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1

Introduction

The Baltic Sea, comprising different sub-basins (HELCOM, 1996), is a semienclosed brackish water inner sea, with a limited water exchange to the North
Sea (Atlantic Ocean) through the Danish straits. The strong stratification is the
result of the large freshwater supply from rivers and net precipitation along with
the reduced water exchange with the world ocean (Meier, 2007).
Some of the main problems in the Baltic are associated with eutrophication.
Mostly, the Baltic Sea is nitrogen limited, except the northern parts, where
nitrogen input from riverine loads exceeds the natural necessity and biological
activity is phosphorus limited. The nutrient concentrations in the upper euphotic
layer have an annual cyclic behavior. The dissolved inorganic nitrogen (DIN) in
the nitrogen limited areas will become depleted in the upper layer after the
spring bloom (usually April–May), while dissolved inorganic phosphorus (DIP)
becomes depleted after the late summer bloom (July–August). The exchange of
nutrients between different layers during summer periods is prevented by the
existence of a strong thermocline. As a consequence, the nutrient concentrations
in the upper layer are highest during the wintertime, when the thermocline has
vanished and the water column is well mixed.
The nitrogen fixing cyanobacterial blooms in the Baltic are DIP limited.
During the nutrient depleted summer period, one of the additional sources for
phosphorus is the upwelling event, when deeper layers of the sea reach the
surface and are mixed with the upper layer waters. Numerous modeling studies
of upwellings in the Baltic Sea have been made (Myrberg and Andrejev, 2003;
Kowalewski, 2005; Kowalewski and Ostrowski, 2005; Myrberg et al., 2010)
with an extensive overview of recent development by Myrberg et al. (2008), but
studies on the dynamics of nutrient transport during upwelling events have been
lacking. Recently Zhurbas et al. (2008) and Laanemets et al. (2009) have started
making high-resolution numerical experiments on nutrient transport for the Gulf
of Finland (GoF).
Two approaches to the numerical simulation of matter transport in the marine
environment can be taken. The first is to consider the matter as Lagrangian
particles moving both continuously and randomly in a time-dependent velocity
field (the Lagrangian approach), while the other is to consider the matter
concentration as the solution of a continuous differential equation describing a
scalar balance (the Eulerian approach). In the Lagrangian approach usually the
trajectories of the particles in the Eulerian velocity field are calculated, while in
the Eulerian approach the concentrations of matter under study are calculated.
The Lagrangian approach, in principle, is more general and brings more detailed
information on the process than the Eulerian approach, because the spatial
distribution of the number of particles per unit volume can be easily recalculated into matter concentration, while particle trajectories cannot be
retrieved from the concentration field. However, numerical calculations of
9

concentration field using the Lagrangian approach are very time-consuming,
which is disadvantageous. Both of these methods, either separately or in
combination, are widely used for matter transport studies with different scopes
including sedimentary material, tracing different water masses, oil spills, marine
organisms, etc. Meier (2007) used the Eulerian approach to study the fresh- and
saltwater ages in the Baltic Sea, while Döös et al. (2004) used the Lagrangian
approach for studying residence times of Baltic water masses. Kuhrts et al.
(2004) used the Eulerian approach for sedimentary material transport in the
western Baltic, while Kling and Döös (2007) used the Lagrangian particles to
study the possible transport of radio-nuclides in the sedimentary material in
Swedish coastal regions. The Lagrangian approach applied to the calculation of
dispersion near sea surface has been used for simulating oil spill spreading or
drifter buoys propagation (Elken, 2001; Gästgifvars et al., 2006), while
Lehmann and Javidpour (2010) used the same approach for determining the
pathways of invasive species Mnemiopsis leidyi in the Baltic Sea. The
assessment of differences between the results with both methods in the Baltic
conditions is performed by Döös and Engqvist (2007).
In the present study both of the approaches were used. The pathways of
suspended sedimentary material from a chemical warfare dumpsite in the
Bornholm Deep were simulated under different wind conditions with the
Lagrangian approach and the transport of nutrients in the GoF was simulated
with the Eulerian approach by solving numerically the advection-dispersion
equation similar for the temperature and salinity within the hydrodynamic
model.
The primary objective of this thesis is to present the results of some matter
transport simulations in the Baltic Sea. In addition, the numerical experiments on
nutrient transport during upwelling events brought new interesting results
concerting the mesoscale dynamics of the GoF, and these results are presented
too.
This work consists of three chapters. Chapter I gives an overview of the
methods applied as well as of the description of the hydrodynamic model and its
validation. Also a short description of the GoF and the Baltic Proper is given.
Chapter II describes the transport of nutrients in the GoF during an upwelling
event. In the present study two different events were used for reference – the
1999 upwelling event along the northern coast of the GoF and the 2006
upwelling along the southern coast. Chapter III describes the results of
experiments with a random walk model coupled to the hydrodynamic model on
the transport of particulate suspended matter in the bottom layer of the southern
Baltic.
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2

Material and methods

2.1 Study area
The Baltic Proper (BP), consisting of the Arkona, the Bornholm, the Gotland
basins and the Gdansk Bay, is a body of the Baltic Sea with a surface area of
211069 km2 and a total volume of 13045 km3 (with mean depth 62 m). Subbasins with varying mean depth are separated through channels and sills with
different lengths and depths. The deepest (115 m) is the Fårö sill, which
connects the Eastern and Northern Gotland Basin, while the shallowest (40 m)
Hoburg-Midsjö banks connects the Bornholm Basin and the Western Gotland
Basin (Leppäranta and Myrberg, 2008) (see also Figure 1). The deepwater
circulation in the BP is steered and restricted by these channels and sills.
The GoF is a shallow and elongated estuarine-like basin extending the Baltic
Sea to the east (there is no sill separating the BP and GoF). The length of the
Gulf is about 400 km, while the width varies from 48 to 135 km and the total
volume is approximately to 1100 km3, which is about 5% of the total volume of
the Baltic Sea. The along-axis depth of the gulf decreases almost monotonically
from 80–110 m at its entrance to 20–30 m in the eastern gulf. Also, the northern
part of the GoF is shallower and the bottom slope is about 2 times lower at the
northern side (Laanemets et al., 2009) but in general the real bathymetry of the
Gulf is complicated, especially near coastal areas.
Most of its fresh water input enters the Gulf in the easternmost part of the
basin, where the river Neva has a major impact on a large scale on the whole
Baltic Sea river runoff with a mean value of 114 km3 y-1, and locally on the
water movement and salinity distribution of the estuary. The temperature
possesses wide seasonal swings, but for salinity, these variations are low. During
winter, the upper layer down to the halocline at a depth of 60 m is well-mixed.
The heating of the water usually starts in early April and usually the strong
thermocline, starting from 10–20 m, where temperature falls from 13–15°C to 2–
4°C at the bottom, is formed by late July-early August. The thermocline
vanishes by late October-early November. A comprehensive overview of the
physical oceanography of the GoF was given by Alenius et al. (1998).
Similarly to the temperature, the surface layer and bottom layer nutrient
concentrations differ, i.e., a seasonal nutricline exists. The nutricline is the layer,
where the nutrient concentration increases just below the nutrient-depleted upper
layer. Laanemets et al. (2004) found that there is a vertical spacing between the
nitracline and the phosphacline, which usually varies within 3–5 m and 14 m in
case of a deep nitracline. The separation is mainly caused by the difference in
the vertical extent of the spring bloom and the depth of the seasonal thermocline.
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Figure 1: Bathymetric maps of the BP (a) and the GoF (b). The abbreviations on (a)
mark the following sea basins: (AB) Arkona Basin; (BB) Bornholm Basin; (GdB) Gulf
of Gdansk; (GB) Gotland Basin; (GR) Gulf of Riga. Digits on (a) mark 1 – Bornholm
Channel, 2– Slupsk Furrow, 3 – Fårö channel, 4 – Hoburg-Midsjö Bank
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2.2 Numerical model
2.2.1 Hydrodynamic model
The Princeton Ocean Model (POM) is a free surface, σ-coordinate, primitive
equation hydrodynamic model with hydrostatic and Boussinesq approximations.
The turbulence closure model from Mellor and Yamada (1982) is embedded.
The equations govern the horizontal momentum equations for u and v, while the
vertical velocity ω normal to the σ-surfaces is calculated from the continuity
equation. Conservation equations for potential temperature T and salinity S are
applied. All small-scale processes, which are not directly resolved by the model
grid, are parameterized in terms of horizontal mixing processes (horizontal
diffusive terms), which depend on the horizontal diffusivities (AM, AH) and are
related to the scales of motions in the model as suggested by Smagorinsky
(1963).
The vertical mixing coefficients KM and KH are obtained by appealing to a
second and a half moment turbulence closure scheme, which characterizes the
turbulence by equations for the turbulence kinetic energy q2/2 and turbulence
macroscale l. The length scale is a characteristic length of the turbulent motion
at any point in space or time. The mixing coefficients are calculated from the q2
and l with using the corresponding stability functions, which depend on the
vertical gradients of the velocity fields, the buoyancy, the turbulent velocity q
and the scale l.
The equations governing the dynamics of coastal circulation contain
propagation of fast moving external gravity waves and slow moving internal
gravity waves. For computational efficiency, the mode splitting technique is
used. Vertically integrated shallow water motion equations are solved
numerically with a smaller time-step within the external cycle that governs the
vertical structure equations. The finite difference schemes in the model are the
explicit central scheme for spatial differencing and an explicit leapfrog scheme
for time-stepping. Implicit schemes are used for vertical diffusion terms, which
otherwise require a small time-step to accommodate the small vertical spacing
required to resolve the important surface and bottom boundary layers.
Boundary conditions for the differential equations are provided at the free
surface, on the side walls and at the bottom of the basin. At the surface, the
boundary conditions are described by the wind stress vector, the heat flux, and
the evaporation–precipitation fresh water surface mass flux, while at the bottom
the boundary conditions are set by the bottom frictional stress determined by
matching velocities with the logarithmic law of the wall. In the present study,
closed boundaries at the side walls were applied. A more detailed description of
the model is given by Blumberg and Mellor (1983; 1987).
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2.2.2 Particle transport model
The particle transport model consists of equations for calculating the coordinates
after a small time increment Δt of particles moving in a three-dimensional
velocity field:

xi +1 = xi + ui Δt + xi′
yi +1 = yi + vi Δt + yi′
zi +1 = zi + (wi − ws )Δt + zi′ ,

(

)

(

)

where xi , , y i , z i and xi , +1 , y i +1 , z i +1 are the co-ordinates at times ti and ti+1,

(u

i,

, vi , wi ) are the velocity components, ws is the settling velocity, and

(xi′ , yi′ , z i′ ) are the components of a random displacement of the particle due to
the turbulent velocity field.
The random displacements (xi′ , y i′ , z i′ ) are expressed through the eddy
diffusivity and time increment by a “naive” random walk model for the
horizontal and a “true” random walk model for the vertical direction:

(xi′ , yi′ ) = (2 ⋅ Khi ⋅ Δt ) 2 ⋅ A
1

∂Kvi
z i′ =
∂z

z = zi


∂Kvi
ª
⋅ Δt + ®2 ⋅ Kvi « z i + 0.5
∂z
¬
¯

z = zi

½
º
⋅ Δt » ⋅ Δt ¾
¼
¿

1

2

⋅ A,

where Khi and Kvi are the horizontal and vertical eddy diffusivity at the spacetime point xi , , y i , z i , t i and A is a Gaussian random number with zero mean

(

)

and unit variance. A “true” random walk model for the vertical direction was
suggested by Hunter et al. (1993) and Visser (1997) to prevent an artificial
accumulation of particles in layers with low eddy diffusivity. A “naive” random
walk model in the horizontal direction could be used in the present study as the
presence of stable horizontal gradients of lateral eddy diffusivity in the marine
environment during model simulations was not expected.
2.3 Model setup
The model domain was either the whole Baltic Sea closed at sounds (papers I
and II) or the BP within the limits of 10°40’–24°20’E and 54°00’–60°30’N
(paper III). In order to model mesoscale variability, a high resolution in the
horizontal plane was used, which in our case was either 0.5 nautical miles in the
GoF and 2 nautical miles elsewhere (papers I and II) or 1 nautical mile
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everywhere (paper III). In the vertical direction we used either 30 (papers I and
III) or 45 (paper II) σ-layers, and the layer thickness was chosen based on the
aim of the study – either high resolution in the bottom and surface boundary
layers (papers I and III, accordingly) or equally separated layers over the entire
water column (paper II). The bathymetry of the Baltic Sea was taken from
Seifert et al. (2001). The model resolution of 0.5 nautical miles allowed
resolving mesoscale phenomena, including upwelling filaments/squirts
controlled by the internal baroclinic Rossby radius, which varies within 2–5 km
in the GoF and 1.3–7 km in the BP (Fennel et al, 1991; Alenius et al, 2003).
The simulation periods were summer 2006, when an extensive upwelling
event along the southern coast was observed (Suursaar and Aps, 2007; Lips et al.
2009; Kuvaldina et al. 2010), and summer 1999, when an upwelling event along
the northern coast occurred (Vahtera et al., 2005) and for suspended particle
transport in the BBL, fixed wind conditions over the BP were applied.
Atmospheric forcing (wind stress and surface heat flux components) for the
simulation of upwelling in the GoF during summer 2006 was calculated from
wind, solar radiation, air temperature, total cloudiness and relative humidity data
and taken from the HIRLAM (High Resolution Limited Area Model) version of
the Estonian Meteorological and Hydrological Institute (EMHI) with a spatial
resolution of 11 km and forecast interval of 3 h ahead of 54 h, recalculated after
every 6h (Männik and Merilain, 2007) (paper I). The overall simulation period
could be divided into two parts: a relatively short westerly-component wind
period (before 29 July) was followed by a long-lasting easterly-component wind
period (after 31 July) (see also paper I, Fig. 2). There were four time intervals
within the simulation period when the speed of the wind favourable for
upwelling near the southern coast exceeded 10 m s-1. Within the easterly wind
period there was a 3-day interval of reverse, south-westerly wind which resulted
in a temporary weakening of upwelling.
For the calculation of short-term nutrient transport from different depth
intervals during an upwelling event in the GoF, the atmospheric forcing was
calculated from the gridded dataset of the Swedish Meteorological and
Hydrological Institute (SMHI) (paper II). The space and time resolutions for this
data were 1° and 3 h, respectively. Winds at 10 m level were calculated
following standard procedure from geostrophic wind vectors by turning the
latter counterclockwise by 15° and multiplying by a factor 0.6 (Bumke and
Hasse, 1989), and a posterior fine tuning of the modeled along-gulf wind stress
for the simulation period to what was measured in the Kalbådagrund weather
station was applied. Details are given by Zhurbas et al. (2008) and Laanemets et
al. (2009). During the short simulation period, westerly winds prevailed (see
paper II, fig. 2). The along-gulf wind stress component increased more or less
steadily up to about 0.3 N m-2, causing the development of an upwelling along
the northern coast of the Gulf. From the peak onwards, the along-gulf wind
stress decreased steadily. In order to model the upwelling along the southern
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coast, the wind vectors were turned through 180° and a wind stress τ= τ0 was
applied.
For the simulations of suspended matter transport, prognostic runs of the
POM model with a uniform wind stress (namely, for a 3 day period of 0.2 N/m2
wind stress, which corresponds to about 11 m/s of wind speed at the 10 m level)
and zero temperature and salinity flux were used. The wind direction was
changed by 22.5° every run. As a result, 16 sets of flow velocity/eddy diffusivity
fields typical for N, NNE, NE, ENE, E, ESE, SE, SSE, S, SSW, SW, WSW, W,
WNW, NW and NNW winds were simulated (paper III).
Initial thermohaline fields were either taken from HIROMB (High Resolution
Operational Model for the Baltic Sea) (Funkquist, 2001) (paper I), constructed
using the Data Assimilation System (DAS) in combination with the Baltic
Environmental Database (BED) (Sokolov et al. 1997; Wulff and Rahm 1991)
(paper II) or created analytically from known characteristics of the seasonal
thermocline and halocline in the region (Zhurbas et al. 2004) (paper III). The
initial thermohaline fields taken from HIROMB, which is a z-level model with 1
nautical mile grid step as provided by SMHI, were interpolated to our model
grid. The vertical grid step of the HIROMB was 4 m in the surface layer down to
12 m and increased towards greater depths, resulting in 16 layers at 230 m. The
interpolated temperature and salinity fields were smoothed horizontally by using
an averaging length of 10 nautical miles before their transformation from zlevels to σ-levels. The analytically created initial fields were used in the
prognostic runs of the model to simulate velocity/eddy diffusivity fields as an
input for sedimentary material transport (the random walk) model (paper III).
The hydrodynamic model runs in the experiments started from the motionless
state and zero surface elevation. One justification for such an approach is that
the Baltic Sea currents respond to changing wind in topographically controlled
regions within approximately a day (Krauss and Brügge, 1991) and secondly due
to the smoothed density field in the model setup the corresponding geostrophic
currents are expected to be weak.
Initial nutrient fields for the GoF were based on measurements either during
summer 1999 (paper II) or summer 2006 (paper I). The difference in the
parameterizations was the use of isotherm depths of 7°C and 11°C for the
characteristic points on the vertical profile of the nitrate and the phosphate
concentrations in summer 2006 (see paper I, eq. 1), whereas for summer 1999 a
vertical profile of nutrient concentrations (paper II, Fig. 3) measured in the GoF
(Vahtera et al. 2005) was uniformly expanded to the whole model domain. In the
vertical grid we had either nutrient concentration in all layers (paper I) or only
one σ-layer (paper II).
2.4 Model validation
The model results were validated against in situ measurements in the GoF during
summer 2006 (Lips et al. 2009; Kuvaldina et al. 2010) and satellite images. The
nutrient dynamics and temporal course of the temperature in the upper layer
16

