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Моделирование северной части собственно Балтийского моря с  очень высоким разрешением показывает, что  
летом образуются циклонические и антициклонические субмезомасштабные когерентные вихри (СКВ) с экстрему-
мом вертикальной завихренности в поверхностном слое, в то время как подповерхностные антициклонические СКВ 
в форме выпуклых линз в поле плотности преобладают над циклоническими СКВ – вогнутыми линзами с экстрему-
мом вертикальной завихренности в холодном промежуточном слое ниже сезонного термоклина и выше перманентного  
галоклина. Зимой сезонный термоклин и  холодный промежуточный слой сменяются относительно глубоким кон-
вективно-перемешанным слоем, что делает невозможным образование подповерхностных вогнутых циклонических 
и выпуклых антициклонических линз. Вместо этого преобладают зимние циклонические СКВ с экстремальной вер-
тикальной завихренностью на поверхности. Ядро зимних циклонических СКВ характеризуется отрицательной тем-
пературной аномалией во всем конвективно-перемешанном слое. В течение своего жизненного цикла длительностью 
до нескольких месяцев и более, смоделированный СКВ может многократно сливаться с другими СКВ того же знака 
завихренности, и слияние делает вихрь сильнее, тем самым способствуя его долговечности.

Ключевые слова: Балтийское море, численное моделирование с  очень высоким разрешением, субмезомасштабный  
когерентный вихрь, гравитационная конвекция во вращающейся жидкости.
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A very high-resolution modelling of the northern Baltic Proper shows that in summer the cyclonic and anticyclonic subme-
soscale coherent vortices (SCVs) with the extremum of vertical vorticity in the surface layer are formed, while the subsurface anti-
cyclonic SCVs in the shape of convex lenses in the density field prevail over the cyclonic SCVs – concave lenses, with the vertical 
vorticity extremum in the cold intermediate layer below the seasonal thermocline and above the permanent halocline. In winter 
the seasonal thermocline and cold intermediate layer are replaced by a relatively deep convectively-mixed layer which makes the 
formation of subsurface concave cyclonic and convex anticyclonic lenses impossible there. Instead, the winter-time cyclonic SCVs 
with the vertical vorticity extremum at the surface dominate. The core of winter-time cyclonic SCVs is characterized by a negative 
temperature anomaly throughout the mixed layer. During its life cycle lasting up to several months and more, the modelled SCVs 
can repeatedly merge with other SCVs of the same sign of vorticity, and the merger makes the eddy stronger thereby contributing 
to its longevity.

Key words: Baltic Sea, very high-resolution numerical modelling, submesoscale coherent vortex, gravitational convection in ro-
tating fluid.
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1. Introduction

Submesoscale Coherent Vortices (SCVs) are defined as intense, long-living, rotary circulations which are ap-
proximately symmetric about vertical axes [1]. SCVs are abundant in the interior of the ocean, where their typical 
dimensions are 10 km horizontally and 100 m vertically, and the lifetimes can be as long as many years, during which 
entire ocean basins can be traversed [2]. A typical example of SCVs are Meddies, the anticyclonic, convex lenses of 
saltier and warmer water of the Mediterranean origin travelling in the main pycnocline of the North Atlantic [3, 4].

SCVs differ from classic mesoscale eddies whose horizontal dimension is determined by the first baroclinic defor-
mation radius dl , and which are characterized by a small Rossby number Ro / 1f= ζ   and large Richardson number 

( )2 2 2Ri / 1z zN u v= +  , where y xu vζ = − +  is the vertical relative vorticity, f  is the vertical planetary vorticity (Coriolis 
parameter), N  is the buoyancy frequency, ( ),u v  are the horizontal components of flow velocity along x  and y  axes, 
the x , y  and z  subscripts denote the respective gradients/derivatives. The horizontal dimension of SCVs is usually 
smaller than dl  and determined by a local baroclinic radius of deformation /Nh f , where h  is the vertical dimension  
of SCV. More importantly that SCVs are characterized by intermediate values of the Rossby and Richardson numbers  
of the order of unity: ( )Ro 1O= , ( )Ri 1O=  [5].

The dominance of anticyclonic SCVs over cyclonic ones throughout the ocean interior was originally explained  
by local diapycnal mixing events that create a stratification anomaly followed by geostrophic adjustment of the vortical 
flow [1, 2, 6]. A more refined interpretation is that SCVs usually form from separating, violently unstable boundary 
currents that induce strong mixing and roll up into vortices [5, 7]. High-resolution numerical modelling does re-
produce spatially sparse, but ubiquitous SCVs in the surface layer of the ocean with noticeable asymmetry in vortic-
ity: cyclonic vorticity is typically stronger due to finite-Ro effects of vortex stretching and inertial instability that limit  
the anticyclonic vorticity to / 1fζ > − , while the cyclonic vorticity can be as large as / 2fζ >  (e. g. [7, 8]).

