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Tracking the formation of the gradient part of the
southeastern Baltic Sea cold intermediate layer
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In order to study the peculiarities of the thermohaline structure of the Baltic Sea, we
conducted a research based on the Copernicus Marine Environment Monitoring service
(https://marine.copernicus.eu/) products and field data collected in 2004–2006. The
study of the reanalysed Baltic Sea hydrography allows us to show that it adequately
reproduces elements of the thermohaline structure of the cold intermediate layer
obtained from the measurement data. Here we examine the hypothesis about the
formation of a lower part of the cold intermediate layer in early spring under the
influence of a mechanism related to the estuary salinity/density gradient along the
main axis of the Baltic Sea. Several numerical experiments were carried out to analyse
the back trajectories of Lagrangian particles in the southeastern Baltic Sea. The
analysis showed that in the Gdańsk Basin, at the depth corresponding to the lower
part of the cold intermediate layer, there are particles coming from the Bornholm
Basin and the S lupsk Channel. This confirms the contribution of the estuary salinity
gradient to the formation of the lower part of the cold intermediate layer. KEYWORDS:
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the Baltic Sea; Lagrangian transport.
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1. Introduction

Intermediate and cold intermediate layers of the
majority of large basins are usually formed due to
advection mechanism. They are particularly dy-
namic in the inland seas, which have vertical salin-
ity stratification and a sharp pycnocline due to the
connection with the ocean.

A number of papers are devoted to investiga-
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tions of the generation mechanisms, regions and
times of colder water formation, time rates of its
generation, volumes and thermohaline character-
istics, as well as routes of circulation in a basin.
The most detailed works were published on the
Mediterranen Sea [Lascaratos et al., 1999; Menna
and Poulain, 2010] and the Black Sea [Korotaev et
al., 2014; Oguz and Besiktepe, 1999; Staneva and
Stanev, 1997; Stanev and Staneva, 2001; Stanev et
al., 2003]. With such a background, investigations
of the Cold Intermediate Layer (CIL) of the Baltic
Sea look very fragmentary and sparse. However,
its complicated internal structure (Figure 1) is
presented in recent publications [Stepanova, 2017;
Stepanova et al., 2015], indicating significant con-
tribution of advection to its formation. Study of
the hydrological parameters of the deep part of the
Baltic Sea complement existing knowledge of the
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Figure 1. The Cold Intermediate Layer in the Baltic Proper. (a) Schematic profiles of
temperature, salinity, density and temperature of maximum density in the southeastern
part of the Baltic Sea. The horizontal black lines mark upper and lower boundaries of the
CIL. A dashed line separates the quasi-homogeneous salinity sublayer from the gradient
salinity sublayer of the CIL. (b) A schematic vertical cross-section in the temperature
field on the main section of the Baltic Sea in summer (based on Monitoring Cruise of
Baltic Sea Research Institute Warnemünde [http://www.io-warnemuende.de]). A black
rectangle marks the area of the CIL.
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Figure 2. Left – Baltic Proper bathymetry in colour. A white dashed line indicates a
cross section towards 55.3∘N, yellow dots – position of the used stations from the cruses.
Black dots – initial position of drifters for back-tracking. Right – Monthly mean surface
(0–10 m) salinity in March (from the Climatological data set [Janssen et al., 1999]).

bottom waters [Krechik et al., 2019], coastal zone
[Kapustina et al., 2017]. They are also practically
useful for studies such as Ponomarenko and Krechik
[2018] that speak about interrelations between the
distribution of the hydrological/hydrochemical pa-
rameters and the micropalaeontological data.

The CIL in the Baltic Sea is a layer of water lo-
cated below the seasonal thermocline and above the
bottom waters of Atlantic origin. It is manifested
in the warm season in the vertical cross-sections or
profiles of sea water temperature (Figure 1). The
process of the CIL formation takes place during
the spring period while water temperature in the
upper layer the open sea increases [Hydrometeoiz-
dat, 1992]. In summer its volume is about 1/3 of
the Baltic Proper. It is shown in [Stepanova et al.,
2015] that the CIL is presented in the southeastern
part of the Baltic Sea during about 8 months of the
year (from April to November).