during an upwelling along the northern coast of the GoF in summer 1999 were
successfully validated against measurements in fixed station by Laanemets et al.
(2009) and sea surface temperature against satellite imagery by Zhurbas et al.
(2008).
Modeled and measured sea surface temperature maps (Figure 2) during an
upwelling in summer 2006 compared rather well to each other and coherent
mesoscale structures were reasonably well reproduced. In addition, the
differences of upwelling dynamics visible on remote sensing images due to
differences in wind conditions (see paper I, Fig. 2) were also visible in the
simulation results. More precisely, on 6 and 11 August, the most intensive
upwelling along the southern coast is observed in the western part of the Gulf.
On 25 August the intensive upwelling area had shifted to the eastern part of the
Gulf. This was due to a spatial change in the wind field: the speed of E-SE winds
on 25 August was larger at the eastern part of the Gulf, while for 6 and 11
August it was higher at the western part (paper I, Fig. 2). The intensity of the
upwelling was weakened due to a transient SW wind on 18 August.
Comparison of measured and simulated NOX and PO4 concentrations along a
transect between Tallinn and Helsinki on 8 August (Figure 3) showed that after
nearly a month of calculation the model reproduced well the vertical distribution
of nutrients in the upper 40-m layer. The simulated and measured PO4 values
were approximately the same (Figure 3, c and d) whereas NOX concentrations
(Figure 3a and b) differed more. Higher simulated NOX and PO4 values in the
surface layer at the warmer side of the upwelling front can be explained by the
lack of nutrient consumption in the model. Also, the observed nutrient
distributions looked patchier than the modeled ones – this was due to
parameterization of the initial nutrient fields, which implies a strong spatial
averaging of the data available.
To ascertain that the random walk model is able to adequately describe the
particle transport in the Baltic bottom boundary layer (BBL), numerical testing
experiments were carried out using a vertically homogenous initial particle
distribution in the layer with reflecting boundaries and vertical eddy diffusivity
Kv taken from hydrodynamic model to represent identical diffusivity profiles to
those of the Baltic BBL. Fick’s diffusion equation (see paper III, Eq. 6) has a
trivial solution q(z,t)=q0=const under such initial and boundary conditions, and
the results of testing the numerical model experiments have to be consistent with
this solution. Numerical experiments with different time-steps revealed
considerable particle migration from the strongly turbulent BBL into the upper
layer with time-step 10 s (Figure 4a and b). The decrease of particle
concentration was 74% from 1000 to 260 particles per meter as seen from the
vertical profiles of the particle concentrations obtained from testing experiments.
At a time-step of 1 s, the artificial particle migration fell to 23% and was
insignificant (less than 4%) at 0.1 s. The time dependences of the mean particle
concentration in the BBL reveal the inconsistency of the “naive” random walk
model under the Baltic Sea BBL conditions: 95% of the particles artificially left
17

the BBL limits during two hours with time-step 1 s, while they remained in the
BBL with the “true” random walk scheme. Time-steps less than 1 s prevent the
migration of particles in the BBL.
To conclude, the hydrodynamic model used in the studies meets the
requirements of our studies – the short-term simulation of nutrient transport
during an upwelling event in the GoF and suspended matter transport under
fixed wind conditions in the bottom boundary layer of the BP. The vertical
turbulent transport of particles in the near-bottom layer with inhomogeneous
diffusivity can be achieved through application of the “true” random walk
scheme with time-steps less than or equal to 1 s.
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Nutrient transport dynamics

Upwellings in the Baltic Sea are frequent (Gidhagen, 1987; Lehmann and
Myrberg, 2008). In the east to west oriented GoF the upwellings along the
northern coast are more frequent due to dominating southwesterly winds
(Soomere and Keevallik, 2003). During the nutrient depleted summer period,
these wind-driven upwellings transport waters with high nutrient concentration
from deeper layers to the surface layer, as shown by field observations (Haapala,
1994; Kononen et al., 2003; Lips et al. 2009; Kuvaldina et al. 2010). According
to field data, this transport into the surface layer is with clear excess of
phosphorus in relation to the Redfield ratio. As a consequence, upwellings are
considered as one external source of phosphorus for nitrogen fixing
cyanobacterial blooms (Vahtera et al., 2005). The objectives of our study were
the simulation of the mesoscale variability of temperature, velocity and nutrient
fields with the characterization of the intensity of water motions with different
natures and the estimation of the total inputs of nutrients caused by upwellings in
the GoF. We also obtained the contributions of different layers to this transport
by model simulations.
The current velocity components at 2 m can be considered as the sum of the
mean velocity, eddy velocity and inertial oscillation velocity component (see
paper I, Eq. 3). Hence, it was possible to calculate the mean kinetic energy of
mesoscale motions (EKE) and mean inertial oscillation kinetic energy (IKE) (see
paper I, Eq. 4). The largest EKE values (up to 0.03 m2 s-2) were found in the
coastal zone close to the southern and northern shores of the GoF where variable
wind forcing produced alongshore baroclinic jet currents of alternating direction
due to successive upwelling and downwelling events for the simulation period
from 10 July to 31 August 2006 (Figure 5). The EKE was also higher in the
narrow western and central part of the Gulf, where values varied from 0.01 to
0.02 m2s-2. These values correspond to root mean square velocity fluctuations of
0.14–0.20 m s-1. In those parts also intensive squirts and eddies were formed
(paper I, Fig. 4).
The contemporaneous maps of the mean content of nitrogen and phosphorus
in the upper mixed 10-m layer of the GoF were calculated (Figure 5). The largest
areas of nutrient input by upwelling events in the GoF occurred in the upwelling
zones along both coasts. In the eastern part of the open Gulf, the content of
upwelled nutrients was low for at least two reasons. First, the simulation period
was characterized by wind patterns favourable for upwelling events in the
western and central parts of the Gulf in comparison to the eastern part. Uiboupin
and Laanemets (2009) analysed the seven year (2000–2006) satellite SST data
and found less extensive upwelling events in the eastern part of the GoF with
filaments predominately stretching out from the upwelling front along the
Finnish coast and in the western part of the Gulf. Secondly, the sea depth is
lower and the bottom slope is less steep in the eastern part of the Gulf than in the
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central and western part. The distance which a water particle carrying nutrients
has to cover in order to reach the surface is inversely proportional to the bottom
slope: a steeper slope gives a shorter distance (Laanemets et al., 2009). High
values of content of nitrogen and phosphorus are found in the narrow western
and central part of the Gulf. In those parts intensive transverse filaments/squirts
and eddies were formed and the EKE was higher. This shows that in those areas
the upwelled nutrients are more intensively transported from the coastal zone to
the open Gulf area.
In order to evaluate the total nutrient input to the surface layer of the GoF
produced by the series of upwelling event in July–August 2006, the simulated
concentrations of phosphorus and nitrogen were integrated in the upper 10-m
layer over the Gulf area. The longitude 22° E was taken as the western boundary
of the Gulf, including the entrance area. The integration depth, 10 m,
corresponded approximately to the depth of the euphotic zone in the relatively
turbid GoF (Kononen et al., 2003). Previously Zhurbas et al. (2008) had showed
that during an upwelling event in the GoF in summer 1999, the amount of
phosphorus in the upper 10-m layer was greatest at 29 July with 536 tons, while
for nitrogen the maximum was 135 tons, which reduced to values of 387 and 36
tons, respectively, after relaxation. Laanemets et al. (2009) showed that under
similar conditions (identical value of wind impact) the transport of nutrients is
higher during an upwelling along the southern coast. The amount of phosphorus
transported to the upper 10-m layer during an upwelling along the southern coast
was 887 tons and for nitrogen 611 tons reducing to 679 and 319 tons after
relaxation. The simulation period for the summer 2006 covered several
upwelling events along both coasts. During an upwelling event along the
northern coast in July the amount of phosphorus transported to the upper 10-m
layer was 450 tons and the amount of nitrogen was 400 tons (paper I, Fig. 8). In
August, the westerly winds favourable for upwellings along the northern coast
were replaced with easterly winds favourable for upwellings along the southern
coast. By 16 August, the amount of phosphorus in the upper 10-m layer was
1000 tons and for nitrogen the amount was 1077 tons, which reduced to 734 and
707 tons, respectively, after the relaxation. In the end of August, one upwelling
event along the southern coast still occurred and by the end of the simulation
period the amounts of phosphorus and nitrogen increased to values close to 1046
and 1061 tons once again. In total, the upwelling events along the southern coast
brought altogether about 700 tons of nitrogen and 650 tons of phosphorus into
the surface layer. The higher transport of nitrogen during an upwelling along the
northern coast in summer 2006 compared to that of summer 1999 can be
explained by the more closely located phosphacline and nitracline and larger
gradients in the thermocline layer in summer 2006. The nitrogen surplus during
the upwelling along the southern coast is likely related to the changes in the
vertical nutrient distributions attained by the beginning of the easterly wind
period (see paper I, Fig. 9). The model simulation showed the dominance of
westward flow in the upper 30 m along the southern coast in the period 18–30
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July accompanied by a shallowing of both the phosphacline and the nitracline.
The shallowing was likely caused by the westward flow’s carrying nutrient-rich
water from deeper layers along the eastward downsloping isopycnals. Taking
into account that the vertical gradient of NOx concentration had been initially
larger than that of PO4, the upper boundary of the nitracline (0.05 mmol m-3
contour on paper I, Fig. 9) being deeper initially had risen above that of the
phosphacline due to a vertical turbulent diffusion explaining the slightly larger
simulated transport of nitrogen into the surface layer by upwelling events along
the southern coast of the Gulf in summer 2006 (paper I, Fig. 8).
A series of numerical experiments, where the initial tracer source was put at
different depths for each experiment, was conducted to estimate the nutrient
transport from different depths to the surface layer during upwelling events in
the GoF (paper II). The results of the experiments were summarized as time and
depth maps of cumulative nutrient mass transported to the upper layer from a
layer of unit thickness at a certain depth in the GoF. The main source of
phosphorus was between 17–41 m for the upwelling along both coasts of the
GoF – it was slightly deeper along the southern coast (Figure 6). Transport was
greatest from 17 m depth during the northern coast upwelling and from depths of
17–19 m during the southern coast upwelling (Figure 6a and c). The amount
larger than 35 tons m-1 at these depths reduced to 2.5 tons m-1 at 45 m depth for
the upwelling off the northern and 65 m depth off the southern coast. For
nitrogen the largest amount was from depths of 40–65 m during the upwelling
off the southern coast and 43–49 m off the northern coast. The regional
upwelling response pattern differed more than 2.5 times – the amounts of
nitrogen transported to the surface were higher than 10 tons m-1 for the southern
coast within depth range of 45–55 m, while for the northern coast the amounts
were higher than 4 tons m-1 within the depth range of 40–45 m. Amounts of
nutrients transported to the upper 10-m layer were transformed into the
cumulative volumes of water transported to the upper 10-m layer (Figure 7 and
paper II, Fig. 8). The cumulative volumes of water transported to the upper 10-m
layer decreased suddenly at depths greater than 40 m during the upwelling off
the northern coast. The volume of upwelled water decreased more or less
uniformly with depth in the case of the upwelling along the southern coast. The
estimates of the Burger number, controlling the vertical position of the onshore
flow (Lentz and Chapman, 2004), varied from 0.3–1.2 for the upwelling along
the southern and 0.2–0.9 along the northern coast. This indicated the absence of
any rigid restriction to the vertical position of the onshore flow in the GoF. As a
result, a gradual decrease of cumulative volume transport was observed instead
of the abrupt decrease at a certain depth (see paper II, Fig. 8).
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Figure 5: The map of mean kinetic energy in the surface layer of the GoF during the
simulation period with the maps of mean phosphorus and nitrogen contents in the upper
10-m water column with the cross section area of 0.5×0.5 nautical miles
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Figure 6: The plots of differential nutrient transport to the upper 10-m layer of the GoF
(in tons m-1) versus the depth and time obtained from the simulations. The time is from
20 July 1999 onwards and the depth is the one where the nutrients were located in a
layer with unit thickness as the initial source and from where they were brought to the
surface layer. The results for the upwelling along the northern coast are on the left hand
side, those for the upwelling along the southern coast are on the right hand side
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Figure 7: The cumulative volume transports per unit layer thickness to the upper 10-m
layer from different depths during the upwelling along the southern (a,c) and northern
(b,d) coast. Cumulative volume transports were calculated for wind stress τ = τ0 (a,b)
and τ =0.5τ0 (c,d). The scale is logarithmic
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4