Studies of SCVs in the Baltic Sea have a long history. Subsurface anticyclonic SCVs in the shape of convex lenses 
in the density field centered in the cold intermediate layer were recorded in the course of closely spaced CTD pro-
filing and surveying in the East Gotland Basin in the eighties of the last century [9]. A cyclonic SCVs (a concave lens 
in the density field) was recorded within the permanent halocline south of the Gotland Deep after the Major Inflow 
1993 [10]. Afterwards subsurface cyclonic SCVs – concave lenses were found in the Arkona Basin [11], Bornholm 
Basin [12], Słupsk Furrow and Gulf of Gdansk [13] and simulated in the framework of high-resolution circulation 
models [13—15]. Following Spall and Price [16], it was assumed that the subsurface cyclonic SCVs are formed due to 
the adjustment of the high potential vorticity inflow water column to a low potential vorticity environment [14]. High 
resolution images of the sea surface both provided by remote sensing and simulated within high-resolution circula-
tion models show ubiquitous occurrence of cyclonic and anticyclonic SCVs in the upper layer including the surface 
mixed layer, the seasonal thermocline and partially the intermediate cold layer of the Baltic Sea [17—21]. Detection 
and tracking methods of SCVs in the Baltic Sea as applied to the field data of CTD profiling and the high-resolution 
modelling were developed in [22] and [23], respectively.

The Baltic Sea is characterized by a prominent seasonality of the thermohaline stratification. In summer, there are 
two pycnocline structure of water column with the upper mixed layer, the seasonal thermocline, the cold, low-stratified 
intermediate layer, and the permanent halocline typically occupying the depth ranges of 0—10 m, 10—30 m, 30—60 m, 
and > 60 m, respectively. In winter, the upper mixed layer, the seasonal thermocline, and the cold, low-stratified in-
termediate layer are replaced by a thick cold mixed layer formed due to gravitational convection caused by the cooling 
from the surface and enhanced wind forcing. Such drastic changes in vertical stratification inevitably imply strong 
seasonality of the SCVs, because neither the upper layer eddies whose baroclinicity is determined by deformations 
of the seasonal thermocline nor the subsurface rotating concave and convex lenses centered in the cold intermediate 
layer can exist in the winter season. The objective of this work is to investigate seasonality of the CSV characteristics 
in the Baltic Sea based on the results of high-resolution model simulations.

2. Model description

A detailed description of the model setup is done in [21], and here we briefly dwell on the main points.
The General Estuarine Transport Model (GETM) [24] is applied. GETM is a primitive equation, free surface, 

hydrostatic model with the embedded vertically adaptive coordinate scheme [25, 26]. The vertical mixing is parame-
trized by a k-e turbulence model coupled with an algebraic second-moment closure [27, 28].

The high-resolution nested model has a horizontally uniform step of 0.125 nautical miles (approximately 232 m) 
and 60 adaptive layers in vertical all over the computational domain covering the central Baltic Sea along with the Gulf 
of Finland and Gulf of Riga (Fig. 1, see Inset). The digital topography of the Baltic Sea with the resolution of 500 m 
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(approximately 0.25 nautical miles) was obtained from the Baltic Sea Bathymetry Database (http://data.bshc.pro/) 
and interpolated bilinearly to the model grid.

The nested model domain has the western open boundary in the Arkona Basin and the northern open boundary 
at the entrance to the Bothnian Sea (see Fig. 1). For the open boundary conditions the one-way nesting approach is 
used and the results from a coarse-resolution model with 0.5 nautical mile grid (926 m) are applied. The coarse reso- 
lution model run started from 01/04/2010 with initial thermohaline conditions taken from the Baltic Sea reanalysis 
for the 1989—2015 by the Copernicus Marine service. More detailed information on the coarse-resolution model is 
available in [29, 30].

The atmospheric forcing is taken from the High Resolution Limited Area Model (HIRLAM) maintained opera-
tionally by the Estonian Weather Service with the spatial resolution of 11 km [31].

The initial thermohaline field is obtained from the coarse-resolution model and interpolated horizontally to the 
high-resolution model domain. Information on the validation of the high-resolution and coarse-resolution models 
can be found in [21, 29].

