes in the separation between material 244 

particles. The modification is consistent in the sense that the introduced measure coincides 245 

with the values of the classical compressibility at the limit of infinitesimally small time 246 

windows and Kraichnan flows. 247 

The basic idea in the calculations is to look at the changes in the surface of small 248 

elements of the surface. The simplest element is formed by three points at the surface, 249 

forming a triangle with nonzero area (Fig. 1). The displacement of its vertices is tracked using 250 

the trajectory simulation code TRACMASS.  251 

The changes to the position of the vertices were obtained by running TRACMASS for 252 

a cluster of passive tracers associated water particles placed in the center of each grid point. 253 

The initial separation of the neighboring tracers along latitudes and along longitudes is, 254 

therefore, about 2 nautical miles. Simulations are run over a data set which contains 255 

information data for the year 1991. Tracers are repositioned in the center of their belonging 256 

grid cell at the end of a 24 hours run. From these simulations, we retrieve a displacement 257 

vector field of tracers’ positions, which is used to calculate a compressibility value for each 258 

grid cell. This value is calculated in terms of patches’ properties. 259 

Let us consider a grid cell, at time step 0 for a given day. As a simplest surface 260 

element representing the change in the surface area at this point, we choose a triangle 261 

consisting of this point and its immediate neighbor to the south and east (Fig. 1). This stencil 262 

is applied to the entire surface of the Gulf of Finland and its entrance area. More formally, let 263 

 tt yx 11 , ,  tt yx 22 ,  and  tt yx 33,  be the coordinates of the vertices of an element at time step t. It 264 

is convenient to consider twice the surface of an element tS , expressed at time step t as 265 

follows: 266 

       tttttttt

t yyyyxxxxS 21313121  . (1) 

The relative change over time of its area is   tttt SSSdS 1 . Another component of 267 

our definition of compressibility is the squared length of two edges of the element: 268 
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Their respective changes over time are obviously   tttt AAAdA 1  and 269 

  tttt BBBdB 1 . The finite-time compressibility value is calculated now from the 270 

changes to the three quantities in question at different time steps as follows:  271 
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where the components of the right-hand side of Eq. (3) have the meaning of rms (root mean 272 

square) values of the respective quantities  273 
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and i indicates a particular realization of the flow. The rms in Eqs. (4) is calculated on a 274 

number of samples that linearly depends on the size of the chosen time window. This is a 275 

direct consequence of the fact that running a simulation over a longer time window, produces 276 

a higher number of samples. It is, however, obvious that the limiting values of C in Eq. (3) do 277 

not depend on the number of samples provided the velocity field is statistically stationary. 278 

From Eqs. (1)–(4) it follows that if the flow is purely incompressible, 0rmsdS , and 279 

hence the compressibility 0C  in the entire volume filled (or area covered) by such a flow. 280 

In the contrary, if the flow is purely contractive or expanding, the quantities A or B would 281 

change with the same relative rate as S, so that we would have 1C . The values of C defined 282 

by Eq. (3) obviously lie in the range [0,1], with 1C  implying a purely compressible flow. 283 

The importance of the presented definition of the measure of compressibility C is that it 284 

accounts for the finite-time correlations and its values are directly related to the ability of 285 

gathering the tracer particle into patches. 286 

The scheme of calculations resembles a similar scheme used for the identification of 287 

semi-persistent patterns (Soomere et al. 2010). A longer time interval Dt  of interest (year 288 

1991 in the calculations in this paper) is divided into time intervals (windows) with a length 289 

of Wt =16–96 hours (Fig. 2). As mentioned above, one tracer is placed at the centre of each 290 

wet grid point of the RCO model and its displacement is traced over this window; usually 291 

over a number of time steps. The results of calculations over a particular time window form 292 

one realization of the process of changes to the area of surface elements. For a new 293 

realization, the simulations of the same pattern of tracers and surface elements are restarted 294 

with a time lag 1St  day. 295 

After performing simulations for such a pool of realizations, we average the value of C 296 

pointwise over different time spans: on daily, monthly, seasonal and yearly base. The 297 

resulting spatial maps characterize the spatial variations in the field compressibility for 298 

different time intervals over the Gulf of Finland. As discussed above, large values of 299 

compressibility in these maps show a predictive estimate of the likelihood of tracers inserted 300 

into various grid cells to gather into patches, equivalently, areas where high concentrations of 301 

floaters, garbage, adverse impacts, etc., are likely. 302 

The above-mentioned property (that the basin-wide average 2D flow divergence is 303 

zero for a sea area of constant size) offers a way to judge to a certain degree about the 304 

correctness of the calculations. Figure 3 presents the average divergence, integrated over the 305 

entire area of the Gulf of Finland, as calculated for every day of year 1991 using the described 306 

technique with Wt =4 hours. The plot shows values which tend to be really close to zero 307 

throughout the year. The small variations reflect the surface water exchange between the area 308 

over which the divergence is calculated and the Baltic Proper. The mostly positive values 309 

apparently mirror the excess of fresh water inflow in this area (Leppäranta and Myrberg, 310 