Sedimentary material transport

The deep-water sediments in the Baltic are not motionless, as is shown by
analysis of the sediment samples (Christiansen et al. 2002). The understanding
of the patterns of sediment redistribution in the deeper layers of the basin is
important for forecasting pollutant dispersion. A large amount of chemical
weapons (CW) were buried in the Bornholm Basin after World War II
(HELCOM, 1994) and simulation of the suspended particle transport in the BBL
can help to reveal the migration pathways of the CW components and their
decay products from their initial burial place. On the other hand, Lagrangian
particles could be used for tracing the deep circulation of the Baltic Sea
depending on different wind conditions. The purpose of the study was the
simulation of the idealized pathways of transport of the sediment material in the
deep-water parts of the southern Baltic Sea basins as a function of the wind
direction.
Particles were released from a fixed point in either one of three locations in
the Baltic Proper – the Bornholm Strait, the Bornholm Deep or the Slupsk
Furrow (paper III, Fig. 1) and their pathways during 90–180 days, travelling
dependent on the settling velocity, which varied from 0.5 to 4.0 m/day, were
analysed. The predicted pathways of the particles will differ from those
produced by “real” alternating wind, since the fields of the velocity and diffusion
coefficients are specified as changeless (“frozen”) during the whole random
walk period, but it is exactly the particle pathways computed from the “frozen”
fields of the velocity and diffusion coefficients that are consistent with the goal
of the present work aimed at the examination of the dependence of the pathways
of the particle transport in the BBL upon the wind direction.
The pathway of suspended particles released in the bottom boundary layer of
the Bornholm Strait under easterly and northerly wind conditions underwent a
bifurcation – some of the particles moving westward along the Swedish coast
entering the Arkona Basin and others eastward to enter the Bornholm Basin
(Figure 8). The forking of the particle transport pathways occurred due to the
oppositely directed currents in the deep layer of the strait. The westward
transport takes place at the northern slope of the strait close to the Swedish coast,
while the eastward one occurs at the southern slope of the strait near Bornholm
Basin. Further pathways of particles entering the Bornholm Basin underwent
bifurcation once again – some of the particles followed the northern (clockwise)
detour of the Bornholm Deep and were absorbed into the Slupsk Furrow, while
the others chose the southern (counter-clockwise) detour and became trapped in
the Bornholm Basin maintaining a cyclonic rotation. The current pattern
separating the pathways coincides with the pattern suggested by Emelyanov et
al. (2004) based on the horizontal distribution of bottom sediments with the only
difference being that, according to latter, both branches of the bottom current
should enter the Slupsk Furrow.
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Wind conditions changing from northerly to easterly made the southern
detour more preferable – more particles entering the Bornholm Basin through
the Bornholm Strait turn to the south due to Ekman dynamics: the easterly wind
forces a northward Ekman transport in the surface layers, which is compensated
by a southward flow in the deeper layers. For the same reason, particles that
passed the Slupsk Furrow from the west to east turn either to north or south
moving towards Gotland Deep or Gulf of Gdansk under northerly or easterly
wind conditions.
The particles released in the Bornholm Deep, with settling velocity ws =
2m/day, displayed an ability to leave the Basin at SE, ESE, E, ENE, NE, NNE,
N and NNW winds. For the rest of the wind directions the particles remained
trapped within the basin. Under westerly and southerly wind conditions particles
moved to the northeast about 20 km, got involved in a cyclonic rotation and
remained trapped within an area of 30 km in diameter (paper III, Fig. 9). These
particles were unable to leave the cyclonic rotation, which implies the
convergence of the Ekman transport in the bottom boundary layer and in view of
continuity, the upwelling. Therefore, these particles remained trapped only if the
settling velocity was high enough to overcome the upwelling (paper III, Fig. 9).
Depending on the wind direction, particles released in the Slupsk Furrow
move either to the east to enter the East Gotland/Gdansk Basin (under NNW, N,
NNE, NE, ENE and E wind condition) or to the west to enter the Bornholm
Basin (under SE, SSE, S, SSW, SW, WSW, W and WNW wind condition). The
pathway of particles entering the Bornholm Basin from either the Slupsk Furrow
(paper III, Fig. 10) or the Bornholm Strait (paper III, Fig. 6) underwent a
bifurcation characterized by the southern and northern detours. In contrast, there
were no bifurcations of the pathway of suspended particles entering the East
Gotland/Gdansk Basin under any fixed wind conditions. Instead of bifurcations,
the pathways changed markedly with the wind direction, which suggests that the
process controlling the further pathways of suspended particles either to the
Gdansk Basin or to the eastern Gotland Basin at the outlet of the Slupsk Furrow
is the wind forcing.
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Figure 8: The pathways of particles with the settling velocity ws = 2 m/day released in
the BBL of the Bornholm Strait at northerly and easterly winds
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Figure 9: The pathways of suspended particles released in the bottom layer of the
Bornholm Basin under southeasterly, easterly, northerly and north-northwesterly winds
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Conclusions
Wind-driven upwellings, which are common in the Baltic region, have a major
impact on the nutrient dynamics during the nutrient depleted summer period.
Numerical experiments in the GoF, the easternmost part of the Baltic Sea, with
3D hydrodynamic model reveal that:
• the total inputs of phosphorus and nitrogen along the northern and
southern coasts during upwelling events were characterized by a clear excess of
phosphorus;
• mesoscale processes have a large impact on coastal offshore exchange of
nutrients – the mean nutrient amount was largest at regions with high mean eddy
kinetic energy during the simulation period;
• the highest phosphorus transport to the upper 10-m layer was from
depths shallower than 35 m for both the upwellings off the northern and southern
coast;
• the largest amounts of nitrogen were transported to the surface layer
from depths of 40–50 m off the northern and 40–60 m off the southern coast;
• the volume of water transported to the upper 10-m layer from the deeper
layers is greater during the upwelling along the southern coast – there is a clear
decrease in the water volume reaching the surface layer from depths greater than
50 m during the upwelling along the northern coast;
Simulations of matter transport as Lagrangian particles released in the bottom
boundary layer of Baltic Proper under different wind conditions show that:
• the pathways of the suspended particles that enter the Bornholm Basin
from Bornholm Strait in the west bifurcate into north and south branches. The
particles involved in the northern detour are sucked into the Slupsk Furrow,
while most of those in the southern pathway avoid the Slupsk Furrow and are
trapped in the Bornholm Basin;
• “heavier” particles with settling ws = 2 m/day from Bornholm Strait
move closer to the bottom and are more easily trapped by the bottom Ekman
transport, which makes the northern detour of the Bornholm Deep more
preferable than the southern one;
• under westerly and southerly wind conditions “heavy” particles with
settling velocity ws  2 m/day released in the central Bornholm Basin remain
trapped, keeping a cyclonic rotation. The phenomenon of trapping can be
explained by the combined effects of the upwelling and convergence of the
Ekman transport in the BBL;
• the trapping effect vanishes with a decrease in ws because the vertical
velocity in the BBL exceeds the particle settling velocity under upwelling
conditions;
• the transport pathways of the suspended particles are controlled by the
wind direction as they enter the eastern Baltic Sea from the Slupsk Furrow –
under northerly wind conditions the particles move to the north towards the
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Gotland Deep, while under easterly wind conditions the particles turn to the
south towards Gdansk Bay. There are no bifurcations in the particle pathways as
in the case of release in the Bornholm Strait, suggesting strict dependence on
wind conditions.
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Abstract
In the present thesis some results of the numerical simulation of matter transport
in the Baltic Sea are presented. The transported matter in the experiments was
either the suspended particles in the bottom boundary layer (BBL) or the nutrient
concentrations (nitrogen, phosphorus) in the water column.
In order to model the nutrient concentrations, two equations, the same as with
the temperature and salinity, were added to the 3-dimensional hydrodynamic
model with only difference being the boundary conditions. Unlike the
temperature and salinity the nutrients are treated as a passive tracer.
For the simulation of particulate suspended particle transport, a coupled
model system was used. The first component was used to calculate the current
velocity fields with the horizontal and vertical eddy diffusivity fields under fixed
wind conditions with 16 different wind directions. The second component was
used to calculate the idealized pathways of moving Lagrangian particles in the
BBL under wind-driven circulation and turbulent diffusion.
We found that the mesoscale processes (eddies, filaments) have a major
impact on the nutrient offshore exchange during the upwelling events – the mean
total amounts of nutrients in the upper 10-m layer were larger in regions with
higher mean eddy kinetic energy during the simulation period. Additionally, we
found that the phosphorus transport to the upper 10-m layer along both the
northern and southern coasts of the GoF was larger compared to that of nitrogen
in terms of the Redfield ratio. The total amount of nitrogen transported to the
upper 10-m layer was larger along the southern coast, where the contribution of
deeper layers to the transport is larger. The cumulative volumes of water, which
are transported to the upper 10-m layer in the GoF during an upwelling event,
were also obtained.
The idealized pathways of suspended particles show that in the Bornholm
Basin particles with settling velocity above 2 m/day were being “trapped” under
dominant south-westerly wind conditions for the Baltic Sea. The pathways of
particles released in the Slupsk Furrow are directly influenced by the wind
direction, which suggests that the saline water inflow to the Gdansk Basin and
the East Bornholm Basin depend strictly on the wind impulse. On the other
hand, the pathways of suspended particles released in the BBL of the Bornholm
Strait display bifurcations, when the particles moved to the Bornholm Basin and
chose either the northern or the southern detour.
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Kokkuvõte
Vaadeldavas väitekirjas esitatakse mõningad tulemused ainelevi numbriliste
eksperimentidega Läänemeres. Transporditavaks aineks on põhjalähedases kihis
asuvad osakesed või toitainetete kontsentratsioonid veesambas.
Toitainete
transpordi
modelleerimiseks
lisati
kolmemõõtmelisse
hüdrodünaamika mudelisse kaks võrrandit, mis on samad temperatuuri ja
soolsuse jaoks ning ainsaks erinevuseks on rajatingimused. Erinevalt
temperatuurist ja soolsusest on toitained mudelis passiivse ainena.
Osakeste transpordi modelleerimisel kasutati kahekomponendilist
mudelsüsteemi, kus kolmemõõtmelise hüdrodünaamika mudeliga arvutatakse
hoovuse kiiruse komponendid ja horisontaalse ning vertikaalse turbulentsi
koefitsiendid fikseeritud tuuletingimustes 16 erineva tuulesuuna korral.
Mudelsüsteemi teise komponendiga arvutati põhjalähedases kihis liikuvate
Lagrange’i osakeste trajektoorid.
Antud töö tulemustena leidsime, et apvellingutega seotud toitainete
transpordis rannalähedastelt aladelt avamere aladele on tähtis roll
mesomastaapsetel protsessidel (keerised, filamendid) – keskmine toitainete hulk
ülemises 10-m veekihis on suurem aladel, kus mesomastaapsete protsesside
keskmine kineetiline energia on kõrgem. Lisaks leidsime, et ülemisse 10-m
veesambasse domineerib fosfori transport Soome lahes nii põhja- kui
lõunarannikul Redfieldi suhte seisukohalt, samas on apvellingu käigus
transporditud kogu lämmastiku hulk suurem suurem lõunarannikul, kus
sügavamal paiknevad kihid panustavad transporti rohkem. Leitud on ka
kumulatiivsed veehulgad, mis apvellingu käigus Soome lahes erinevatest
sügavustest 10-m veekihti transporditakse.
Osakeste idealiseeritud trajektooride analüüs näitab, et Bornholmi Basseini
tsirkulatsioon Läänemerel domineerivate edelatuulte tingimustes hoiab osakesed
settimiskiirusega suurem kui 2 m/päevas lõksus. Slupski kanalis lahti päästetud
osakeste trajektoorid on otseselt tuule mõjustatud, mistõttu soolase vee sissevool
Gdanski Lahte ja Gotlandi basseini idaossa sõltub otseselt tuuleimpulsist –
idatuulte tingimustes liiguvad osakesed Gdanski basseini, põhjatuule korral
Gotlandi basseini. Seevastu Bornholmi kanali põhjalähedases kihis lahti
päästetud osakeste trajektoorides esinevad bifurkatsioonid nii ida- kui ka
põhjatuulte tingimustes, kus üks osa osakesi sisenedes Bornholmi basseini
liiguvad põhjasuunda ja teine osa lõunasuunda.
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H[FHVVRISKRVSKRUXV

,QWURGXFWLRQ
8SZHOOLQJLVDW\SLFDOSKHQRPHQRQLQWKH%DOWLF
6HD UHGLVWULEXWLQJ ERWK WKH KHDW DQG VDOW LQ
FRDVWDO UHJLRQV DQG UHSOHQLVKLQJ WKH VXUIDFH
OD\HUZLWKQXWULHQWVHVSHFLDOO\LQVXPPHUZKHQ
WKHVXUIDFHOD\HULVGHSOHWHGRIQXWULHQWV0RGHO
VLPXODWLRQV KDYH VKRZQ WKDW WKH DQQXDODYHU
DJHG IUHTXHQF\ RI VWURQJ XSZHOOLQJ PD\ EH DV
KLJK DV  LQ VRPH SDUWV RI WKH %DOWLF 6HD
.RZDOHZVNLDQG2VWURZVNL 2ZLQJWRWKH
SUHYDLOLQJ VRXWKZHVWHUO\ ZLQGV HJ 6RRPHUH
DQG .HHYDOOLN   WKH QRUWKHUQ SDUW RI WKH
*XOI RI )LQODQG LV DQ DFWLYH XSZHOOLQJ DUHD DV
VKRZQ E\ VDWHOOLWH VHD VXUIDFH WHPSHUDWXUH GDWD

HJ.DKUXHWDO8LERXSLQDQG/DDQHPHWV
  DQG PRGHO VLPXODWLRQV 0\UEHUJ DQG
$QGUHMHY $FFRUGLQJWRÀHOGGDWDVXPPHU
XSZHOOLQJHYHQWVXVXDOO\WUDQVSRUWQXWULHQWVZLWK
WKHH[FHVVRISKRVSKRUXVLQUHODWLRQWRWKH5HG
ÀHOG UDWLR LQWR WKH VXUIDFH OD\HU LQ WKH *XOI RI
)LQODQG +DDSDOD  .RQRQHQ HW DO 
9DKWHUDHWDO/LSVHWDO 7KHH[FHVV
SKRVSKRUXV LQSXW LV PRVW OLNHO\ D UHVXOW RI ORZ
QLWURJHQWRSKRVSKRUXVUDWLRLQWKHGHHSHUOD\HUV
RI WKH *XOI /HKWRUDQWD   DQG WKH KLJKHU
GHSWKRISKRVSKDFOLQHWKDQQLWUDFOLQHLQWKHUDQJH
RI WKHUPRFOLQH /DDQHPHWV HW DO   0RGHO
H[SHULPHQWVE\/DDQHPHWVHWDO  VKRZHG
WKDW D GLIIHUHQW DELOLW\ RI XSZHOOLQJ DORQJ WKH



/DDQHPHWVHWDO  %25($/(195(6 9RO VXSSO$

QRUWKHUQDQGVRXWKHUQFRDVWWRWUDQVSRUWQXWULHQWV
WR WKH VXUIDFH OD\HU LV FDXVHG E\ WKH IHDWXUHV
RI ERWWRP WRSRJUDSK\ $ VWHHSHU ERWWRP VORSH
DQG JUHDWHU VHD GHSWKV DORQJ WKH VRXWKHUQ FRDVW
FDXVHG ODUJHU QXWULHQW LQSXWV XQGHU WKH VDPH
PDJQLWXGHRIZLQGIRUFLQJ$QLPSRUWDQWDVSHFW
UHODWHG WR WKH QXWULHQW HQULFKPHQW RI WKH ZKROH
*XOI VXUIDFH OD\HU E\ XSZHOOLQJ LV DQ HQKDQFHG
FRDVWDO RIIVKRUH H[FKDQJH GXULQJ WKH UHOD[D
WLRQSKDVH0RGHOVLPXODWLRQVE\=KXUEDVHWDO
 VKRZHGWKDWWKHLQVWDELOLW\RIDORQJVKRUH
EDURFOLQLF MHWV DQG UHODWHG WKHUPRKDOLQH IURQWV
FDXVHG E\ FRXSOHG XSZHOOLQJ DQG GRZQZHOOLQJ
HYHQWV OHDG WR WKH GHYHORSPHQW RI ÀODPHQWV
VTXLUWV UHPDUNDEO\ LQFUHDVLQJ WKH ODWHUDO HGG\
GLIIXVLYLW\
$ FRPSUHKHQVLYH UHYLHZ RI WKH %DOWLF 6HD
XSZHOOLQJ LWV G\QDPLFV DQG UHÁHFWLRQV WR HFR
V\VWHP LV SUHVHQWHG E\ /HKPDQQ DQG 0\UEHUJ
 DQG0\UEHUJHWDO  
6XPPHU  ZDV FKDUDFWHUL]HG E\ TXLWH D
UDUH PHWHRURORJLFDO VLWXDWLRQ ³ HDVWHUO\ ZLQGV
WKDW DUH IDYRXUDEOH IRU WKH XSZHOOLQJ DORQJ WKH
VRXWKHUQFRDVWRIWKH*XOISUHYDLOHGGXULQJDUHO
DWLYHO\ORQJSHULRG ZKROH$XJXVW $VDUHVXOW
D YHU\ LQWHQVLYH XSZHOOLQJ ZDV REVHUYHG DORQJ
WKH VRXWKHUQ FRDVW /LSV HW DO   'XULQJ
²LWZDVWKHODUJHVWXSZHOOLQJE\DUHD
RQWKHVRXWKHUQFRDVW>RIWKHWRWDO*XOIDUHD
8LERXSLQ DQG /DDQHPHWV  @ 7KH FURVV
VKRUHH[WHQWRIWKHXSZHOOLQJ]RQHDPRXQWHGWR
 NP DERXW  RI WKH *XOI·V ZLGWK  DQG WKH
DORQJVKRUH H[WHQW XS WR  NP 6XXUVDDU DQG
$SV :DWHUWHPSHUDWXUHDORQJWKHVRXWKHUQ
FRDVWZDVDVORZDV²&IRUDERXWWZRZHHNV
EDVHG RQ WKH XQSXEOLVKHG GDWD RI RSHUDWLRQDO
PHDVXUHPHQWV IURP WKH 787 0DULQH 6\VWHPV
,QVWLWXWH DQG WKH (VWRQLDQ 0HWHRURORJLFDO DQG
+\GURORJLFDO ,QVWLWXWH  ZKLOH WKH RIIVKRUH WHP
SHUDWXUH ZDV LQ D UDQJH ² & /LSV HW DO
 
7KH SUHVHQW SDSHU LV DLPHG WR LQYHVWLJDWH D
VHTXHQFH RI XSZHOOLQJ HYHQWV LQFOXGLQJ LQWHQ
VLYH XSZHOOLQJ DORQJ WKH VRXWKHUQ FRDVW RI WKH
*XOILQ-XO\²$XJXVWFRPELQLQJWKHUHVXOWV
RI PRGHO VLPXODWLRQV ZLWK WKHVH RI WKH ÀHOG
PHDVXUHPHQWV DQG VDWHOOLWH LPDJHU\7KH REMHF
WLYHV DUH   WR VLPXODWH PHVRVFDOH YDULDELOLW\
RIWHPSHUDWXUHYHORFLW\DQGQXWULHQWVÀHOGV  
WRFKDUDFWHUL]HWKHLQWHQVLW\RIZDWHUPRWLRQVRI

GLIIHUHQW QDWXUH PHVRVFDOH ÁXFWXDWLRQV LQHUWLDO
RVFLOODWLRQV DQG PHDQ FXUUHQWV  LQ WKH VXUIDFH
OD\HU   WR HVWLPDWH WRWDO LQSXWV DQG DYHUDJHG
VSDWLDO GLVWULEXWLRQV RI QXWULHQWV FDXVHG E\ D
VHTXHQFHRIXSZHOOLQJHYHQWV