Results of two runs of the nested model are analysed: a 7 months run and a year and a half run covering the period 
from 01.04.2018 to 31.10.2018 and from 01.04.2015 to 04.10.2016, respectively.

Before proceeding with the analysis of the simulation results, we note that the coarse-resolution model (926 m 
grid), whose output was used as the initial and open boundary conditions in the nested, high-resolution model (232 m 
grid), has been thoroughly tested by means of comparison of the simulated and observed current velocity variance 
and timeseries of sea-level fluctuations, temperature and salinity in the surface, intermediate and bottom layers for 
a number of monitoring stations of the Baltic Sea (see [29]). The ability of the nested, very high-resolution model 
to reproduce the observed SCVs is demonstrated in Fig. 2 (see Inset) where the satellite-born optical images of a 
1°×1°=111 km×111 km area of the northern Baltic Proper to the northeast of the Gotland Island from Sentinel‑2 
dated 2018-07-10 and 2018-07-15 are given versus the simulated maps of Ro in the surface layer for the same dates. 
The snapshots were taken during the period of summer blooming of cyanobacteria, when the submesocale motions 
have assembled the phytoplankton material into linear structures winded up into spirals thereby visualizing SCVs. 
Both the remote sensing images and simulated Ro maps display patterns densely populated with SCVs of a compa-
rable length scale. Of course, one cannot expect that the model will reproduce the mutual arrangement of vortices 
in the remote sensing images, since it is impossible to simulate an individual realization of the random process of 
SCVs formation.

3. Results

To identify SCVs we will mostly stick to maps and vertical sections of the gradient Rossby number Ro calculated 
from the model output though the velocity differences at the horizontal step of 232 m. By painting the areas of positive 
and negative Ro values with red and blue of varying intensity, we expect to obtain on the map an image of cyclonic and 
anticyclonic eddies in the form of rounded spots of red and blue, respectively. The seasonality of SCVs is illustrated by 
simulation results related to warm season characterized by the presence of seasonal thermocline and cold intermediate 
layer, and cold season when there is a relatively deep convectively-mixed upper layer instead. We will conventionally 
call the warm season summer, and the cold season winter.

3.1. Summer season

The Ro  maps shown in Fig. 3 (see Inset) displays a plenty of rounded blue and red spots in the surface layer  
( 0z =  m) with typical diameter of the order of 10 km which present anticyclonic and cyclonic eddies, respectively. 
Most of the eddies weaken with depth, but some of the anticyclonic ones intensify (see e. g. the blue spots located at 
approx. (19°E, 57°N) and (19.8°E, 58.1°N)) which are clearly seen on the 60z =  m level and not seen or almost not 
seen on the 0z =  m level).

Vertical structure of SCVs is illustrated in Fig. 4 (see Inset) where the Rossby number Ro, Richardson number Ri,  
potential density anomaly θσ , and temperature T  versus distance and depth are presented for two crossing sections 
shown in Fig. 3. The surface-layer SCVs, which by definition are characterized by extreme values of Ro  in the surface 
layer, have the shape of an inverted cone with the base of the cone on the surface (Fig. 4, a). Apart of the surface SCVs, 
several subsurface SCVs can be identified in Fig. 4, c which are characterized by extreme values of Ro in the interior, 
stratified layers and have the shape of concave and convex lenses for cyclones and anticyclones, respectively, in the 
density field. Most prominent, largest subsurface SCVs are located in the cold intermediate layer and immediately below 
it approximately at z =  50 m, while in the deeper salinity-stratified layer, the SCVs have smaller horizontal and vertical 
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size (Fig. 4, c). The cyclonic SCVs are characterized by faster rotation relative to the anticyclonic ones: in accordance 
to Fig. 4 the maximum value of Ro in the cyclonic SCVs varies within [1.20, 2.46] while the minimum value of Ro   
in the anticyclonic SCVs varies within [–0.91, –1.14]. Fig. 4 also displays the tendency for the Richardson number to 
decrease to Ri 10<  at the periphery of SCVs which is typical for submesoscale dynamics [5].

A possible empirical scenario of formation of the surface-layer cyclonic SCVs is illustrated in Fig. 5 (see Inset) 
where a sequence of Ro  snapshots west of the Gotland Island is presented. Northeasterly wind produces coastal 
upwelling along the western shore, and the related jet-like current and strip of cyclonic vorticity aligned to 0—40 m 
depth contours are formed which is probably caused by the stretching of vortex tubes in the course of upwelling. When 
the upwelling-favourable wind weaken, the strip of cyclonic vorticity becomes unstable and splits into a chain of  
four cyclonic eddies.