2009) while a few negative values evidently are connected with surface water inflow owing to 311 

specific wind events . 312 

 313 

5. Spatial distributions of compressibility 314 

The resulting maps vividly demonstrate that there exist areas with high compressibility 315 

values in the Gulf of Finland (Fig. 3). Most of these areas have an elongated stripe-like shape 316 

and are generally located close to the shore. Most likely the areas with a high compressibility 317 

reflect regions hosting intense vertical motions (upwelling or downwelling) in coastal areas, 318 

possibly with upwelling filaments, or divergence or convergence zones between coastal 319 

currents and offshore mesoscale circulation. For example, during the first week of November 320 

1991, the highest compressibility is found in the vicinity of the River Kymi mouth in SE part 321 

of the Gulf of Finland. This region, with local values of C up to 0.9, is also characterized by 322 

merging of the voluminous runoff of River Neva with waters coming from River Kymi and 323 

brackish waters of the Gulf of Finland and, thus, high values of C are not unexpected.  324 

In contrast with the classical definition, our definition of compressibility makes it 325 

possible to calculate its dependence on the length of the time window used for estimates of 326 

the change to the area of surface elements. The use of very short time windows is equivalent 327 

to the calculation of pointwise compressibility. The use of longer time widows makes it 328 

possible to track the distortions of the surface elements over a certain sea area during their 329 

Lagrangian drift. This option allows identifying areas over which the compressibility 330 

increases cumulatively over some time interval. Such areas are actually the best candidates for 331 

emerging high concentrations of adverse impacts. 332 

Calculations using different lengths of Wt  show that, for shorter time windows (0 to 24 333 

hours), the resulting values of C are relatively low and generally do not reach the critical 334 

value of 0.5 (Fig. 5). With an increase in the time window to 48–72 hours, this threshold is 335 

reached at several locations (Figs. 6, 7).  336 

 The presented results demonstrate that the locations of the high-value regions of C are 337 

qualitatively the same for all choices of the time window length. The elongated areas of high 338 

compressibility may be interpreted as regions in which the compressibility cumulatively 339 

increases in the direction of the surface current. The critical values in C are usually reached 340 

only if the time window is 12 hours or longer. Remarkably, several elongated areas of high C 341 

are oriented almost across the gulf. Such areas may reflect relatively intense cross-gulf 342 

transport pathways (Soomere et al. 2010) which also demonstrate systematic contraction or 343 

expansion. The quantitative results of the variation in the length of the time window are 344 

highlighted in Fig. 7 that shows the areas of the sea surface characterized by high (>0.5) 345 

values of C, obtained setting the time window to 48 hours, that wouldn't have been evident if 346 

the simulation was run on the same time interval using a shorter time window. 347 

The areas characterized by high values of C seem to be affected by a strong seasonal 348 

variability (Fig. 9). For the year 1991, the maximum values of the finite-time compressibility 349 

(Table 1) are the largest in autumn (October–December) whereas the average values of C 350 

exceed the patch-generation threshold of C=0.5 at several locations. It is remarkable that the 351 

highest values of C near the mouth of the River Neva and at the entrance to the Gulf of 352 

Finland occur almost at the same locations as in simulations for one week (Fig. 3). This 353 

feature suggests that the areas favorable for the generation of patches may persist over several 354 

months. 355 



Other seasons have clearly less maximum values of C that are close to the threshold of 356 

C=0.5 and even remain below this threshold for the spring months (April–June). The 357 

qualitative appearance of the field of C is very much the same in different seasons (Fig. 9). 358 

The life-time of high-value areas of compressibility seems to be limited to a few months: 359 

averaging over the entire year of 1991 leads to a substantial decrease in the local values of C 360 

which remained well below the threshold in question. 361 

6. Conclusions 362 

The property of compressibility of a 2D velocity field overlying 3D circulation is a 363 

natural generalization of the impact of various phenomena (such as upwellings, 364 

downwellings, convergence or divergence of ocean currents, Langmuir circulation, etc.) that 365 

may lead on the formation of inhomogeneities in otherwise smooth fields in the surface layer. 366 