0RGHOVHWXS
:H DSSOLHG WKH 3ULQFHWRQ 2FHDQ 0RGHO 320 
%OXPEHUJ DQG 0HOORU   LQ WKH %DOWLF 6HD
7KH 320 LV D SULPLWLYH HTXDWLRQ VLJPD FRRU
GLQDWH IUHH VXUIDFH K\GURVWDWLF PRGHO ZLWK D
VHFRQG PRPHQW WXUEXOHQW FORVXUH VXEPRGHO
HPEHGGHG 7KH KRUL]RQWDO VWHS RI WKH PRGHO
JULGLVQDXWLFDOPLOHVLQWKH*XOI )LJ DQG
UHDFKHVQDXWLFDOPLOHVLQWKHUHVWRIWKH%DOWLF
6HD WKHUH DUH  ƱOHYHOV LQ WKH YHUWLFDO GLUHF
WLRQ 7KH GLJLWDO WRSRJUDSK\ RI WKH VHD ERWWRP
LV WDNHQ IURP 6HLIHUW DQG .D\VHU   7KH
UHÀQHPHQWRIWKHERWWRPWRSRJUDSK\LQWKH*XOI
ZDV GRQH E\ PHDQV RI ELOLQHDU LQWHUSRODWLRQ
RI WKH RULJLQDO  QDXWLFDOPLOH JULG $ PRGHO
UHVROXWLRQRIQDXWLFDOPLOHVDOORZVUHVROYLQJ
PHVRVFDOHSKHQRPHQDLQFOXGLQJXSZHOOLQJÀOD
PHQWVVTXLUWV =KXUEDVHWDO FRQWUROOHGE\
WKHLQWHUQDOEDURFOLQLF5RVVE\UDGLXVWKHYDOXHRI
ZKLFKYDULHVZLWKLQ²NPLQWKH*XOI $OHQLXV
HWDO 
0RGHO VLPXODWLRQV ZHUH FDUULHG RXW IURP
 -XO\ WR  $XJXVW  FRYHULQJ VHYHUDO
XSZHOOLQJ HYHQWV DORQJ ERWK WKH QRUWKHUQ DQG
WKH VRXWKHUQ FRDVWV RI WKH *XOI LQFOXGLQJ D
YHU\LQWHQVHXSZHOOLQJHYHQWDORQJWKHVRXWKHUQ
FRDVW GXULQJ WKH ÀUVW KDOI RI $XJXVW $WPRV
SKHULF IRUFLQJ ZLQG VWUHVV DQG VXUIDFH KHDW
ÁX[ FRPSRQHQWV  ZDV FDOFXODWHG IURP ZLQG
VRODUUDGLDWLRQDLUWHPSHUDWXUHWRWDOFORXGLQHVV
DQGUHODWLYHKXPLGLW\GDWDWDNHQIURP+,5/$0
+LJK 5HVROXWLRQ /LPLWHG$UHD 0RGHO  YHUVLRQ
RI WKH (VWRQLDQ 0HWHRURORJLFDO DQG +\GURORJL
FDO,QVWLWXWHZLWKWKHVSDWLDOUHVROXWLRQRINP
DQGIRUHFDVWLQWHUYDORIKDKHDGRIKUHFDO
FXODWHG DIWHU HYHU\ K 0lQQLN DQG 0HULODLQ
  :LQG YHORFLW\ FRPSRQHQWV DW WKH P
OHYHODORQJZLWKWKHRWKHU+,5/$0PHWHRURORJ
LFDO SDUDPHWHUV ZHUH LQWHUSRODWHG WR WKH PRGHO
JULG7KHPRGHOGRPDLQLVFORVHGDWWKH'DQLVK
VWUDLWV E\ DQ DUWLÀFLDO VKRUH VLQFH GXULQJ WKH
VLPXODWLRQ SHULRG WKH VSDWLDOO\ PHDQ %DOWLF 6HD
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OHYHO ZDV YHU\ VWDEOH E\ RXU HVWLPDWHV IURP
WKH RSHQ ERXQGDU\ PRGHO WKH YDULDWLRQV ZHUH
OHVV WKDQ  P ZKLOH WKH ORQJWHUP YDULD
WLRQV RI WKH PHDQ VHD OHYHO RI WKH %DOWLF PD\
H[FHHG  P /HKPDQQ HW DO   )UHVKZDWHU
VXSSO\DOWKRXJKRIVHFRQGDU\LPSRUWDQFHIRUWKH
XSZHOOLQJ G\QDPLFV ZDV DSSOLHG DV WKH 1HYD
ULYHULQÁRZZLWKWKHYROXPHUDWHRINP\U²
%HUJVWU|PHWDO 
,QLWLDO WKHUPRKDOLQH ÀHOGV ZHUH WDNHQ IURP
+,520% +LJK 5HVROXWLRQ 2SHUDWLRQDO 0RGHO
RI WKH %DOWLF 6HD  D ]OHYHO PRGHO IURP WKH
 QDXWLFDO PLOH JULG VWHS YHUVLRQ DV SURYLGHG
E\ 60+, )XQNTXLVW   7KH YHUWLFDO JULG
VWHS LV  P LQ WKH VXUIDFH OD\HU GRZQ WR  P
DQG LQFUHDVHV WRZDUGV JUHDWHU GHSWKV UHVXOWLQJ
LQ  OD\HUV DW  P 7KHUPRKDOLQH ÀHOGV RI
+,520% ZHUH ÀUVW LQWHUSRODWHG WR RXU KRUL
]RQWDO PRGHO JULG DQG EHIRUH WKH WUDQVIRUPD
WLRQ IURP ]OHYHOV WR ƱOHYHOV ZHUH VPRRWKHG
KRUL]RQWDOO\ ZLWK DYHUDJLQJ OHQJWK RI  QDXWL
FDO PLOHV LQ WKH *XOI 7KH ODWWHU SURFHGXUH ZDV
QHFHVVDU\WRVXSSUHVVWKHG\QDPLFDOLPEDODQFHV
RI PHVRVFDOH PRWLRQV WKDW PD\ RFFXU GXULQJ
WKH JULG FRQYHUVLRQ ,Q XSZHOOLQJGRPLQDWHG
VLWXDWLRQV320LVDEOHWRUHSURGXFHPHVRVFDOH
YDULDELOLW\ RI XSZHOOLQJ LQ WKH *XOI LQFOXGLQJ
ÀODPHQWVVTXLUWV DQG HGGLHV VWDUWLQJ IURP TXLWH
VPRRWKLQLWLDOWKHUPRKDOLQHFRQGLWLRQV =KXUEDV
HWDO 
7ZRHTXDWLRQVGHVFULELQJSDVVLYHWUDFHUEDO
DQFHZHUHLQWURGXFHGWR320WRVLPXODWHQXWUL

HQW SKRVSKDWH DQG QLWUDWH  QLWULWH KHQFHIRUWK
FDOOHG 12[  WUDQVSRUW ,Q RUGHU WR HVWLPDWH WKH
DPRXQWRIQXWULHQWVWUDQVSRUWHGIURPGHHSOD\HUV
WR WKH XSSHU PL[HG OD\HU GXH WR XSZHOOLQJ DQG
IXUWKHUODWHUDOWUDQVSRUWE\ÀODPHQWVDQGHGGLHV
QXWULHQWV ZHUH FRQVLGHUHG DV FRQVHUYDWLYH SDV
VLYHWUDFHUV7KLVDSSURDFKGRHVQRWLQFOXGHWKH
HIIHFWV RI ELRJHRFKHPLFDO SURFHVVHV WKH FRQWUL
EXWLRQ RI ZKLFK WR WKH WLPH UDWH RI WKH FKDQJH
RI QXWULHQWV LV VPDOO GXULQJ LQWHQVLYH XSZHOOLQJ
7LOVWRQHHWDO 7KHHTXDWLRQVZHUHVROYHG
QXPHULFDOO\ ZLWKLQ WKH 320 FRGH LQ WKH VDPH
ZD\ DV WKRVH IRU WHPSHUDWXUH DQG VDOLQLW\ ,Q
RUGHUWRGHVFULEHWKHLQLWLDOÀHOGVRIQXWULHQWVZH
XVHGWKHGDWDFROOHFWHGDORQJDUHSHDWHGWUDQVHFW
RIVWDWLRQVRQWKHOLQH7DOOLQQ²+HOVLQNLRQ
DQG-XO\ )LJ WKHGLVWDQFHEHWZHHQ
VDPSOLQJVWDWLRQVZDVNPWKHVDPSOHVZHUH
FROOHFWHG PDLQO\ IURP WKH ²P OD\HU /LSV
HW DO   9HUWLFDO UHVROXWLRQ LQ WKH WKHUPR
FOLQH OD\HU ZDV ² P DQG RQH VDPSOH ZDV
WDNHQ IURP WKH QHDUERWWRP OD\HU ,Q WKH XSSHU
PL[HGOD\HUQXWULHQWFRQFHQWUDWLRQVZHUHEHORZ
RUFORVHWRWKHGHWHFWLRQOHYHODQGLQWKHPRGHO
WKHLQLWLDOÀHOGVZHUHWKHUHIRUHVHWWR]HURLQWKLV
OD\HU$FFRUGLQJWRWKHPHDVXUHPHQWVWKHQXWUL
FOLQHVZHUHWLJKWO\FRXSOHGZLWKWKHWKHUPRFOLQH
DQGVOLJKWO\VHSDUDWHGWKHSKRVSKDFOLQHVLWXDWHG
DW VKDOORZHU GHSWKV VHH /LSV HW DO   :H
WKHUHIRUHLQWURGXFHGOLQHDUSURÀOHVIRU32DQG
12[FRQFHQWUDWLRQVEHWZHHQWKHGHSWKRIDFHU
WDLQ LVRWKHUPDO VXUIDFH LQ WKH WKHUPRFOLQH DQG
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)LJ  7LPH VHULHV RI
WKHPOHYHO+,5/$0
ZLQG YHFWRU LQ WKH  
ZHVWHUQ   FHQWUDO
DQG  HDVWHUQSDUWVRI
WKH *XOI RI )LQODQG IRU
WKH SHULRG  -XO\²
$XJXVW&RORXUV
EOXH ZLQGVSHHG
PV²JUHHQ ZLQG
VSHHGPV²UHG 
ZLQGVSHHG!PV²

WKHPGHSWK7KHEHVWÀWZDVREWDLQHGZKHQ
LVRWKHUPDOVXUIDFHVRIDQG&DVXSSHUORFD
WLRQV RI QLWUDFOLQH DQG SKRVSKDFOLQH DQG 32
DQG 12[ FRQFHQWUDWLRQV DW WKH P GHSWK RI
 DQG  PPRO P² ZHUH XVHG UHVSHFWLYHO\
:HH[WHQGHGQXWULHQWSURÀOHVWRDJUHDWHUGHSWK
XVLQJWKHGDWDIURPRWKHUVRXUFHV =KXUEDVHWDO
  7KH DVVHPEOHG YHUWLFDO GLVWULEXWLRQV RI
QXWULHQWFRQFHQWUDWLRQVDUH

DSSURDFKZHXVHGDOORZVXVEHWWHUWRVLQJOHRXW
WKHHIIHFWVRIYHUWLFDOQXWULHQWÁX[HV
7KH PRGHO UXQV IURP WKH PRWLRQOHVV VWDWH
DQG]HURVXUIDFHHOHYDWLRQVWDUWLQJDWRI
-XO\

5HVXOWVDQGGLVFXVVLRQ
0RGHOOHGXSZHOOLQJG\QDPLFV

 

ZKHUH]LVWKHGHSWKLQPHWHUVK&DQGK&DUH
WKHGHSWKVRI&DQG&LVRWKHUPDOVXUIDFHV
LQWKHPRGHOLQLWLDOGDWDUHVSHFWLYHO\7KHYHUWL
FDO SURÀOHV RI QXWULHQWV GHVFULEHG DERYH ZHUH
H[WHQGHGWRWKHZKROH%DOWLF6HD7KLVSURFHGXUH
H[FOXGHVWKHHIIHFWVRIKRUL]RQWDOQXWULHQWÁX[HV
ZKLFK GR H[LVW GXH WR WKH KRUL]RQWDO JUDGLHQWV
RI QXWULHQW FRQFHQWUDWLRQV LQ VXPPHU EHORZ
WKH HXSKRWLF ]RQH  7KHUH DUH ODUJH KRUL]RQWDO
JUDGLHQWV RI QXWULHQWV LQ WKH *XOI RI )LQODQG
HJ .XXSSR HW DO  ÀJ   +RZHYHU WKH

'HSHQGLQJRQWKHDELOLW\WRGULYHXSZHOOLQJWKH
RYHUDOO VLPXODWLRQ SHULRG FDQ EH GLYLGHG LQWR
WZRSDUWVDUHODWLYHO\VKRUWZHVWHUO\FRPSRQHQW
ZLQGSHULRG EHIRUH-XO\ IROORZHGE\DORQJ
ODVWLQJHDVWHUO\FRPSRQHQWZLQGSHULRG DIWHU
-XO\  )LJ   7KH HDVWHUO\ ZHVWHUO\  FRPSR
QHQW ZLQGV DUH IDYRXUDEOH IRU XSZHOOLQJ DORQJ
WKHVRXWKHUQ QRUWKHUQ FRDVWRIWKH*XOI7KHUH
ZHUH IRXU WLPH LQWHUYDOV ZKHQ WKH VSHHG RI WKH
ZLQGIDYRXUDEOHIRUXSZHOOLQJQHDUWKHVRXWKHUQ
FRDVW H[FHHGHG  P V² RQ    DQG 
$XJXVW  :LWKLQ WKLV HDVWHUO\ ZLQG SHULRG WKHUH
ZDV D GD\ LQWHUYDO RI UHYHUVH VRXWKZHVWHUO\
ZLQG IURPWR$XJXVW ZKLFKZRXOGUHVXOW
LQ D WHPSRUDU\ ZHDNHQLQJ RI XSZHOOLQJ LH
WKHGHFUHDVHRIFROGZDWHUWHPSHUDWXUHFRQWUDVW 
DORQJWKHVRXWKHUQFRDVWRUZRXOGHYHQSURGXFH
XSZHOOLQJ DORQJ WKH RSSRVLWH QRUWKHUQ FRDVW
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)LJ  667 PDSV RI WKH
*XOI RI )LQODQG LQ $XJXVW
 D²G  VDWHOOLWH
LPDJHU\DQG H²K VLPXOD
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 RQ  DQG  $XJXVW WKH PRVW LQWHQVLYH
XSZHOOLQJDORQJWKHVRXWKHUQFRDVWLVREVHUYHG
LQWKHZHVWHUQSDUWRIWKH*XOI
 RQ  $XJXVW WKH LQWHQVLYH XSZHOOLQJ DUHD
VKLIWHG WR WKH HDVWHUQ SDUW RI WKH *XOI 7KH
GLVSODFHPHQWRIWKHXSZHOOLQJDUHDRFFXUUHG
GXH WR VSDWLDO FKDQJHV LQ WKH ZLQG ÀHOG WKH
VSHHGRI(²6(ZLQGVRQ$XJXVW DQG
$XJXVW  ZDV KLJKHU LQ WKH HDVWHUQ ZHVWHUQ 
SDUWRIWKH*XOI VHH)LJ 
 RQ$XJXVWWKHLQWHQVLW\RIXSZHOOLQJZDV
ZHDNHQHG GXH WR WUDQVLHQW 6: ZLQGV VHH
)LJ 
 WKH FKDUDFWHULVWLF IHDWXUHV RI PHVRVFDOH
FRKHUHQW VWUXFWXUHV LH ÀODPHQWVVTXLUWV 
REVHUYHG LQ WKH VDWHOOLWH 667 PDSV ZHUH
UHDVRQDEO\ ZHOO UHSURGXFHG E\ VLPXODWLRQV
2I FRXUVH LW GRHV QRW PHDQ WKH LGHQWLW\ RI
LQGLYLGXDOPHVRVFDOHVWUXFWXUHV

0

10 12 14 16 18 20 22

26

7KH UHDO HIIHFW RI WKH UHYHUVH ZLQG ZLOO EH GLV
FXVVHGODWHULQWKLVVHFWLRQ
$ FRPSDULVRQ RI 667 PDSV REWDLQHG IURP
VDWHOOLWHLPDJHU\ZLWKLQWKHSHULRGRIXSZHOOLQJ
DORQJWKHVRXWKHUQFRDVWRIWKH*XOIZLWKWKDWRI
VLPXODWLRQV )LJ LQGLFDWHVWKDW
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28°E

22

24

2

4

6

26
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28°E

$VLPXODWHGPHVRVFDOHYDULDELOLW\RIWKHVXU
IDFH OD\HU FXUUHQWV LQ WKH FRXUVH RI XSZHOOLQJ
GRZQZHOOLQJ HYHQWV LV LOOXVWUDWHG LQ )LJ  ,Q
RUGHU WR HOLPLQDWH LQHUWLDO RVFLOODWLRQV ZKLFK
DUH DEOH WR PDVN ¶SXUH· PHVRVFDOH PRWLRQV WKH
IRUPHU ZHUH ÀOWHUHG RXW XVLQJ D VLPSOH SURFH
GXUH



 

ZKHUH Y [W  DQG [W  DUH WKH YHORFLW\ YHFWRUV
DW WKH P GHSWK EHIRUH DQG DIWHU WKH ÀOWUDWLRQ
UHVSHFWLYHO\
 GD\ LV WKH LQHUWLD
RVFLOODWLRQ SHULRG I LV WKH &RULROLV SDUDPHWHU
8SZHOOLQJDORQJWKHQRUWKFRDVWRIWKH*XOI )LJ
D LVFKDUDFWHUL]HGE\WUDQVYHUVHFROGZDWHUÀOD
PHQWV DQG UHODWHG WR WUDQVYHUVH MHWOLNH FXUUHQWV
RU VTXLUWV ZLWK VRXWKZDUG YHORFLWLHV XS WR 
P V² 6RPH RI WKH VTXLUWV SHQHWUDWH DOPRVW WKH
ZKROHZLGWKRIWKH*XOI
7KH FXOPLQDWLRQ RI XSZHOOLQJ DORQJ WKH
VRXWKHUQ FRDVW RI WKH *XOI LV VKRZQ LQ )LJ E
7KH SDWWHUQ RI FROG ZDWHU WUDQVYHUVH ÀODPHQWV
DQGVTXLUWVGHYHORSHGIURPWKHXSZHOOLQJDORQJ
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WKH VRXWKHUQ FRDVW WR VRPH H[WHQW ORRNV OLNH D
PLUURU LPDJH RI WKH XSZHOOLQJ DORQJ WKH QRUWK
HUQFRDVW FI)LJDDQGE 7KHPRVWLQWHQVLYH
FROG ZDWHU ÀODPHQW DQG VTXLUW ZLWK QRUWKZDUG
YHORFLW\ XS WR  P V² ZDV REVHUYHG DW WKH
QDUURZHVW SDUW RI WKH *XOI EHWZHHQ 7DOOLQQ DQG
+HOVLQNL 1RWH WKDW WKH DORQJVKRUH GLVWULEXWLRQ
RI WUDQVYHUVH ÀODPHQWV DQG VTXLUWV UHODWHG WR
WKH XSZHOOLQJ DORQJ WKH VRXWKHUQ FRDVW LV OHVV
XQLIRUP WKDQ WKDW RI WKH QRUWKHUQ FRDVW OLNHO\
EHFDXVHWKHVRXWKHUQFRDVWRIWKH*XOILVFXUYHG
ZKLOHWKHQRUWKHUQFRDVWLVUHODWLYHO\VWUDLJKW
'XH WR WKH WUDQVLHQW UHYHUVH RI ZLQG GLUHF
WLRQ IURP HDVW WR ZHVW WKH XSZHOOLQJ DORQJ WKH
VRXWKHUQ FRDVW ZHDNHQHG )LJ F  $ VWULNLQJ
IHDWXUH KHUH LV WKH IRUPDWLRQ RI VHYHUDO PHVRV
FDOH F\FORQLF HGGLHV LQ WKH VRXWKZHVWHUQ SDUW RI
WKH *XOI RI )LQODQG RQH FDQ GLVFHUQ DW OHDVW VL[

28

29

30°E

)LJ  6LPXODWHG VXUIDFH
OD\HU FXUUHQWV YHFWRUV 
DQG 667 LQ WKH *XOI LQ
WKH FRXUVH RI XSZHOOLQJ
GRZQZHOOLQJHYHQWVRQ D 
 -XO\  87&  E 
 $XJXVW  87& 
DQG F   $XJXVW 
87& 7KH YHFWRUV RI FXU
UHQW DUH GHSLFWHG LQ HYHU\
IRXUWKJULGQRGHV

F\FORQLF HGGLHV ZLWK WKH GLDPHWHU RI ² NP
DQG URWDWLRQ YHORFLW\ RI  P V² 7KLV LV MXVW
LQ DFFRUGDQFH ZLWK =KXUEDV HW DO   ZKR
VKRZHGWKDWWKHLQVWDELOLW\RIDQXSZHOOLQJ GRZQ
ZHOOLQJ EDURFOLQLFMHWUHVXOWVLQDVHOHFWLYHIRUPD
WLRQRIPRVWO\F\FORQLF DQWLF\FORQLF HGGLHV