Similar descriptive scenario is applicable to the formation of subsurface anticyclonic lens pointed by an arrow in  
Figs. 3, 4, and 6. As shown in Fig. 6 (see Inset), the lens is initialized by a strip of high anticyclonic vorticity elongated 
along the 60-m isobaths. The strip is formed above the steepest bottom near the northeastern tip of the Gotland Island 
(see the 2018-05-16 07:12 snapshot). The anticyclonic vorticity strip, in its turn, is probably caused by squeezing of 
vortex tubes in the course of downwelling above the sloping bottom. Throughout its life cycle, the anticyclonic lens 
has twice merged with other anticyclonic lenses (first time on May 25—29, 2018 and second time on June 28—30, 
2018, which led to its strengthening and long-term existence. The merging process can be qualitatively described as 
bringing the anticyclonic lenses closer to each other, involving them in anticyclonic rotation relative to the common 
center of mass, and eventual formation of a homogeneous rounded region of anticyclonic vorticity. The anticyclonic 
lens dissipated on September 26, 2018 entering a shallow bank southwest of the Saaremaa Island.

3.2. Winter season

Maps of Ro in winter season display a pattern of SCVs which is quite different from that of summer season 
(cf. Figs. 7—8 with Figs. 3, 5, and 6). On the levels z =  0, 40, and 60 m, which in winter relate to the convectively 
mixed upper layer, there is clear dominance of cyclonic eddies over anticyclonic ones. Actually, in the convectively 
mixed upper layer we observe only cyclonic SCVs whose diameter, including a core with high positive value of Ro 
and the surrounding ring where Ro 0≈ , can reach up to 20—30 km. Instead of well-formed anticyclonic SCVs, we 
observe irregular rounded and elongated spots of high negative value of Ro with transverse horizontal lengthscale 
of the order of 1—2 km. In the deep layers that are not directly influenced by the atmospheric forcing, in winter the 
subsurface anticyclonic and less often cyclonic SCVs are more common – convex and concave density lenses of 
smaller size similar to those of summer season.

The side view of a winter-time cyclonic SCVs, which is pointed by the arrow in Figs. 7 and 8 (see Inset), shows 
that in the convectively-mixed upper layer the cyclonic eddy has the shape of a truncated cone, the cross-sectional 
area of which at the base slightly exceeds that on the surface (see vertical sections of Ro and T in Fig. 9, see Inset). The 
cyclonic eddy is characterized by very high vertical vorticity in the eddy’s center ( Ro 2.5> ) and pronounced differential 
rotation (Ro decreases rapidly with increasing distance from the center which is typical for the surface layer cyclonic 
SCVs [21]. Noticeable that the core of cyclonic eddy in the convectively mixed layer has negative temperature anomaly  
of approx. 1.5 °C. Negative values of the Richardson number corresponding to the gravitational instability are frequently 
encountered in the convectively mixed upper layer (see the bottom panels of Fig. 9). 

4. Discussion and Conclusions

The results of very high-resolution modelling of the Baltic Sea have shown that the characteristics of submesoscale 
eddies in summer and winter are substantially different.

In summer, three types of SCVs can be distinguished:
–  the surface layer SCVs;
–  the cold intermediate layer SCVs;
–  the deep haline layer SCVs.
The surface layer SCVs can be both cyclonic and anticyclonic. The most intensive cyclonic SCVs are character-

ized by fast rotation with maximum value of Ro as large as 2—3, while the minimum value of Ro in the anticyclonic 
eddies is limited to Ro 1> − . The surface layer SCVs have the shape of an inverted cone with the base of the cone on 
the surface; they usually extend vertically up to and including the cold intermediate layer.

The cold intermediate layer SCVs are supported by the seasonal thermocline from above and the permanent 
halocline from below. They have the shape of concave and convex lenses for cyclones and anticyclones, respectively, 
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in the density field. Noticeable that the modelling results support the conclusion on dominance of anticyclonic convex 
lenses over the cyclonic concave lenses in the interior layers of the Baltic Sea (Fig. 6).

The deep haline layer SCVs have smaller lengthscales relative to the cold intermediate layer SCVs, but the shape 
is identical.