Here we define the boundaries of the CIL as max-
imum of absolute value of water vertical tempera-
ture gradient, as in earlier papers [Stepanova, 2017;
Stepanova et al., 2015], (Figure 1). It is shown
that the CIL allocated by the proposed method has
a clear structure in the southeastern part of the
Baltic Sea [Stepanova, 2017]: quasi-homogeneous
and salinity gradient sublayers are present on all
profiles within the CIL (Figure 1).

The idea of forming the quasi-homogeneous salin-
ity sublayer has been described in [Chubarenko and
Stepanova, 2018; Stepanova, 2017]. The study in-
dicates the formation of this sublayer by mecha-
nisms associated with the wind action and differ-
ential coastal heating within separate basins of the
sea.

The annual formation of the salinity gradient
sublayer of the CIL (Figure 1) is considered in this
paper. It occurs at the lower part of the CIL. Near-
bottom waters of the Atlantic origin are located
below it. A hypothesis is proposed explaining how
the cold sublayer with the salinity increasing with
depth (“the salinity gradient sublayer” of the CIL)
might be formed.

The basic idea of this hypothesis [Stepanova,
2017] consists in the following: “After a period of
winter vertical mixing (end of February – begin-
ning of March), the upper mixed layer in the Baltic
Proper is vertically homogeneous (∼ 60 − 70 m)
and has a lateral salinity gradient (about 2 psu to
600 km) (Figure 2). The existing system is un-
stable. Excessive potential energy of the system
(vertically homogeneous and lateral salinity gradi-
ent) is converted to the kinetic energy of horizontal
exchange flows”.

Denser (colder and salty) waters move to lev-
els of the lower part of the upper mixed layer –
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from the southern basin of the Baltic Proper to-
wards the Gulf of Finland. They form a so-called
gradient salinity sublayer of the CIL in summer.
This hypothesis does not conflict, but only com-
pletes the commonly held perception of the general
estuarine water mass transport in the Baltic Sea
[Leppäranta and Myrberg, 2008]. In the present
paper, we make an attempt to check that hy-
pothesis using the Baltic Sea spring time (2004,
2005 and 2006) Baltic Sea oceanographic data from
the reanalysis provided by the Copernicus Ma-
rine Environment Monitoring Service (CMEMS,
https://marine.copernicus.eu/).

2. Materials and Methods

The Copernicus Marine Environment Monitor-
ing Service (CMEMS) [http://marine.copernicus.
eu/] was launched in 2014. It provides different
types of modelling data products for the Baltic Sea
within the Baltic Monitoring and Forecasting Cen-
tre (BAL MFC).

In this paper we use the physical retrospective
analysis obtained by the SMHI (Swedish Meteoro-
logical and Hydrological Institute) [Axell and Liu,
2016]. The reanalysis is performed with a suffi-
ciently high spatial resolution (5.5 km) and covers
the period of 1989–2014, which were the main rea-
sons to choose it. It includes 3-dimensional fields
of temperature, salinity, zonal and meridional cur-
rent velocities at every 6 hours. The reanalysis is
carried out using HIROMB (High-Resolution Op-
erational Model for the Baltic), which is based on
primitive equations and uses Arakawa’s C-grid and
𝑧-coordinate [Funkquist and Kleine, 2007]. The
domain covers the North Sea and the Baltic Sea,
which can be important for reproducing the major
Baltic inflow phenomenon as well as tides. The sea
level is prescribed at the lateral boundary in the
western English Channel and along the Scotland-
Norway boundary. Climatological monthly mean
values of salinity and temperature are used at the
boundary. A 𝑘 − 𝜔 model is used for vertical
mixing, with parameterizations of internal wave
energy and Langmuir circulation [Umlauf et al.,
2003]. HIROMB is coupled with an ice model [Ax-
ell, 2013]. The river runoff is prescribed using daily
means from the operational hydrological model of
the SMHI (about 500 rivers).

The data assimilation scheme is a multivariate
3D Ensemble Variational procedure [Axell and Liu,
2016]. It assimilates charts of SST, SIC (Sea Ice
Concentration) and SIT (Sea Ice Thickness) from
the Swedish Ice Service at the SMHI as well as in-
situ measurements of temperature and salinity pro-
files from the ICES data base [http://www.ices.dk].
The validation of the products shows generally
rather good results for temperature and salinity
with regions of small biases (see Quality informa-
tion document).