.LQHWLFHQHUJ\GXULQJXSZHOOLQJ
,Q RUGHU WR FKDUDFWHUL]H WKH LQWHQVLW\ RI ZDWHU
PRWLRQV RI GLIIHUHQW QDWXUH LQ WKH VXUIDFH OD\HU
RI WKH *XOI WKH VLPXODWHG YHORFLW\ FRPSRQHQWV
DW WKH P GHSWK XY  ZHUH GHFRPSRVHG LQWR
PHVRVFDOH HGG\  ÁXFWXDWLRQV
 LQHUWLDO
RVFLOODWLRQV
DQGPHDQFXUUHQWV
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EKE (m2 s–2)

ZKHUH RYHUEDU PHDQV WKH WLPH DYHUDJLQJ RYHU
WKH ZKROH VLPXODWLRQ SHULRG ,QHUWLDO RVFLOOD
WLRQVZHUHVHSDUDWHGXVLQJ(T7KHQWKHPHDQ
NLQHWLF HQHUJ\ SHU XQLW YROXPH ZDV FDOFXODWHG
IRUHDFKW\SHRIPRWLRQV



0.002

7KH0.(GDWDDUHRIPLQRULQWHUHVWEHFDXVH
WKH DYHUDJLQJ SHULRG  GD\V  GRHV QRW DOORZ
0.(LQWHUSUHWDWLRQDVVHDVRQDORUDQQXDOPHDQV
$W WKH VDPH WLPH WKH VLPXODWLRQ SHULRG RI 
GD\V LV ORQJ HQRXJK WR REWDLQ VRPH VWDWLVWLFV
RI PHVRVFDOH ÁXFWXDWLRQV HGGLHV VTXLUWV  DQG
LQHUWLDO RVFLOODWLRQV DQG WKHUHIRUH WR DQDO\]H
(.( DQG ,.( PDSV )LJ   7KH (.( OHYHO
LV WKH KLJKHVW XS WR  P V²  LQ WKH FRDVWDO
]RQH FORVH WR WKH VRXWKHUQ DQG QRUWKHUQ VKRUHV
RI WKH *XOI ZKHUH YDULDEOH ZLQG IRUFLQJ SUR
GXFHVDORQJVKRUHEDURFOLQLFMHWFXUUHQWVRIDOWHU
QDWLQJ GLUHFWLRQ GXH WR VXFFHVVLYH XSZHOOLQJ
DQG GRZQZHOOLQJ HYHQWV )LJ D  $JDLQ KLJK
HQRXJK YDOXHV RI (.( ² P V² ZKLFK
FRUUHVSRQGV WR UPV YHORFLW\ ÁXFWXDWLRQV RI
²PV² DUHIRXQGLQWKHQDUURZZHVWHUQ
DQG FHQWUDO SDUWV RI WKH *XOI ZKHUH LQWHQVLYH
WUDQVYHUVH VTXLUWV DQG HGGLHV DUH IRUPHG FI
)LJVDQGD 
,Q FRQWUDVW WR (.( WKH HQHUJ\ RI LQHUWLDO
RVFLOODWLRQV LV UHODWLYHO\ XQLIRUPO\ GLVWULEXWHG
ZLWKLQ RSHQ ZDWHUV ,.( Ⱦ  P V²  DQG
GHFUHDVHVEHORZPV²LQFRDVWDODQGVKDO
ORZ]RQHV DVFORVHDV²QDXWLFDOPLOHVWRWKH
VKRUH DQG DV VKDOORZ DV  P RI WKHVHD GHSWK 
)LJE 
7KH DYHUDJH OHYHOV RI (.( ,.( DQG 0.(
LQWKHVXUIDFHOD\HURIWKH*XOIZHUHHVWLPDWHGDV
(.(!,.(!0.(! 
PV² ,Q RWKHU ZRUGV (.( ,.( DQG 0.(
FRQWDLQ   DQG  RI WKH WRWDO NLQHWLF
HQHUJ\UHVSHFWLYHO\
$FROGZDWHUÀODPHQWDQGDUHODWHGWUDQVYHUVH
VTXLUWRQWKHEHDPRI7DOOLQQ%D\EHLQJLQLWLDOO\
ZLGH VHH)LJE QDUURZHGDQGFUHDWHGDERWWOH
QHFNLQWKHPLGGOHWRFRQQHFWZLWKDF\FORQLFDOO\
URWDWLQJ FROG ZDWHU SRRO LQ WKH QRUWK )LJ D 
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28°E

)LJ0DSVRIVLPXODWHG D HGG\NLQHWLFHQHUJ\DQG
E LQHUWLDORVFLOODWLRQNLQHWLFHQHUJ\LQWKHVXUIDFHOD\HU
RIWKH*XOI

7KH ERWWOHQHFN ZDV H[SHFWHG WR YDQLVK LQ D
ZKLOH ZKLFK ZRXOG PDUN WKH DFFRPSOLVKPHQW
RI F\FORQLF HGG\ IRUPDWLRQ7KLV F\FORQLF HGG\
ZDV FOHDUO\ LGHQWLÀHG IRU PRUH WKDQ WZR GD\V
)LJ F 7KH FXUUHQWV UHODWHG WR WKH ERWWOHQHFN
DQGLWLVOLNHO\WKDWDOVRWKHF\FORQLFHGG\FRXOG
RFFXS\WKHXSSHUVHDOD\HUWKDWLV²PWKLFN
)LJF 

1XWULHQWG\QDPLFV
7KH DELOLW\ RI WKH PRGHO WR UHSURGXFH QXWULHQW
WUDQVSRUW LQWR WKH VXUIDFH OD\HU LQ WKH FRXUVH RI
XSZHOOLQJHYHQWVLVGHPRQVWUDWHGE\FRPSDULQJ
WKH VLPXODWHG QXWULHQW GLVWULEXWLRQ ZLWK D FRU
UHVSRQGLQJ GLVWULEXWLRQ VDPSOHG RQ D WUDQVHFW
EHWZHHQ7DOOLQQDQG+HOVLQNL )LJ 7KHPRGHO
UHSURGXFHG ERWK WKH 32 DQG 12[ GLVWULEXWLRQV
UHDVRQDEO\ZHOOHYHQDIWHUDERXWRQHPRQWKVLP
XODWLRQSHULRGFRYHULQJVHYHUDOXSZHOOLQJHYHQWV
DORQJWKHQRUWKHUQFRDVWDQGDVWURQJXSZHOOLQJ
HYHQWDORQJWKHVRXWKHUQFRDVW )LJ 7KHVLP
XODWHG DQG PHDVXUHG 32 FRQFHQWUDWLRQ YDOXHV
LQ WKH XSZHOOLQJ ]RQH )LJ F DQG G  ZHUH
DSSUR[LPDWHO\WKHVDPHZKHUHDV12[FRQFHQWUD
WLRQV )LJDDQGE GLIIHUHGPRUH7KLVDQGWKH
KLJKHU VLPXODWHG 12[ DQG 32 FRQFHQWUDWLRQV
LQ WKH VXUIDFH OD\HU DW WKH ZDUPHU VLGH RI WKH
XSZHOOLQJ IURQW FDQ EH H[SODLQHG E\ WKH ODFN
RI QXWULHQW FRQVXPSWLRQ LQ WKH PRGHO $OVR LW
LV ZRUWK PHQWLRQLQJ WKDW WKH REVHUYHG QXWULHQW
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40

–0.15
–0.2

)LJ6QDSVKRWRIDVLPXODWHGFROGZDWHUÀODPHQWDQG
UHODWHG WUDQVYHUVH VTXLUW WUDQVIRUPLQJ LQWR D F\FORQLF
HGG\ D 667DQGVXUIDFHOD\HUFXUUHQWVRII7DOOLQQ%D\
RQ  $XJXVW  87& E  WHPSHUDWXUH DQG F 
Y FRPSRQHQW RI YHORFLW\ YV GLVWDQFH DQG GHSWK RQ D
]RQDOWUDQVHFWPDUNHGE\WKLFNDUURZV9HORFLW\YHFWRUV
DUHGHSLFWHGLQHYHU\VHFRQGJULGQRGHV

GLVWULEXWLRQVORRNPRUHSDWFK\WKDQWKHPRGHOOHG
RQHV 7KLV LV QRW VXUSULVLQJ EHFDXVH WKH DERYH
GHVFULEHGSDUDPHWHULVDWLRQRILQLWLDOQXWULHQWGLV
WULEXWLRQV LPSOLHV VWURQJ VSDWLDO DYHUDJLQJ RI
GDWDDYDLODEOH
8SZHOOLQJ DORQJ WKH QRUWKHUQ FRDVW RI WKH
*XOI LV DFFRPSDQLHG E\ GRZQZHOOLQJ DORQJ WKH
VRXWKHUQ FRDVW DQG YLFH YHUVD :KHQ WKH ZLQG
IRUFLQJ ZHDNHQV WKH LQVWDELOLW\ RI WZR DORQJ
VKRUH EDURFOLQLF MHWV DQG UHODWHG IURQWV RI D
FRXSOHG XSZHOOLQJGRZQZHOOLQJ HYHQW SURGXFH
FROGZDUPÀODPHQWV )LJ 7KHLPSRUWDQWUROH
RIÀODPHQWVDQGHGGLHVLQWKHRIIVKRUHWUDQVSRUW
DQG ODWHUDO PL[LQJ RI XSZHOOHG QXWULHQWV LQ WKH

*XOI ZDV VKRZQ E\ =KXUEDV HW DO   DQG
/DDQHPHWVHWDO  
,Q RUGHU WR HYDOXDWH WKH WRWDO QXWULHQW LQSXW
WR WKH VXUIDFH OD\HU RI WKH *XOI SURGXFHG E\ D
VHULHVRIXSZHOOLQJHYHQWVLQ-XO\²$XJXVW
WKH VLPXODWHG FRQFHQWUDWLRQV RI SKRVSKRUXV
DQG QLWURJHQ ZHUH LQWHJUDWHG LQ WKH XSSHU P
OD\HU RYHU WKH ZKROH *XOI DUHD 7KH ORQJLWXGH
( ZDV WDNHQ DV WKH ZHVWHUQ ERXQGDU\ RI WKH
*XOI LQFOXGLQJ WKH HQWUDQFH DUHD 7KH LQWHJUD
WLRQGHSWKRIPFRUUHVSRQGVDSSUR[LPDWHO\WR
WKH GHSWK RI WKH HXSKRWLF ]RQH LQ WKH UHODWLYHO\
WXUELG *XOI RI )LQODQG HJ .RQRQHQ HW DO
 7HPSRUDO FRXUVHV RI WKH WRWDO FRQWHQW RI
SKRVSKRUXV DQG QLWURJHQ LQ WKH VXUIDFH OD\HU RI
WKH*XOIDUHGHSLFWHGLQ)LJ
'XULQJWKHSHULRGIURP-XO\E\WKHHQGRI
-XO\DUHODWLYHO\ZHDNZHVWHUO\ZLQGGRPLQDWHG
)LJ   DQG XSZHOOLQJ GLG GHYHORS DORQJ WKH
QRUWKHUQFRDVWRIWKH*XOI7RWDOSKRVSKRUXVDQG
QLWURJHQ WUDQVSRUW LQWR WKH VXUIDFH OD\HU EHIRUH
XSZHOOLQJ HYHQWV DORQJ WKH VRXWKHUQ FRDVW  ZDV
ZLWK WKH VXUSOXV RI SKRVSKRUXV DV FRPSDUHG
ZLWKWKH5HGÀHOGUDWLRRIDERXWDQG
WRQQHVFRUUHVSRQGLQJO\7KHWUDQVSRUWRIVXUSOXV
SKRVSKRUXV LV LQ DFFRUGDQFH ZLWK RXU SUHYL
RXV PRGHO VLPXODWLRQV =KXUEDV HW DO  
DQG ÀHOG REVHUYDWLRQV 9DKWHUD HW DO   LQ
 +RZHYHU WKH UHODWLYHO\ ODUJHU WUDQVSRUW
RI QLWURJHQ QHHGV VRPH H[SODQDWLRQ 6XFK DQ
H[SODQDWLRQFDQEHEDVHGRQWKHIDFWWKDWVWUDWL
ÀFDWLRQRIWKHZDWHUFROXPQLQWKH*XOIEHFDPH
VWURQJHUDQGWKHUHIRUHWKHSKRVSKDFOLQHDQGWKH
QLWUDFOLQH ZHUH ORFDWHG FORVHU WR HDFK RWKHU DQG
JUDGLHQWVZHUHODUJHULQWKHWKHUPRFOLQHOD\HULQ
WKHVXPPHURIWKDQLQ
(DVWHUO\ ZLQG HYHQWV ³ ZLQG VSHHG PRUH
WKDQPV²RQDQG$XJXVW )LJ 
³ FDXVHG LQWHQVLYH XSZHOOLQJ HYHQWV DORQJ WKH
VRXWKHUQ FRDVW RI WKH *XOI DQG EURXJKW DOWR
JHWKHU DERXW  WRQQHV RI QLWURJHQ DQG 
WRQQHVRISKRVSKRUXVLQWRWKHVXUIDFHOD\HULH
DVOLJKWVXUSOXVRIQLWURJHQ7KHQLWURJHQVXUSOXV
LVOLNHO\UHODWHGWRWKHFKDQJHVLQYHUWLFDOQXWUL
HQWGLVWULEXWLRQVDWWDLQHGE\WKHEHJLQQLQJRIWKH
SHULRG RI XSZHOOLQJ HYHQWV DORQJ WKH VRXWKHUQ
FRDVW VHH)LJ 7KHPRGHOVLPXODWLRQVKRZHG
WKH GRPLQDQFH RI ZHVWZDUG ÁRZ LQ WKH XSSHU
POD\HUDORQJWKHVRXWKHUQFRDVWLQWKHSHULRG
² -XO\ DFFRPSDQLHG E\ D VKDOORZLQJ RI
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ERWK WKH SKRVSKDFOLQH DQG WKH QLWUDFOLQH 7KH
VKDOORZLQJ ZDV OLNHO\ FDXVHG E\ WKH ZHVWZDUG
ÁRZ WKDW ZRXOG FDUU\ QXWULHQWULFK ZDWHU IURP
GHHSHU OD\HUV DORQJ WKH HDVWZDUG VORSLQJGRZQ
LVRS\FQDOV$JDLQ WDNLQJ LQWR DFFRXQW WKDW YHU
WLFDO JUDGLHQW RI 12[ FRQFHQWUDWLRQ KDG EHHQ
LQLWLDOO\ODUJHUWKDQWKDWRI32WKHXSSHUERXQG
DU\RIWKHQLWUDFOLQH LHPPROP²FRQWRXU 
EHLQJGHHSHULQLWLDOO\KDVULVHQDERYHWKDWRIWKH
SKRVSKDFOLQHGXHWRDYHUWLFDOWXUEXOHQWGLIIXVLRQ
ZKLFK LV FOHDUO\ VHHQ LQ )LJ 7KLV H[SODLQV D
VOLJKWO\ ODUJHU VLPXODWHG WUDQVSRUW RI QLWURJHQ
WKDQ RI SKRVSKRUXV LQWR WKH VXUIDFH OD\HU E\
XSZHOOLQJ HYHQWV DORQJ WKH VRXWKHUQ FRDVW RI
WKH*XOILQ )LJ /LSVHWDO  DOVR
HVWLPDWHG IURP ÀHOG PHDVXUHPHQWV WKDW DERXW
HTXDODPRXQWVRIQLWURJHQDQGSKRVSKRUXVZHUH
WUDQVSRUWHGE\XSZHOOLQJLQWRWKHVXUIDFHOD\HU
,Q RUGHU WR HYDOXDWH KRZ PXFK WKH ODFN
RI QXWULHQW FRQVXPSWLRQ LQ WKH PRGHO KDG
LQÁXHQFHG WKH DERYH UHVXOWV ZH FRPSDUHG WKH
FKDQJHV RI QXWULHQW FRQFHQWUDWLRQV LQ WKH XSSHU
OD\HU ²P IRUWKHSHULRGRI²-XO\HVWL
PDWHG IURP WKH PRGHO ZLWK WKH PHDVXUHPHQWV
DORQJWKHWUDQVHFW7DOOLQQ²+HOVLQNL7KHFKDQJHV
LQDYHUDJHFRQFHQWUDWLRQVZHUHRYHUHVWLPDWHGE\
WKHPRGHORQO\E\PPROP²IRU32DQG
PPROP²IRU12[ZKLFKLVDQRUGHURI
PDJQLWXGHOHVVWKDQWKHREVHUYHGDQGFDOFXODWHG
LQFUHDVH RI QXWULHQW FRQFHQWUDWLRQV LQ WKH XSSHU
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Abstract
Numerical simulation experiments with a high-resolution circulation model were
carried out to study nutrient transport from diﬀerent depths to the surface 10-m
layer during an upwelling event along the northern coast of the Gulf of Finland
in July 1999. The initial nutrient distribution is based on ﬁeld measurements
performed in the north-western part of the Gulf. Wind forcing covering the period
of the upwelling along the northern coast was turned through 180◦ to simulate
an upwelling along the southern coast. The simulation results showed that the
main phosphorus transport to the upper 10-m layer occurred from depths shallower
than 30 m for the upwelling events along both the northern and the southern
* This work was sponsored by the Estonian Science Foundation (grant No. 7467 & grant
No. 7328) and the Russian Foundation for Basic Research (grant No. 09-05-00479).
The complete text of the paper is available at http://www.iopan.gda.pl/oceanologia/
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coasts. Nitrogen transport to the upper 10-m layer was the largest from depths of
40–55 m for the upwelling along the northern and 40–65 m for the upwelling along
the southern coast. Simulated cumulative volume transports to the upper 10-m
layer from diﬀerent depths showed that the contribution from deeper layers was
larger in the case of the upwelling along the southern coast. The reduction of wind
stress had a bigger inﬂuence on water transport from the deeper layers.