In winter when the seasonal thermocline and cold intermediate layer are replaced by a relatively deep, convectively 
mixed upper layer, where the convex/anticylonic and concave/cyclonic lenses cannot exist and the cyclonic SCVs 
dominate. The winter-time cyclonic SCVs have the shape of a truncated cone, the cross-sectional area of which at the 
base of convectively mixed layer slightly exceeds that on the sea surface. Keeping in mind a remote analogy with the 
open-ocean deep convection which occurs only in regions of cyclonic circulation [32], we intuitively suppose that the 
dominance of cyclonic SCVs in the upper mixed layer of the Baltic Sea in winter is somehow linked with gravitational 
convection caused by cooling from the surface.

Remarkable that the core of winter-time cyclonic eddies is characterized by a negative temperature anomaly 
throughout the convectively-mixed upper layer. The anomaly is formed because the mixed layer depth is minimum in 
the cyclonic eddy (Fig. 9) and, therefore, the negative heat flux from the atmosphere is vertically mixed in a thinner 
layer. It is also important that the rotary circulation of water in the vortex prevents lateral mixing, thereby maintaining 
the existence of a temperature anomaly.

Successive maps of the simulated vertical vorticity show that a common way to form the SCVs in the Baltic Sea 
is empirically preceded by a filament or strip of high vertical vorticity. The high-vorticity filament originates above a 
steep bottom and eventually transforms in a rounded high-vorticity spot, that is a vortex.

Our simulations show that SCVs can live in the Baltic Sea for several months or more. During its life cycle, the 
SCVs can repeatedly merge with other eddies of the same sign of vorticity, and the merger makes the eddy stronger 
thereby contributing to its longevity.
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Fig. 1. Bathymetric map of the Baltic Sea. The very high-resolution model domain (filled colors) with the open boundary 
locations (black bold lines). The coarse resolution model domain (blank contours + filled colors) has an open boundary 

close to the Gothenburg. The study area is within the rectangle.
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Fig. 2. Snapshots of a 1°×1°=111 km×111 km area of the northern Baltic Proper to the northeast of the Gotland Island 
dated 2018-07-10 (top panels) and 2018-07-15 (bottom panels). The left panels are the optical remote sensing images from 
Sentinel‑2. The right panels are the maps of the Rossby number in the surface layer simulated by the very high-resolution 
model. The arrows labelled 1 and 2 point at the eastern tips of the Swedish islands of Gotska Sandön and Fårö, respectively.  
The remote sensing images were downloaded from https://eos.com/landviewer (last access: 21 June 2021), © Copy-
right 2019, EOS DATA ANALYTICS, Inc © OpenStreetMap contributors 2019. Distributed under a Creative Commons  

BY-SA License.
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Fig. 3. Maps of the gradient Rossby number Ro at z-levels of 0, 40, 60, and 100 m (simulation on 2018-07-18 07:12 GMT 
illustrating the summertime case). The intersecting straight line segments show the vertical sections presented in Fig. 4. The 

arrow points at a subsurface anticyclonic lens that can be identified in the following Figs. 4 and 6.
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Fig. 4. Rossby number Ro (a, c), Richardson number Ri (b, d) and potential density anomaly θσ  (contours) versus distance 
and depth for two sections shown in Fig. 3, as well as temperature for the longer section (e). Numbers above and below the 

Ro panels are the extreme values of Ro in the SCVs.

а	 b	
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d

e



К статье	 Вяли Г., Журбас В.М. Сезонность субмезомасштабных когерентных вихрей в северной Балтике: 
модельное исследование

	 Väli G., Zhurbas V.M. Seasonality of submesoscale coherent vortices in the Northern Baltic Proper:  
a model study

Fig. 5. Snapshots of the Ro maps at different z-levels and time illustrating the formation of a chain of submesoscale cyclonic 
eddies along the western coast of the Gotland Island.
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Fig. 6. Snapshots of the Ro maps at 60 m z-level and different time illustrating the formation and life cycle of a subsurface 
anticyclonic lens pointed by the arrow.
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Fig. 7. Maps of Ro at z-levels of 0, 40, 60, and 100 m (simulation on 2015-12-15 00:00 GMT illustrating the wintertime 
case). The arrow points at a cyclonic SCV the side view of which is presented in Fig. 9 (see also Fig. 8).
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Fig. 8. Maps of Ro at z-levels of 0, 40, 60, and 100 m (simulation on 2016-02-01 00:00 GMT) illustrating the wintertime 
case. The arrow points at a cyclonic SCV the side view of which is presented in Fig. 9 (see also Fig. 7).
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Fig. 9. Rossby number Ro, Richardson number Ri, temperature T and potential density anomaly θσ  versus distance and 
depth for a zonal section across the center of the cyclonic SCV pointed by the arrow in Figs. 7 and 8.