In other words, such processes may cause contraction or extension of the sea surface, in this 367 

way affecting the behavior of different substances floating on the sea surface. Their obvious 368 

consequence is the formation of patches. 369 

The traditional definition of compressibility basically relies on instantaneous velocity 370 

fields and does not account for the time history of motions and cumulative distortion of sea 371 

surface. The modified measure of finite-time compressibility, introduced in this paper through 372 

tracking the local changes to the area of surface elements, makes it possible to systematically 373 

quantify the impact of the listed processes, independently on their particular physical origin, 374 

on various fields on the sea surface. It allows for variable-length time window averaging for 375 

flows translating surface elements over the sea surface. This property makes it possible to 376 

calculate cumulative effects of compressibility and, thus, to highlights sea regions 377 

characterized by large values of compressibility occurring during some finite time interval 378 

and which wouldn't have become evident using the classical definition. Another key feature of 379 

this measure is its tight relation with the ability of clustering of passive tracers in some 380 

regions of the sea surface, allowing hindcast and forecast of the domains in which the patch 381 

formation is most likely. 382 

The particular values of this measure of compressibility to some extent depend on the 383 

length of time slices over which it is calculated. The spatial variations of the compressibility 384 

are fairly strong. While its values for short time slices are fairly low, for slices of quite 385 

reasonable length (48–72 hours) its values reach and overshoot the threshold for the formation 386 

of extensive patches. Usually coastal regions are characterized by significant compressibility 387 

values (above the critical level of 0.5) but comparable values area also found in elongated 388 

offshore areas. The spatial distributions of compressibility reveal extensive seasonal-scale 389 

variations. The performed simulations for one year (1991) suggest that several regions of high 390 

compressibility (equivalently, areas prone to the generation of surface patches) persist, at 391 

least, during a few months but apparently are smoothed out when averaged over entire year. 392 

Finally, we mention that this study only focuses on mesoscale variations in the 393 

compressibility and does not cover compressibility of small-scale structures (<2 nautical 394 

miles), which can greatly enhance the effect of patchiness (Granskog et al., 2005) and will be 395 

the subject of further studies. 396 
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Figure 1. Scheme of the selection of surface elements and their distortions in time 506 

Figure 2. Definition sketch of splitting the simulation period into time windows. 507 

Figure 3. Divergence of the 2D flow on the sea surface, integrated over the entire Gulf of 508 

Finland, the Baltic Sea, throughout year 1991. 509 

Figure 4. Average compressibility of water surface in the Gulf of Finland for one week in 510 

November 1991 calculated using Wt =48 hours. 511 

Figure 5. Average compressibility of water surface in the Gulf of Finland for one week in 512 

April 1991, calculated with the time window of 24 hours. 513 

Figure 6. Average compressibility of water surface in the Gulf of Finland for one week in 514 

April 1991, calculated with the time window of 48 hours. 515 

Figure 7. Average compressibility of water surface in the Gulf of Finland for one week in 516 

April 1991, calculated with the time window of 72 hours. 517 

Figure 8. Areas (green) in which the finite-time compressibility exceeds 0.5 in a simulation 518 

with Wt =72 hours compared to a simulation with Wt =48 hours during the first week of 519 

November 1991. 520 

Figure 9. Average compressibility of water surface in the Gulf of Finland in winter and 521 

autumn 1991. 522 
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Table 1. Maximum values of finite-time compressibility C calculated using Wt  for different 525 

seasons in the Gulf of Finland. 526 
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Figure 3. Divergence of the 2D flow on the sea surface, integrated over the entire Gulf of Finland, 

the Baltic Sea, throughout year 1991. 

 

 

Figure 4. Average compressibility of water surface in the Gulf of Finland for one week in 

November 1991 calculated using Wt =48 hours.  

 



 

Figure 5. Average compressibility of water surface in the Gulf of Finland for one week in April 

1991, calculated with the time window of 24 hours. 

 

 

 

Figure 6. Average compressibility of water surface in the Gulf of Finland for one week in April 

1991, calculated with the time window of 48 hours. 

 



 

Figure 7. Average compressibility of water surface in the Gulf of Finland for one week in April 

1991, calculated with the time window of 72 hours. 

 

 

 

Figure 8. Areas (green) in which the finite-time compressibility exceeds 0.5 in a simulation with Wt

=72 hours compared to a simulation with Wt =48 hours during the first week of November 1991. 

 



 

Figure 9. Average compressibility of water surface in the Gulf of Finland in winter and autumn 

1991. 
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Table 1. Maximum values of finite-time compressibility C calculated using Wt  for different seasons 

in the Gulf of Finland. 

 

Season Maximum compressibility 

Spring 1991 0.4408 

Summer 1991 0.5246 

Autumn 1991 0.7634 

Winter 1991 0.5072 
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