1. Introduction
Wind-driven coastal upwelling is a typical phenomenon in the Baltic Sea
(Gidhagen 1987, Myrberg & Andrejev 2003) with strong upwelling events
occurring with an annual average frequency of up to 30% in some parts of
the Baltic (Kowalewski & Ostrowski 2005).
In the Gulf of Finland, a sub-basin of the Baltic Sea oriented from west
to east, wind-driven coastal upwelling events are caused by either westerly
or easterly wind forcing, which must have been operating for at least 60 h
to generate an upwelling in the Gulf (Haapala et al. 1994). Upwellings
and related mesoscale structures (meanders, ﬁlaments and eddies) in the
region have been studied with diﬀerent methods – ﬁeld observations (e.g.
Haapala et al. 1994, Lips et al. 2009, Kuvaldina et al. 2010), remote sensing
(Kahru et al. 1995, Uiboupin & Laanemets 2008) and model simulations
(Myrberg & Andrejev 2003, Zhurbas et al. 2008, Laanemets et al. 2009).
Because the prevailing wind in the region blows from the south-west (e.g.
Soomere & Keevallik 2003), upwelling events along the northern coast are
more frequent.
Coastal upwelling typically transports nutrient-rich deeper water to the
surface euphotic layer. Simulations with the ecohydrodynamic model by
Kowalewski (2005) in the Hel region (the Baltic Sea) during an upwelling
event showed an elevation of nutrient concentrations and an increase of
phytoplankton biomass in the surface layers, especially during the spring
bloom. Owing to the diﬀerence in vertical locations of the summer
nutriclines in the thermocline (the phosphacline is shallower than the
nitracline in the Gulf of Finland, as shown by Laanemets et al. (2004)),
nutrients may be transported with an excess of phosphorus, compared
with nitrogen according to the Redﬁeld ratio. During the nutrient-depleted
summer period, an upwelling is probably one of the main phosphorus sources
for the formation of nitrogen-ﬁxing cyanobacteria blooms (Vahtera et al.
2005).
Comprehensive reviews of upwelling in the Baltic Sea, its dynamics and
eﬀects on the ecosystem have been presented by Lehmann & Myrberg (2008)
and Myrberg et al. (2008).
Previous numerical studies showed that the instability of longshore
baroclinic jets and related thermohaline fronts caused by coupled upwelling
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and downwelling events lead to the development of cold and warm ﬁlaments
and eddies contributing to a coastal oﬀshore exchange (Zhurbas et al.
2008). During coastal upwelling, nutrients are transported into the upper
10-m layer with a clear excess of phosphorus. In addition, the amount
of transported phosphorus by one upwelling event is roughly equal to the
monthly external bioavailable phosphorus load to the Gulf (Zhurbas et al.
2008). There is an asymmetry in upwelling response patterns owing to the
cross-gulf topography: the southern half of this elongated basin is deeper
and has steeper bottom slopes. Thus the amount of nutrients transported
into the upper 10-m layer depends on whether upwelling occurs along the
northern or the southern coast of the Gulf (Laanemets et al. 2009). Also, in
the shallower eastern part of the open Gulf, the content of upwelled nutrients
is low. With respect to the geographical distribution of upwelling eﬀects,
upwelled nutrients are transported more intensively from the coastal zone to
the open sea by ﬁlaments and eddies in the narrow western and central part
of the Gulf, as can be judged from the maps of mean eddy kinetic energy
and phosphorus and nitrogen content in the surface layer (Laanemets et al.
2011).
During upwelling, waters from diﬀerent layers are both advected and
mixed. Lips et al. (2009) showed on the basis of ﬁeld observations that
during a strong upwelling event in summer 2006, the cold intermediate layer
water and the upper mixed layer water were mixed in proportions of 85%
to 15%. One may assume that the vertical clines separating the water
masses and nutrient pools make a major contribution as sources of ‘foreign’
water upwelled to the surface layer. Nevertheless, the exact contribution
of the diﬀerent layers in the water column to the transport of nutrients is
hard to detect from direct measurements, but this is possible from modelbased estimates. In topographically asymmetrical regions, like the Gulf of
Finland, one may assume a diﬀerent contribution at diﬀerent shores under
upwelling-favourable wind conditions with the same magnitude.
The objective of this paper was to study and estimate the nutrient
transport from diﬀerent depths to the surface layer during coastal upwelling
events along opposite coasts of an elongated basin such as the Gulf of
Finland. For this purpose we used a series of numerical experiments in
which the initial tracer (simulating short-term nutrient behaviour) source is
put at diﬀerent depths for each experiment. The results of the experiments
are summarized as time and depth maps of cumulative nutrient mass
transported to the upper layer from a layer of unit thickness at a certain
depth in the Gulf of Finland.
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2. Material and methods
2.1. Model setup
We applied the Princeton Ocean Model (POM), which is a primitive
equation, σ-coordinate, free surface, hydrostatic model with a 2.5 moment
turbulence closure sub-model embedded (Mellor & Yamada 1982, Blumberg
& Mellor 1983, 1987). The model domain included the whole Baltic Sea
closed at the Danish Straits. The digital topography of the sea bottom was
taken from Seifert et al. (2001). We used a horizontal resolution of 0.5
nautical miles within the Gulf of Finland and 2 nautical miles in the rest
of the Baltic Sea (Figure 1); in the vertical direction we used 41 equally
spaced σ-layers, which in the Gulf gave the lowest vertical resolution of
Δz = 3 m at a point of depth 120 m. A model resolution of 0.5 nautical
miles allows good resolution of mesoscale phenomena, including upwelling
ﬁlaments/squirts (Zhurbas et al. 2008) controlled by the internal baroclinic
Rossby radius, which in the Gulf of Finland varies within 2–5 km (Alenius
et al. 2003).
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Figure 1. The model domain was the whole Baltic Sea with the model grid reﬁned
to 0.5 nautical miles in the Gulf of Finland. The white box indicates the area of the
measurements performed on board r/v ‘Aranda’ in July 1999. The depth contours
are given in metres

We chose the simulation period from 20 to 29 July 1999, which represents
an intensive upwelling event along the northern coast and is well covered
by high-resolution observations including CTD, biological and chemical
measurements along with the SST from satellite imagery (Vahtera et al.
2005).
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Atmospheric forcing (wind stress and heat ﬂux components) for the
simulation period was calculated from a meteorological data set of the
Swedish Meteorological and Hydrological Institute (SMHI). The 10 m wind
components were calculated from the SMHI geostrophic wind vectors by
turning the latter 15◦ counterclockwise and multiplying by a factor of
0.6. The components and other meteorological parameters obtained were
afterwards interpolated in space from the 1◦ resolution to our 2 and 0.5
nautical mile model grid. Since the winds calculated from the geostrophic
gridded winds were lower compared with the wind measurements performed
on board r/v ‘Aranda’ (within the study area of 22◦ 50 –24◦ 00 E, 59◦ 30
–59◦ 48 N, see Figure 1), the gridded wind stress ﬁeld was multiplied by
a correction factor of 2.04. The comparison of the corrected along-gulf wind
stress τ 0 (positive eastward) with the wind stress component calculated
from the measured wind on board r/v ‘Aranda’ is presented in Figure 2.

Figure 2. Wind conditions in the western part of the Gulf of Finland during July
1999: (a) representative SMHI wind vectors at 59◦ 36 N, 24◦ 00 E, and (b) the alonggulf wind stress calculated from measurements performed on board r/v ‘Aranda’
(solid black line) and SMHI gridded meteorological data set (solid blue line)
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During the period from 21 to 25 July, westerly winds prevailed (Figure 2a)
and the along-gulf wind stress component increased more or less steadily up
to about 0.3 N m−2 (Figure 2b, SMHI data), causing the development of
upwelling along the northern coast of the Gulf. From the peak onwards, the
along-gulf wind stress decreased steadily. In order to model the upwelling
along the southern coast, the wind vectors were turned through 180◦ and
a wind stress of τ = −τ0 was applied.
The initial thermohaline ﬁelds were constructed with the help of the
Data Assimilation System coupled with the Baltic Environmental Database
established and maintained by Alexander Sokolov and Fredrik Wulﬀ at
Stockholm University (see http://nest.su.se/das), using the climatological
data from July to capture the main large-scale features of temperature and
salinity, including the along-gulf salinity gradient. Interpolation of DAS
data on 20 July yielded approximately an upper mixed layer temperature
of 16◦ C in the Gulf, which was 3◦ C less than that measured on board r/v
‘Aranda’ on 20–21 July 1999 (Vahtera et. al 2005); therefore, the initial
temperature ﬁeld obtained from DAS was increased in the upper 10-m layer
of the whole Baltic Sea by the diﬀerence. For more details on both factors,
see Zhurbas et al. (2008) and Laanemets et al. (2009).
Owing to the smooth climatological density ﬁeld and weakness of the
related geostrophic currents, a windless model adjustment period was not
found necessary to study the wind-forced upwelling events. We started the
model run from zero currents and sea level and ‘switched’ the wind forcing on
at the beginning of the run as used by Zhurbas et al. (2008). One justiﬁcation
for such an approach is that the Baltic Sea currents respond to changing
wind in topographically controlled regions within approximately a day
(Krauss & Brügge 1991). However, for seasonal and climatic circulation
studies (not the purpose of our investigation), the ‘warm-up’ period of
the model may be much longer than several months. In the present study,
we do not present validation against measurements, but refer the reader
to the studies by Zhurbas et al. (2008) and Laanemets et al. (2009),
who demonstrated very good agreement of their model results with the
observations. We note that closing the Danish Straits was of minor
importance to the simulated upwelling events, since the mean sea level as
observed at Landsort increased only by 10−7 m s−1 .
Phosphate and nitrate transport were simulated by introducing two
equations describing passive tracer balance. During the short upwelling
event, nutrients were considered to be conservative passive tracers, although
the posterior behaviour of nutrients in the upper layer is not conservative.
The equations were solved numerically within the POM code using the
central leapfrog advection scheme, as used originally for temperature and
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Figure 3. The initial nutrient concentration of diﬀerent layers at 59◦ 37.5 N,
23◦ 46 E compared with the proﬁles based on measurements performed onboard
r/v ‘Aranda’ on 20 July 1999 (Zhurbas et al. 2008)

salinity. Initial nutrient ﬁelds based on the ﬁeld measurements on board
r/v ‘Aranda’ in July 1999 and the measured nutrient proﬁles (see Zhurbas
et al. 2008, Figure 3) were extended uniformly to the whole Baltic Sea.
2.2. Experiment setup
We studied the depth-origin vertical transport of nutrients (due to threedimensional advection and mixing) by a series of numerical experiments in
which the tracers had initial non-zero values only in a speciﬁc layer z − Δz/2,
z + Δz/2 of thickness Δz (the values are taken from the initial nutrient
proﬁle, see Figure 3) and concentrations were zero elsewhere. Because of
the σ-coordinate formulation of the POM, the initial nutrient concentrations
were introduced only into one σ-layer closest to a given depth z (i.e.
−σ H ≈ z), where H is the sea depth. To leave the total initial nutrient
mass unchanged, the nutrient concentration in z-coordinates, C(z) is related
to that of σ-coordinates, C(σ), as C(σ) = C(z) Δz/(Δσ H) (Figure 3).
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Nutrient transport simulations started at 00:00 hrs on 22 July 1999 and
lasted for 7 days in every model run, with the tracer source at a diﬀerent
individual depth layer.
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Figure 4. Maps showing the amounts of phosphorus and nitrogen in the upper
10-m water column with unit cross section transported from a layer 2 m thick at
depths of 15, 35 and 55 m during the upwelling event along the northern (right
panels) and southern coast (right panels) at t = 6.3 days
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In the further analysis we use plots of nutrient content and water
volume, integrated within the upper 10-m layer over the whole Gulf,
transported from diﬀerent depths during the upwelling event. To illustrate
the background to the numerical experiments and the spatial distribution of
upwelled nutrients along the northern and the southern coasts, the maps of
the cumulative amounts of nutrients transported to the upper 10-m water
column of unit cross section after 6.3 days simulation, with a source layer
of 2 m thickness at 15, 35 and 55 m depth, are shown in Figure 4.

3. Results
3.1. Nutrient transport to the surface from diﬀerent depths
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Within the framework of the experiments, the horizontally integrated
cumulative amount of nutrients in the upper 10-m layer over the whole Gulf
was calculated as a function of time and initial depth of 2 m thick nutrient
layers. Upwelled horizontally integrated cumulative amounts of nutrients
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Figure 5. The plots of diﬀerential nutrient transport to the upper 10-m layer of
the Gulf of Finland (in tons m−1 ) versus the depth and time obtained from the
simulations. The time is from 20 July 1999 onwards and the depth is the one where
the nutrients were located in a layer with unit thickness as the initial source and
from where they were brought to the surface layer. The results for the upwelling
along the northern coast are on the left hand side, those for the upwelling along
the southern coast are on the right hand side
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in the upper 10-m layer were divided by the nutrient layer thickness Δz,
and the plots obtained of the nutrient mass carried up to the top 10-m layer
from a layer of unit thickness located at diﬀerent depths during the upwelling
(Figure 5) showed that the main source of phosphorus was between 17–41 m
for the upwelling along both coasts of the Gulf – it was slightly deeper,
though, along the southern coast. Transport was greatest from 17 m depth
during the northern coast upwelling (Figure 5a) and from depths of 17–19 m
during the southern coast upwelling (Figure 5c). More than 35 tons m−1 of
phosphorus were brought to the surface layer from that depth range. With
the increase in ‘source’ depth, the transport of phosphorus was reduced to
2.5 tons m−1 at 45 m depth for the upwelling oﬀ the northern coast and at
65 m depth oﬀ the southern coast. In the case of nitrogen the behaviour
was slightly diﬀerent. The greatest transport was from the depth interval
of 40–65 m oﬀ the southern coast (Figure 5d) and 43–49 m in the case
of the opposite coast (Figure 5b). The regional upwelling response pattern
diﬀers more than 2.5 times – during the southern coast upwelling more than
10 tons m−1 of nitrogen was brought to the surface layer from depths of 45–
55 m, while oﬀ the northern coast the highest values were no more than
4 tons m−1 from depths of 40–45 m. The deeper layers were quite ineﬃcient
as nutrient sources for the euphotic layer during short-term upwelling events.
Less than 1 ton m−1 of nitrogen was brought to the surface layer from depths
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Figure 6. As for Figure 5 but with a 50% smaller wind stress τ = 0.5 τ0
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of over 53 m and 73 m during the upwelling events along the northern and
the southern coasts respectively.
The results of a similar nutrient transport simulation with a 50% smaller
wind stress (τ = 0.5 τ0 ) are shown in Figure 6. The reduction in wind
stress results in the overall decrease of amounts of upwelled nutrients.
In particular, the largest transport of phosphorus remained in the upper
15–25 m layer oﬀ both coasts, whereas nitrogen transport from deeper
layers was vanishingly small for the upwelling along the northern coast
(< 0.75 tons m−1 from depths greater than 35 m). As regards the southern
coast, the largest transport of nitrogen remained in the depth range of
40–55 m with the maximum at 45 m.
3.2. Volume of water transported to the surface
Nutrients are considered to be conservative passive tracers, and it is
therefore possible to transform the cumulative amount of nutrients per metre
Δm10 /Δz to a volume of water V10 , which is cumulatively transported to
the upper 10-m layer from a 1 m thick layer at a certain depth z:
V10 =

1 Δm10
,
C(z) Δz

(1)

where C(z) is the initial nutrient concentration at depth z (Figure 3).
The cumulative volume transports per unit source layer thickness to the
upper 10-m layer during the upwelling along the northern and the southern
coasts with diﬀerent wind stresses are shown in Figure 7, and the snapshot
of upwelled volumes during the maxima of nutrient amounts on the 6th
simulation day in Figure 8. It is seen in both Figure 7 and Figure 8 that
the total volume of water transported to the upper 10-m layer from the top
depth interval of 15–19 m was almost the same for the upwelling events oﬀ
the northern and the southern coasts of the Gulf, with the maximum of
6.7 × 109 m2 (Figure 8). Such equality of upwelled volumes is achieved as
a result of the predominance of vertical turbulent diﬀusion (vertical mixing)
over vertical advection, as the intensity of turbulent mixing in the upper
sea is governed by wind force rather than wind direction. The cumulative
transport due to vertical mixing is therefore expected to be more or less
uniformly distributed within the Gulf area (see Figure 4, the source depth
of 15 m for phosphorus), having the same total value for the upwelling
events oﬀ the northern and the southern coasts. During the upwelling
along the southern coast, the volume of water transported to the upper
layer was larger than that oﬀ the northern coast, and the water mass
was brought up from depths greater than 60 m (see Figures 7a, 7b and
Figure 8). During the upwelling event along the northern coast, water was
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Figure 7. The cumulative volume transports per unit layer thickness to the upper
10-m layer from diﬀerent depths during the upwelling along the southern (a, c) and
the northern (b, d) coast. Cumulative volume transports were calculated for wind
stress τ = τ0 (a, b) and for wind stress τ = 0.5 τ0 (c, d). Note the logarithmic scale
of the volume transports

transported to the surface mainly from the depth range of 21–41 m. There
was a remarkable decrease from 3.7 × 108 m2 to 1.08 × 107 m2 in the amount
of water transported to the surface from the 41–55 m depth range; hence,
the maximum depth inﬂuenced by the upwelling along the northern coast
was about 55 m. In the case of the upwelling along the southern coast, such
a depth interval with a rapid decrease of upwelled water volume was not
detected; the volume of upwelled water decreased more or less uniformly
with depth.
The contribution from deeper layers during the upwelling with reduced
wind stress (τ = 0.5 τ0 ) was lower for the upwelling events along both the
northern and the southern coasts (see Figures 7b, 7d and Figure 8). The
maximum depth inﬂuenced by the upwelling also fell to 45 m for the northern
and 65 m for the southern coast. In Figure 8 the shapes of the curves
of transported water volume have been transformed into straight lines for
both upwelling cases. Comparison of the changes in transported volumes
during the upwelling along the northern coast with reduced wind stress from
depths of 15–45 m with the results for the upwelling along the southern coast
with reduced wind stress shows that transport from intermediate layers was
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reduced remarkably: the volume of water transported from 21 m depth was
more than 50% smaller, but for the deepest layers, the decrease was 10 times
larger.