To track the chosen water-mass backwards, we
perform Lagrangian backtracking by means of
a modified TRACMASS trajectory model [Döös,
2013] proposed in [Thyng and Hetland, 2014] and
called TracPy. The back-trajectories are calculated
offline using velocity fields from the reanalysis de-
scribed earlier. The initial distribution of the La-
grangian particles is prescribed on every level of
0–82 m layer starting from 15 May of every year.
The trajectory is calculated until the last act of
deep vertical mixing before the beginning of the
spring warming. To determine the date of the
last act of deep vertical mixing, we use data from
the Federal Maritime and Hydrographic Agency
(http://bsh.de). The February and March 2004–
2005 temperature and salinity profiles located at
54∘53′ N, 13∘52′ E (Arkona Basin Buoy) are used.

In order to disclose how well the CIL is repro-
duced in reanalysis data, we use hydrography from
4 expeditions of the RV Professor Shtokman in the
southeastern part of the Baltic Sea in May and July
from 2004 to 2006 (for more detail see [Stepanova
et al., 2015]). Figure 2 shows the stations from the
cruises: station 12 (55∘35′ N, 20∘2′ E, depth 80 m)
and station 22 (54∘52′ N, 19∘20′ E, 110 m).

3. Results and Discussion

In contrast to the evolution of the intermediate
and cold intermediate layers of other seas (e.g., in
the Mediterranean [Lascaratos et al., 1999; Menna
and Poulain, 2010] or the Black Sea [Korotaev et
al., 2014; Oguz and Besiktepe, 1999; Stanev, 2003;
Staneva and Stanev, 1997; Stanev and Staneva,
2001; Stanev et al., 2003]), a modelling study of
the formation of the Baltic CIL has not yet been
carried out, and we may suggest two reasons for
that. The first is a quite simplified general under-
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standing of the Baltic CIL as a local and seasonal
feature, forming due to solar heating of the top of
the colder winter-time mixed layer. Thus, there is
not much physical interest in this problem. How-
ever, recent researches of the the Baltic CIL forma-
tion indicate a complicated combination of various
physical mechanisms [Stepanova, 2017]. The sec-
ond reason lies in the fact that numerical models
do not reproduce the CIL well enough: both the
resulting thermocline and the halocline locations
have certain deviations from the field data [Omst-
edt and Axell, 1998; Tuomi et al., 2012], let alone
the internal structure of the CIL. So first we verify
the modelling data products in respect to our par-
ticular problem, then disclose the features of the
“simulated CIL” and compare them with more ac-
curate measurements – and only after that make
an attempt to interpret the modelling results.

3.1. How Well is the CIL Reproduced by
the Model: Comparison With the Field
Data?

Figure 3 represents the comparison of tempera-
ture and salinity profiles in the southeastern Baltic
in May and July 2004–2006, with the modelling
data for the same period. The in-situ measure-
ments used here were not assimilated during the
reanalysis procedure, so can be assumed as inde-
pendent data. Figure 3a illustrates the positions of
the halocline and the CIL boundaries identified as
maximum values of salinity gradient and as maxi-
mum and minimum of temperature gradients. The
reanalysis provided has the resolution of 4 m in the
upper 0–80 m layer (whereas the in-situ data have
the resolution of 10–20 cm). Thus, the locations
of the CIL boundaries and the halocline in the re-
analysis are presented as ranges.

The blue colour on Figure 3a marks the upper
boundary of the CIL. Diamonds – depths values
corresponding to the minimum temperature gra-
dient from the field data. Dashes – the range of
values corresponding to the 8 m layer, including
the minimum temperature gradient from the mod-
elling data. The red colour (Figure 3a) marks the
lower boundary of the CIL. Diamonds – the values
of depth corresponding to the maximum temper-
ature gradient from the field data. Dashes – the
range of values corresponding to the 8 m layer, in-
cluding the maximum temperature gradient from

the modelling data. The green colour (Figure 3a)
marks the position of the maximum salinity gra-
dient. Points are the corresponding depths values
from the field data. Strokes – the range of values
corresponding to the 8 m layer, including the max-
imum salinity gradient from the modelling data.

Comparison of profiles of temperature, salinity
and density showed adequate quality of reproduc-
tion in the reanalysis data. The position of the CIL
upper boundary has been lowered and lower bound-
ary has been elevated. The gradient sublayer of the
CIL, according to the reanalysis data, is located
higher as compared to the measurements on each of
the considered profiles due to the elevated halocline
position, with the exception of July 2004. But this
inconsistency does not interfere with a conclusion
about adequateness of reproduction of the vertical
CIL structure in the Baltic Sea obtained from the
physical reanalysis. So it seems possible to analyse
the origin of the structure elements of the CIL us-
ing a Lagrangian particle tracking model, since the
waters of the quasi-homogeneous salinity sublayer
of the CIL (cold and with relatively constant salin-
ity) and the waters of the salinity gradient sublayer
(cold but with increasing salinity with the depth)
can be traced in the results of the model run.