4. Discussion
According to Lentz & Chapman (2004), the vertical position of the
onshore return ﬂow that balances the oﬀshore Ekman transport in an
idealized case of stationary 2D upwelling is controlled by the Burger number
S = αN/f , where α is the bottom slope, N is the buoyancy frequency and
f is the Coriolis parameter. For << 1 (weak stratiﬁcation), bottom stress
balances wind stress, and the onshore return ﬂow is primarily in the bottom
boundary layer. For S ≈ 1 or more (strong stratiﬁcation), the cross-shelf
momentum ﬂux divergence balances wind stress and the onshore return
ﬂow is in the interior. Despite the fact that real upwelling events in the
Gulf of Finland are neither stationary nor two-dimensional, the ﬁnding by
Lentz & Chapman (2004) may be used for the qualitative interpretation
of the results obtained in this study. The estimates of the Burger number
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retrieved from the simulations were found to vary within the respective
ranges of S = 0.3–1.2 and S = 0.2–0.9 for the upwellings along the southern
and the northern coasts. Both upwelling regimes, S << 1 and S ≈ 1, are
therefore likely to be encountered in the Gulf, so there is no rigid restriction
for the vertical position of the onshore return ﬂow. As a result, we do not
observe an abrupt decease of the volume transport at a certain depth, but
a gradual decrease instead (see Figures 7 and 8).
The model results described above showed that the main transport of
phosphorus into the upper 10-m layer was from depths less than 30 m for
the upwelling along both coasts, whereas for nitrogen transport it was from
layers deeper than 40 m. This is explained by the diﬀerence of nutricline
depths and shape: there is a remarkable increase in nitrate concentration
starting from 40 m depth, whereas for phosphate there is no such increase
(Laanemets et al. 2004). Along the southern coast, where the depths are
greater, nitrogen is more easily transported to the surface than oﬀ the
northern coast, where the seabed is shallower and the amount of nitrogen
in the oﬀshore water column is correspondingly lower.
The total amounts of nutrients transported to the surface are larger
during the upwelling along the southern coast. Laanemets et al. (2009)
explained these larger amounts by the shorter distance that water particles
carrying nutrients have to cover in order to reach the surface.
Lips et al. (2009) showed that during the upwelling event along the
southern coast, observed during the summer 2006 measuring campaign, 85%
of the upwelled water was from the intermediate layer and the remaining
15% from the surface layer. The plots of the ratios of depth-accumulated
amounts of nutrients transported to the upper 10-m layer in the Gulf from
a depth range [75 m – given depth z] to the total amount of nutrients
transported to the surface (Figure 9) show that for the northern coast the
main phosphorus transport is conﬁned within the upper 40-m layer: 95%
of nutrients are transported from there (Figure 9a). During the upwelling
along the southern coast 95% of phosphorus was transported from the upper
55-m layer and 85% from the upper 40-m layer (Figure 9c). On the other
hand, the behaviour of nitrogen was diﬀerent: 95% of the nitrogen found
in the upper 10-m layer by day 6 came from depths shallower than 55 m
oﬀ the northern (Figure 9b) and 65 m oﬀ the southern coast (Figure 9d).
40% of the surface layer nitrogen was from depths shallower than 33 m and
45 m for the northern and the southern coasts respectively. Simulations
showed that oﬀ the southern coast the upwelled water was transported to
the surface mostly from the intermediate layer, as suggested by Lips et al.
(2009), whereas oﬀ the northern coast transport from the shallower layers
has a larger impact.

445

15
20
25
30
35
40
45
50
55
60
65
70
75
15
20
25
30
35
40
45
50
55
60
65
70
75

50
10

70
60
40
20 30

30

60 70
4050

20
10

a
2

0 10 20 30 40 50 60 70 80 90 100%

3

4

5

6

7

90
80
70

60

8
80
70

30

50
40
20
10

40

30

20
10

b
2

3

4

5

90

60

50

40

depth [m]

depth [m]

Simulation of nutrient transport from diﬀerent depths . . .

6

time [day]

7

8

15
20
25
30
35
40
45
50
55
60
65
70
75

70

80

60

60 50 70

50

40
30

80
40

30
20

20

10
10

c
2

15
20
25
30
35
40
45
50
55
60
65
70
75

3

4

5

6

7

8
90

90

80
80

70

70

60

50

30

60
40

50
30

20

20

10

40

10

d
2

3

4

5

6

7

8

time [day]

Figure 9. Maps showing the ratios of depth-cumulative nutrient amounts from
75 m to depth z to the total amount of nutrients in the water column as a percentage
at a given time for the upwellings oﬀ the northern (left) and southern (right) coasts
for phosphorus (upper panel) and nitrogen (lower panel)

The intensity of nutrient transport from the middle layers was greater
during the upwelling along the southern coast for the same wind forcing
magnitude, because the water from the depths of 35–45 m reached the
surface layer more quickly, at least in the course of one day (Figure 7,
cf. a and b). In addition, as the deeper layers have an earlier impact on
the transport of nutrients during the upwelling along the southern coast,
the total amounts of nutrients transported to the upper 10-m layer were
larger during the upwelling along the southern coast. During the upwelling
along the northern coast, water masses from depths of > 50 m reached the
upper 10-m layer at least 1.5 days later and the total amount of nutrients
transported to the surface layer were therefore lower compared than that
oﬀ the southern coast.

5. Conclusions
The aim of this paper was to describe nutrient transport from diﬀerent
depths to the surface layer during an upwelling event in the Gulf of
Finland. Modelling results showed that during upwelling events oﬀ either
the northern or the southern coast of the Gulf, the highest phosphorus
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transport to the upper 10-m layer was from depths shallower than 35 m.
The largest amounts of nitrogen were transported to the surface layer from
depths of 40–50 m oﬀ the northern and 40–60 m oﬀ the southern coast.
The volume of water transported to the upper 10-m layer from the deeper
layers is greater during the upwelling along the southern coast – there was
a clear decrease in the water volume reaching the surface layer from depths
greater than 50 m during the upwelling along the northern coast.
The impact of the upwelling wind impulse was higher on the southern
coast; the transport of water from deeper layers started earlier than on
the northern coast. Owing to the earlier transport from the bottom layers
during the upwelling along the southern coast, the total amount of nutrients
transported to the upper 10-m layer at the culmination of the event are
larger during the upwelling along the southern coast.
Although the reduction in wind stress lowered the amounts of nutrients
transported to the upper 10-m layer during the upwelling event on both
coasts, the main transport of phosphorus remained at the depths of 15–
25 m. Nitrogen transport from the deeper layers was vanishingly small for
the upwelling along the northern coast, whereas for the southern coast, the
largest transport remained in the depth range of 40–55 m.

Acknowledgements
The Finnish Meteorological Institute kindly provided wind data. Special
thanks go to Oleg Andrejev for supplying the meteorological data. We also
thank the anonymous reviewers for their constructive recommendations.

References
Alenius P., Nekrasov A., Myrberg K., 2003, Variability of the baroclinic Rossby
radius in the Gulf of Finland, Cont. Shelf Res., 23 (6), 563–573.
Blumberg A. F., Mellor G. L., 1983, Diagnostic and prognostic numerical
calculation studies of the South Atlantic Bight, J. Geophys. Res., 88 (C8),
4579–4592, doi: 1029/JC088iC08p04579.
Blumberg A. F., Mellor G. L., 1987, A description of the three-dimensional coastal
ocean circulation model, [in:] Three-dimensional Coastal Ocean Models, N. S.
Heaps (ed.), Am. Geophys. Union, Washington, 1–16.
Gidhagen L., 1987, Coastal upwelling in the Baltic Sea – Satellite and in situ
measurements of sea-surface temperatures indicating coastal upwelling, Estuar.
Coast. Shelf Sci., 24 (4), 449–462.
Haapala J., 1994, Upwelling and its inﬂuence on nutrient concentration in the
coastal area of Hanko peninsula, entrance to the Gulf of Finland, Estuar.
Coast. Shelf Sci., 38 (5), 507–521.

Simulation of nutrient transport from diﬀerent depths . . .

447

Kahru M., Hakansson B., Rud O., 1995, Distributions of the sea-surface
temperature fronts in the Baltic Sea as derived from satellite imagery, Cont.
Shelf. Res., 15 (6), 663–679.
Kowalewski M., 2005, The inﬂuence of the Hel upwelling (in the Baltic Sea)
on nutrient concentration and primary production – the results of an
ecohydrodynamic model, Oceanologia, 47 (4), 567–590.
Kowalewski M., Ostrowski M., 2005, Coastal up- and downwelling in the southern
Baltic, Oceanologia, 47 (4), 453–475.
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Abstract—A randomwalk model for a nonuniform diffusivity media coupled with an ocean circulation
model has been applied to describe the pathways of suspended particles transport in the bottom boundary
layer (BBL) of the southern Baltic Sea. The circulation model is based on the Princeton Ocean Model, in
which the vertical grid size is logarithmically refined towards the bottom in order to resolve the BBL. Fields
of the flow velocity and eddy diffusivities simulated by the POM, along with the settling velocity of the sus
pended particles, are used as an input for the randomwalk model. A number of numerical experiments were
performed to study the pathways of suspended particles in the southern Baltic BBL depending on the wind
conditions. In particular, the suspended particles introduced into the BBL in the center of the Bornholm
Basin at westerly and southerly winds are found to be trapped in the basin provided that the particles’ settling
velocity is equal or greater than 2 m/day. The trapping phenomenon is explained by the combined effect of
the Ekman transport convergence in the BBL due to the cyclonic gyre and the gravitational settling of the par
ticles.
DOI: 10.1134/S0001437010060032

INTRODUCTION
The suspended particles originating from river dis
charges, shore erosion, and biological processes repre
sent a key element of the marine coastal ecosystem. At
shallows, the efficient transition of finegrain sedi
ments into the suspended state (resuspension) takes
place thanks to the impact of surface waves, and the
further suspension transport is usually directed to the
deeper sea areas where the bottom sediment formation
occurs [12,28].
The regional object of the present study is the semi
enclosed tidefree Baltic Sea. The latter involves a
number of interrelated relatively deep basins. The
southern ones are marked with the digits 1–5 in Fig. 1.
The deepwater part of these basins with more than
60 m of water covers about 40% of the total area [29].
The effect of the surface waves is insignificant in the
deepwater regions, while the currents and other water
motions are, in the mean, insufficiently strong to sup
port the excess of bottom friction stress over the
threshold level that makes possible the process of
resuspension [6, 19]. As a result, about 1–4 mm of
sediments accumulate annually in the deepwater
southern Baltic Sea [8] with the terrigenous sediment
component being dominant in the winter and the
organic one being larger in the summer [24].

In spite of the dominance of the sedimentation, the
deepwater sediments are not motionless. The analysis
of the sediment samples reveals substantial spatial–
temporal variations in the sedimentation rates [4, 17].
Being lower against the threshold level, the bottom
friction stress exceeds at times the resuspension
threshold thanks to the intermittent turbulence due to
the instability of internal waves and/or bottom cur
rents that are able to strengthen, for instance, during
storms or the NorthSea water flushings.
Understanding of the patterns of the sediments
redistribution in the deeper layers of the basins is
important for solving applied problems, such as the
determination of the natural and manmade changes
in the marine ecosystem from sediment samples and
forecasting of pollutant dispersion. Specifically, a large
amount of chemical weapons (CW) were buried in the
Bornholm Basin after World War II [14] and simula
tion of the suspended particle transport in the bottom
boundary layer (BBL) can help to reveal the migration
pathways of the CW components and their decay
products from the initial burial place.
Based on information on the composition and
thickness of the bottom sediments and the rate of the
sedimentation, a chart of the bottom currents in the
Bornholm Basin was proposed in [1]. According to the
chart, the bottom current forks after entering the Basin
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Fig. 1. Bathymetric map of the South Baltic Sea. The digits mark the sea basins: (1) Arkona Basin; (2) Bornholm Basin; (3) Slupsk
Trench; (4) Gulf of Gdansk; (5) eastern Gotland Basin. The crosses mark the sites of suspended particles released into the BBL
in the course of the numerical experiments.

from the west via the Bornholm strait. Two current
branches emerging as a result of the forking (bifurca
tion) go north and south round the Basin, respectively,
and then they join before the Slupsk Sill and, finally,
enter the Slupsk Trench transporting the salty bottom
water further east within the trench. Note that the pat
tern of the bottom circulation developed in [10]
involves the northern branch of the current in the
Bornholm Basin only.
The patterns of the sediment transport in the deep
water parts of the Baltic basins derived from geological
evidence [1, 13] agree in general with the cyclonic
mode of circulation in the numerical models [20, 22],
including those that involve elements of the
Lagrangian approach [7, 15]. Another hypothetical
point of bifurcation of the bottom transport is the out
flow site in the east of the Slupsk Trench, where salty
waters can turn both in the southeastward direction to
make a cyclonic loop around the Gdansk Basin and
northeastwardly immediately streaming to the Got
land Basin [9]. As follows from the recent simulation
results [22], the outflow from the Slupsk Trench
streamed directly to the northeast after the large Baltic
flushing in January 2003 (according to [21]), whereas
the deep waters flowed along the southern loop after

the baroclinic summer flushing in August–September
of 2002.
As is known [18, 11], the pattern of the deep circu
lation in the Baltic Sea radically changes depending on
the wind conditions. The goal of the present work is
the simulation of the idealized pathways of transport of
the sediment material in the deepwater parts of the
southern Baltic Sea basins as a function of the wind
direction. In addition, we would like to reveal the abil
ity of simplified model experiments based on launch
ing settling Lagrangian particles to reproduce the
bifurcations of the pathways of the sediment transport
in the Bornholm Basin and east of the Slupsk Trench
noted in [1, 22].
2. DESCRIPTION AND VALIDATION
OF THE MODEL
The mean currents, turbulence, and gravitational
sedimentation determine the transport of suspended
material in the sea. Therefore, our model system
involves a circulation model and a model of the mate
rial transport. It is assumed that the circulation model
yields threedimensional fields of the mean current
velocity and effective diffusion coefficients that serve
as input parameters for the model of the material
OCEANOLOGY

Vol. 50

No. 6

2010

PATHWAYS OF SUSPENDED PARTICLES TRANSPORT IN THE BOTTOM

transport. Since we are primarily interested in the
pathways of the transport of suspended material, it is
reasonable to apply the Lagrangian approach based on
the consideration of the motion of individual particles
exposed to currents, gravitational sedimentation, and
turbulence with the turbulence effect being simulated
by the process of the random walk of a particle.
2.1. The circulation model. The Princeton Ocean
Model (POM) [3] was used as a circulation model.
The POM is a free surface model and based on primi
tive equations of motion in a hydrostatic approxima
tion. Instead of the ordinary vertical coordinate (the
depth), the model involves the socalled sigmacoor
dinate (the vertical coordinate normalized to the full
thickness of the water column). A turbulence model of
Kolmogorovtype closure at the level of second order
statistical moments [23] has been built into the POM
to calculate the vertical exchange coefficients. The lat
eral exchange is parameterized by means of Smagorin
sky’s formula [27] with the proportionality constant
C = 0.1.
The work region of the model comprised the entire
Baltic Sea closed by an artificial shore line in the Den
mark straits. As the trend calculation was confined to
a quite short period of three days, it is unlikely that the
results of the calculations of the currents in the deep
water areas of the Baltic Sea could be substantially
changed by accounting for the water exchange across
the straits because of the remoteness of the latter. The
bottom topography was taken from [26]. The finite
difference grid pitch in longitude and latitude was
(1/30)° and (1/60)°, respectively, i.e., about 2 km. In
total, there were 30 sigma layers in the vertical with
their thickness being logarithmically refined towards
the bottom making up 20 cm in the bottomclosest
layer at the depth of 100 m. Such a refinement facili
tated the adequate resolution of the vertical structure
of the currents and the diffusion coefficients in the
BBL, which is of primary importance in the context of
the present study. The vertical grid pitch made up
4.5 m in the main water body, but it logarithmically
reduced to 40 cm in the surface layer at the sea depth
of 100 m. The initial thermohaline fields were speci
fied as horizontallyhomogeneous ones within the
main basins of the Baltic Sea using the vertical profiles
of the temperature and salinity actually measured dur
ing the summer season. The comprehensive descrip
tion of the procedure of specifying the initial thermo
haline fields is given in [2, 32]. The zero fluxes of heat
and salt were specified on the surface. The prognostic
calculations of the circulation started from the state of
immobility (zero initial current velocities).
2.2. The model of the particle transport. Let us
assume that a particle occurs at a point (xi, yi, zi) at the
instant ti where the current velocity components and
effective diffusion coefficients (diffusivities) in the
horizontal and the vertical are equal to (Ui, Vi, Wi), Khi,
and Kvi, respectively. One finds the values of (Ui, Vi,
Wi), Khi, and Kvi by means of the trilinear interpola
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tion of the components of the velocity and the effective
diffusion coefficients from the POM grid to the point
(xi, yi, zi, ti). The coordinates of the same particle (xi + 1,
yi + 1, zi + 1) at the next instant ti + 1 = ti + τ, where τ is a
small time increment, can be expressed as
x i + 1 = x i + U i τ + x i' ,
y i + 1 = y i + V i τ + y i' ,
zi + 1