3.2. Formation the Salinity Gradient
Sublayer of the CIL Based on Backtracking
Results

While discussing the origin of the CIL sublay-
ers, we can assumed that the homogeneous salin-
ity sublayer is generated within the bowl of the
basin, but the gradient sublayer is generated un-
der the action of the mechanism working across
the entire basin [Chubarenko and Stepanova, 2018;
Stepanova, 2017]. The basic aim for using the
model is to find evidence of a physical process of
spring turnover of the thermohaline conveyor that
generates the gradient sublayer of the CIL (as de-
scribed in Introduction). Traces of this process can
be seen directly from the values of water character-
istics in the vertical structure.

Analysis of the field data showed the presence
of waters with low temperature (below 5∘C) and
at the same time – with increasing salinity (about
7.5–10 psu at depths of 54–80.7 m) in May and July
in the southeastern Baltic Sea (Figure 1) (based on
a study of more than 100 profiles obtained after the
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Figure 3. (a) Location of the CIL boundaries and the maximum of salinity gradient in
May and July 2004–2006 at stations 12, 22 and the nearest point from the reanalysis.
(b) The CIL features on profiles in the Gdańsk Basin in May and July 2004–2006. Station
12 with the depth of about 80 m, station 22–110 m. The profiles shown by the solid line
correspond to momentary field measurements obtained in the Gdańsk Basin of the Baltic
Sea. The dashed lines show mean daily profiles obtained in the model grid points closest
to the coordinates of the station of the field measurements. The temperature profile is
shown in red, green shows the salinity and blue indicates density.
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Figure 4. Temperature cross sections (in colour) with overlaid isohalines (contours)
from the Arcona to the Gdańsk Basins. The result of vertical convection (up to 50 m) in
the first moment of the backtracking final moment in March (left). The CIL is formed
in July at starting moment of backtracking (right).

spring warming in the Gdańsk Basin [Stepanova,
2017]). A comparison of salinity along with tem-
perature may confirm the hypothesis that these wa-
ters are born in the upper mixed layer of the south-
ern basin of the Baltic Proper. Since these waters
have higher salinity than local-surface waters from
the Gdańsk Basin (about 7.5 psu and higher), it
can be assumed that they appear in the central part
of the Baltic Sea by means of advection, while their
low temperature indicates an interaction with the
atmosphere. Therefore, using the values of tem-
perature and salinity as natural tracers of occur-
ring processes, it is possible to approximately lo-
calize the place of the formation of the considered
waters. This approach allows to identify them as
the Bornholm Basin surface waters. The charac-
teristics of the upper mixed layer of the Bornholm
Basin in March (7.6–8 psu, 1.5–3∘C) is approxi-
mately consistent with the characteristics of the
waters in the lower part of the CIL in the central

Baltic Sea (Gdańsk Basin) in the spring-summer
period (∼ 7.55 − 8 psu, up to 10 psu at the lower
CIL boundary; 1.3–3∘C) [Stepanova, 2017].

Based on these conclusions, we carried out sev-
eral numerical experiments during the period from
March to July using the described Lagrangian trans-
port model in order to obtain back trajectories of
water particles from the Gdańsk Basin. Since, un-
der the terms of the model, tracers can to move
only horizontally within a given layer with a thick-
ness of 4 m, the calculation period begins after the
last act of deep vertical mixing before the start
of spring warming. According to the data from
the Federal Maritime and Hydrographic Agency of
Germany (http://www.bsh.de) and the reanalysis
of the reviewed years, the last event of deep ver-
tical mixing could be observed in the second half
of March (15.03.2004, 23.03.2005, 26.03.2006 Fig-
ure 4). The end of backtracking in July corre-
sponds to the date of the field measurements in
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Figure 5. Results from backtracking in 2004 (left), 2005 (centre) and 2006 (right) (from
July back to the beginning of the deep convection process) on different model levels into
the CIL: initial position – green markers, resulting position – red markers.

the Gdańsk Basin when cold waters with increased
salinity had already been identified. The duration
of the model calculation was 102–114 days (approx-
imately from March to July). Cross sections from
the Arcona to the Gdańsk Basins (Figure 2, Fig-
ure 4) show that vertical mixing falls below 50 m

reaching the isopycnal of 9 psu in March. The cer-
tain part of the CIL water with the temperature
from 1.5 to 3∘C and salinity from 7.5 to 9 psu is
visible on each section at the depths from 40 to
60–70 m.

Backtracking results (Figure 5) demonstrated
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Figure 6. Temperature, salinity, and density profiles in the Gdańsk Basin in July 2004,
2005, 2006 near the station 22 according to the reanalysis. Red area indicates levels with
tracers originating from the Bornholm Basin, green are – from the S lupsk Channel.

that in the Gdańsk Basin at depths correspond-
ing to the lower part of the CIL there are tracers
that came from the Bornholm Basin and the S lupsk
Channel. So the tracks of water particles from the
Bornholm Basin are located at the depths from 44
to 64 (2004), from 48 to 64 (2005), and from 52 to
64 m (2006). Tracers from the S lupsk Channel are
found at the depths of 64 to 76 m in all years.

The comparison between the back trajectories of
water particles and the vertical temperature and
salinity profiles from the reanalysis allows us to
show that the depth of appearance of the water
that came from the southwestern part of the basin
coincides with the depth of the lower part of the
CIL. That lower part of the CIL has increasing
salinity, higher than 7.5 psu but lower than 10 psu,
as can be seen from the comparison of the back-
tracking results and the vertical profiles (Figure 6).
However, it can be clearly defined that the consid-
ered water mass is not of Atlantic origin because
its salinity and temperature are below 10 psu and
5∘C, respectively.

4. Conclusions

This study supports the idea of “the spring
turnover”. The denser water from the southwest-
ern basin of the Baltic Sea renews the lower part
of the CIL in its central basins by salty and cold
waters after the winter period due to the formation
of the salinity gradient in the upper mixed layer.

Investigation of the CMEMS reanalysis carried out
in this study allowed us to show a rather adequate
quality of reproduced structure of the Baltic Sea
CIL.

The water characteristics in the Gdańsk Basin
from the reanalysis demonstrate the gradient part
of the CIL – the cold waters with the rising salin-
ity that lie above the waters of Atlantic origin. The
backtracking analysis points that a certain, part of
the Gdańsk Basin waters from the lower/gradient
part of the CIL in summer (in the beginning of
July) has been formed by the waters that had come
from the Bornholm Basin and the S lupsk Chan-
nel after the end of winter vertical convection (in
March). The results suggest the same picture in all
the considered years (spring–summer 2004–2006).
However, the reanalysis results did not directly
show that waters entering the central part of the
Baltic Sea were renewed from the surface at the
end of the winter period. The depths correspond-
ing to the back trajectories of water particles from
the Bornholm Basin were deeper than maximums
of the mixed layer depths in the considered period.
But from the physical point of view, it is clear that
the water in the basin moves along the isohalines,
which deepen from the southwestern to the north-
eastern part of the Baltic Sea. However the parti-
cles belonging to the gradient sublayer cannot move
along the isohalines due to the limitation of the La-
grangian transport model. Accordingly, this study
does not directly prove the possibility of renewal
of the lower part of the CIL with waters formed
during the deep vertical mixing from other basins

9 of 11



ES3005 stepanova and mizyuk: gradient part of the southeastern baltic sea ES3005

of the Baltic Sea. Nevertheless, it confirms the
general idea of the mechanism of water exchange
within the Baltic Proper due to the salinity gradi-
ent along its major axis. Obviously this horizontal
water transport due to the density gradient inside
the basin should work throughout the year. But
this effect should make the maximum contribution
to the renewal of the lower part of the CIL during
the early spring period during the transition from
winter to summer.
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Döös, K., J. Kjellsson, B. Jönsson (2013), TRAC-
MASS – A Lagrangian trajectory model, Preventive
Methods for Coastal Protection p. 225–249, Springer,
New York. Crossref

Funkquist, L., E. Kleine (2007), HIROMB: An
introduction to HIROMB, an operational baroclinic
model for the Baltic Sea, Reports Oceanography, 37
p. 36, Swedish Meteorological and Hydrological In-
stitute, SE-601 76 Norrköping, Sweden.
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