(1)

= z i + ( W i – w S )τ + z 'i ,

where ( x 'i, y 'i, z 'i ) are the components of the random
particle displacements due to the turbulent velocity
fluctuations, and wS is the rate of the sedimentation.
The random displacement ( x 'i, y 'i, z 'i ) can be
expressed in terms of the diffusivity Kh or Kv and the
time increment. In the simplest case of a homogenous
field of diffusivity, these expressions look like
( x i', y i' ) = ( 2Kh i τ )
z 'i = ( 2Kv i τ )

1/2

1/2

A,

A,

(2)
(3)

where A is the random variate having the Gaussian dis
tribution with zero mean value and unit dispersion. It
was shown in [16, 30, 31] that the random walk
approximation (3) (for the sake of simplicity, we con
fine ourselves to the consideration of the vertical walk
of a particle) is equivalent to the continuous equation
2

∂q
∂
 = 2 [ Kv × q ],
∂t
∂z

(4)

where q(z, t) is the probability of the particle’s occur
rence in the vicinity of the point z (or the particle con
centration is proportional to the probability). (Note
that equivalence is considered here to mean that the
vertical concentration profiles obtained from the
problem of a random walk (3) unrestrictedly approach
the solution of the respective initial boundary value
problem (4) with the increase in the number of degrees
of freedom.). Equation (4) is a simplified case of the
Fokker–Plank equation [25], which has to be distin
guished from Fick’s diffusion equation
∂q
∂
∂q
 =  Kv  .
∂t
∂z
∂z

(5)

In the case of the inhomogeneous diffusivity 0 <
Kv(z) ≠ const, equation (4) and its stochastic equiva
lent (3) describe a process whose features differ from
classical diffusion. As an example, a numerical exper
iment was described in [31] concerning the random
walk of particles that were homogeneously distributed
at the zero time in a layer of inhomogeneous diffusivity
and reflecting boundaries. When describing the ran
dom walk with equation (3), the initially homoge
neous particle distribution has been violated in the

844

ZHURBAS et al.

short run, and particles accumulated at sites of the
minimum diffusivity. Hence, the use of a “naive”
model of random walking (3) in the case of inhomoge
neous diffusivity results in the transformation of the
initially homogeneous distribution of the particles into
a inhomogeneous one, which is inconsistent with the
traditional concept of diffusion.
The use of equation (3) under the conditions of the
deep basins of the Baltic Sea is fraught with the risk of
the unrealistic washout of suspended particles from
the BBL, where Kv has a maximum, and of their accu
mulation in the upper layers. To avoid this outcome,
advantage has been taken of the random walk equa
tion adapted to the case of inhomogeneous diffusivity
[16, 31]:
∂Kv
z i' = 
∂z

⎧
τ + ⎨ 2Kv z i + 0.5 ∂Kv

∂z
⎩
z = zi

⎫1/2
τ τ ⎬ A. (6)
⎭
z = zi

Equation (6) is equivalent to diffusion equation (5).
In principle, the analog of equation (6) can be applied
instead of (2) to the horizontal random displacements
x i' and y i' . However, this is not urgent because there is
no physical justification for the occurrence of quasi
stationary domains with the Kh level substantially
exceeding the background one (the BBL too, where
the Kv level is always much higher than in the upper
layer). In addition, the horizontal dispersion of parti
cles in the sea is determined by the combined effect of
diffusion (both horizontal and vertical) and the mean
current shear [5] rather than by the Kh variate proper. As
for the order of the Kh value, the POM calculations have
given 10–1–100 m2/s for the BBL and 100–101 m2/s for
the upper layers of the Baltic Sea.
Thus, the equation system (1), (2), and (6) was
used for describing the transport of suspended parti
cles in the deep layers of the Baltic Sea. As for the
boundary conditions, it was accepted that the sea sur
face reflects the particles while they are absorbed at the
shore line. The sea bottom condition is usually speci
fied so that it enables one to allow for the resuspension
of sediment particles at high nearbottom friction
stress τ and for sedimentation at low τ (see, for
instance, [19]). Three modes of the exchange between
the suspension and bottom sediments are usually dis
tinguished:
(1) The sedimentation mode. If the BBL turbu
lence is weak (τ < τS, where τS is the threshold of the
sedimentation), then particles sinking to the bottom
remain there and the production of new particles
(resuspension) is lacking. As a result, the number of
suspended particles diminishes with time.
(2) The equilibrium mode. If τS < τ < τR, where τR is
the resuspension threshold, the particles sinking to the
bottom are reflected and remain in suspension but

there is no production of new particles or resuspen
sion. As a result, the number of suspended particles
remain unchanged.
(3) The resuspension mode. If τR > τS, the particles
sink to the bottom and are reflected, but new particles
are produced too, passing from the sediments into the
suspended state. This results in the growth of the num
ber of particles.
The main goal of the present work is the examina
tion of the pathways of the transport of the suspended
particles rather than their redistribution along the
path. Therefore, a simple condition of reflection
maintaining the total number of particles in the water
thickness has been used for the bottom boundary.
2.3. The Verification of the Model. So far as our
study is dedicated to the processes of the suspended
particles transport within the BBL, the analytical
treatment of the simulation results has to be preceded
by convincing evidence that (a) the circulation model
is really able to resolve the layer of higher Kv near the
Baltic Sea bottom and (b) the random walk model is
free of the unrealistic washout of particles from the
BBL and of their accumulation in the upper layer of
low vertical diffusivity.
Figure 2 shows the vertical profiles of Kv at the
Slupsk Sill and in the Bornholm Basin computed from
the circulation model at a northerly wind. Both cases
characterize extreme conditions in the southern Baltic
Sea at the maximum and minimum turbulence levels
in the BBL, respectively. Both profiles exhibit the bot
tom layer of increased estimates of Kv about 2–4 m
thick with the Kv values for the Slupsk Sill being one and
a half order of magnitude higher than those in the Born
holm Basin BBL (0.01 m2/s against 0.00025 m2/s). This
allows us to infer that the circulation model resolves
the turbulent BBL. Although it is impossible to
directly compare the model and the real BBL due to
the lack of adequate observational information, the
obtained model estimates of the BBL thickness and of
coefficientKv within the BBL are quite consistent with
the present day physical concepts. As for the main
water thickness outside the bottom and surface turbu
lent layer, the model gives Kv < 1 × 10–7 m2/s, which is
lower than the molecular thermalconductivity coeffi
cient. This is caused by the fact that the POM does not
resolve the shortperiod internal waves, which are the
main source of intermittent turbulence in the pycno
cline, while the turbulence model built into the POM
involves no parameterization of the effect of internal
waves breaking. In order to correct this deficiency, the
use has been made of the empirical formula proposed
in [29] for the Baltic halocline for computing Kv in the
random walk model outside the nearbottom and
nearsurface turbulent boundary layers:
α
Kv = min ⎛ , K 0⎞ ,
⎝N ⎠
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Fig. 2. The depth profiles of the vertical turbulent diffusion coefficient Kv at the Slupsk Sill (1) and in the Bornholm Basin (2)
obtained from the model calculations under the northerly winds (thin lines). The thick lines designate the same profiles of Kv cor
rected with the help of parameterization (7) [29].

0

Concentration of particles, 1/m
200 400 600 800 10001200140016001800200022002400

48
τ = 10 s

50

τ=1s
52

τ = 0.1 s

Z, m

54
56
58
60
62
64
66
–8 –7 –6 –5 –4 –3 –2
log(Kv), m2/s
Fig. 3. The depth profiles of the particle concentration at the instant t = 10 days obtained from the walking model (6) in the course
of testing experiments with the vertically homogenous initial distribution of the particles at different values of the time increment
τ. The righthand part of the picture shows the bottom sector of the depth profile of Kv at the Slupsk Sill used in the testing exper
iments.
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Fig. 4. The timedependence of the mean particle concentration in the BBL found from testing experiments at different time
increments τ. The upper curve was obtained for the depth profiles of Kv at the Bornholm Basin (marked with the letters BB); the
rest of the curves were found for the depth profiles of Kv at the Slupsk Sill. The lowest curve was computed from the walk model
(3), while model (6) was used to calculate the other ones.

where α = 0.87 × 10–7 m2/s2 and K0 = 0.5 × 10–5 m2/s,
where N is the Brunt–Väisälä frequency [22].
To ascertain that the random walk model (6) is able
to adequately describe the particle transport in the
Baltic BBL, numerical testing experiments were ful
filled using a vertically homogeneous initial particle
distribution in the layer with the reflecting boundaries
and “real” Kv profiles taken from Fig. 2. The diffusion
equation (5) has a trivial solution q(z, t) = q0= const
under such initial and boundary conditions, and the
results of testing the numerical model experiments has
to be consistent with this solution.
Every testing experiment involved 20000 simulated
particles evenly distributed in a layer 20 m thick (the
starting concentration was 1000 per meter), where the
Kv(z) profile was identical to the diffusivity profiles in
the Baltic BBL (Fig. 2). The perfect reflection condi
tion was set at the layer boundaries. To calculate the
particle profile, the whole layer was subdivided into
40 equal intervals, and the number of particles was
found for each of them.
Figure 3 demonstrates the vertical profiles of the
particles’ concentration obtained from the testing exper
iments with the random walk model (6) at t = 10 days;
τ = 10, 1, and 0.1 s (i.e., after 8640, 86400, and
864000 random steps, respectively); and the diffusivity
profile typical of BBL at the Slupsk Sill. Considerable
particle migration from the strongly turbulent BBL

into the upper layer occurs at τ = 10 s, so the particle
concentration in the BBL decreases from 1000 to
260 particles/m (i.e., by 74%). At τ = 1 s, the artificial
particle migration from the BBL falls to 23%, and it
becomes virtually insignificant (less than 4%) at
τ = 0.1 s.
The time dependences of the mean particle con
centration in the BBL obtained from the testing exper
iments at various time increments τ, different Kv pro
files, and random walk models ((3) or (6)) are given in
Fig. 4. Judging by the behavior of the solution in Fig. 4, it
may be assumed that the nonzero asymptotic value of
the particles concentration in the BBL, as dependent
∞. As it follows from the
on τ, will be reached at t
displayed dependences, the application of the random
walk model (3) is absolutely inconsistent under the
Baltic Sea BBL conditions: 95% of the particles artifi
cially leave the BBL limits during the first two hours at
τ = 1 s and the Kv profile typical of the Slupsk Sill. The
effect of the artificial particle migration from the BBL
becomes virtually negligible even at τ = 1s if one takes
the vertical Kv profile typical of the Bornholm Basin,
where the maximum value of Kv in the BBL is one and
a half orders of magnitude lower than at the Slupsk
Sill, and applies the random walk model (6).
Note that the particle concentration in Fig. 3 (the
mean particle concentration in the BBL in Fig. 4) was
estimated as the ratio of the number of particles occur
ring within the specified depth interval Δz = 0.45 m
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Fig. 5. The depth profiles of the particle concentration q(z) normalized to the initial value of the concentration q0 at the instant
t = 10 days with the profiles being found from the random walk model (6) in testing experiments with the vertically homogenous
initial distribution of the particles at the time increment τ = 1 s and at different values of q0 = 1000 particles/m (thin line, 16 real
izations) and 16 000 particles/m (thick lines). The calculations were performed for the depth profile of the diffusivity Kv at the
Slupsk Sill (see Fig. 2). The concentration was assessed by means of counting the particles in the layers of thickness Δz = 0.45 m
(a) and 0.9 m (b).

(within the BBL) at this point in time to the thickness
of the interval Δz (the BBL thickness). Since the parti
cle quantity within the interval of Δz in the BBL fluc
tuates thanks to the random walk process, the esti
mates of the concentration (the mean concentration
in the BBL) are subjected to fluctuations too. Let us
show that the fluctuations in Figs. 3 and 4 relate to the
statistical errors of the concentration estimates but are
unrelated to numerical unsteadiness which, in princi
ple, may be expected in the process of the numerical
solution of equation (6). To do this, we undertake
additional numerical calculations whose idea is in the
following. If the concentration fluctuations in the ver
tical profile (Fig. 3) are related to the statistical errors
of the assessment of the average value of a random
quantity (i.e., the concentration of particles), then the
rootmeansquare fluctuation amplitude has to
diminish in proportion to N–1/2 with the growth of the
number of degrees of freedom N (in our case, N is the
particle quantity used for estimating the concentra
tion). At that rate, the amplitude of the concentration
fluctuations can be reduced to a level as small as one
likes by means of increasing the number of particles
per unit of length or/and by increasing the length
interval by which the concentration is estimated.
Based on the foregoing considerations, we per
formed 16 independent testing experiments similar to
that shown in Fig. 3 at τ = 1 and different realizations
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of the random quantity А in equation (6). Averaging
the results of 16 experiments allowed us to obtain the
estimates of the concentration featuring the number of
degrees of freedom N 16 times greater than similar
estimates from the “initial” testing experiment. The
additional twofold increase in the depth interval Δz
(from 0.45 to 0.9 m) resulted in an extra twofold
increase in N, which must reduce the rootmean
square fluctuation of the concentration amplitude by a
factor of 4 and 4 2 , respectively.
The outcomes of the additional testing experiments
are shown in Fig. 5. As indicated in the latter, the aver
aging of the 16 independent concentration estimates
and the twofold increase in Δz resulted in about a five
fold decrease in the fluctuation amplitude. So, it is
reasonable to believe that the concentration fluctua
tions in Figs. 3–5 are statistical in nature.
The testing experiments (Figs. 3 and 4) demon
strate that, under the Baltic Sea conditions, the ade
quate description of the vertical turbulent transport of
particles in the nearbottom layer with inhomoge
neous diffusivity can be achieved through the applica
tion of the random walk model (6) at a time increment
of τ ≤ 1 s.
2.4. Performing Numerical Experiments. The fol
lowing idealized numerical experiments were sched
uled using the models of the circulation and particle
transport. In order to find the current velocity field
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Fig. 6. The pathways of particles with the settling velocity wS = 2 m/day released in the bottom layer of the Bornholm strait at
northerly and southerly winds. Here and in what follows, the grey crosses mark the site of the particle release and ΔT designates
the period of the particle walking.

and the effective diffusion coefficients typical of the
wind of a specified direction, the prognostic calcula
tion for a three day period has to be fulfilled based on
the circulation model at a steady and homogeneous
wind of such direction (in our case, we set the sea sur
face friction stress at 0.2 N/m2, which corresponds a
10 m/s wind velocity). It is expected that three days
suffice for achieving the steady state of the current
velocity fields under the specified wind direction,
since a one day period is estimated as the typical time
of the restructuring of the Baltic Sea circulation after
changes in the wind conditions [18]. The fields of the
current velocity and diffusion coefficients after shap
ing for three days are used in a “frozen” state in the
random walk model defined by equations (1), (2), and
(6) to calculate the pathways of 100 particles released
from a single point in the BBL and having a specified
settling velocity. The random walk of a particle was
calculated at the time increment τ = 0.01 s. The set
tling velocity varied over the range of wS ≤ 0.4 m/day

corresponding to the finegrain component of the silt
sediments [19]. The choice of such a settling velocity
range was determined by the fact that this range is the
most convenient for revealing certain physical effects
related to the specific features of the propagation of
the suspended matter in the BBL in the southern Bal
tic Sea (see Section 3). The particles were released
1 cm apart from the sea floor at one of three points in
the BBL, namely, in the Bornholm strait, the Born
holm Basin, and the Slupsk Trench (Fig. 1). It should
be mentioned that one of the release points coincides
with site of the chemical weapons burial [14]. The
experiments must be performed with winds of
16 directions (W, SWW, SW, SSW, S, SSE, SE, SEE,
E, NEE, NE, NNE, N, NNW, NW, and NWW).
The predicted pathways of the particles will differ
from those produced by “real” alternating wind, since
the fields of the velocity and diffusion coefficients are
specified as changeless (“frozen”) ones during the
whole period of the particle walking ranging from 90 to
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Fig. 7. Pathways of particles characterized by different settling velocities wS and released in the bottom layer of the Bornholm
Basin under a northerly wind.

180 days. But it is exactly the particle pathways com
puted from the “frozen” fields of the velocity and dif
fusion coefficients that are consistent with the goal of
the present work aimed at the examination of the
dependence of the pathways of the particle transport in
the BBL upon the wind direction.
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3. RESULTS OF THE NUMERICAL
EXPERIMENTS
3.1. The release of particles in the bottom layer of
the Bornholm Strait. The propagation pathway of the
suspended particles released in the BBL of the Born
holm strait under northerly and easterly winds imme
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Fig. 8. Pathways of particles characterized by the settling velocity wS = 2 m/day and released in the bottom layer of the Bornholm
Basin under the southeasterly, easterly, northerly, and northnorthwesterly winds.

diately forks: some particles move westwards along the
Swedish coast and enter the Arkona Basin, while the
others travel eastwards and enter the Bornholm Basin
(Fig. 6). The forking of the particle transport pathways
occurs thanks to the oppositely directed currents in the
deep layer of the strait. The westward transport takes
place at the northern slope of the strait close to the
Swedish coast, while the eastward one occurs at the
southern slope of the strait near Bornholm Island.
After entering the Bornholm Basin, the particle
pathway forks again. A portion of the particles passes
around the north of the Bornholm Basin clockwise,
while the second portion moves counterclockwise
around the southern periphery of the Basin. After
completing the semicircle, the particles of the north
ern pathway are intaken into the Slupsk Trench and
move further eastwards in the trench. The particles
from the southern pathway don’t enter the Slupsk
Trench but continue to follow the cyclonic gyre in the
Bornholm Basin. The occurrence of the northern and
southern roundabout ways of the suspended particles
in the Bornholm Basin is consistent with the pattern of
the nearbottom circulation by Emelyanov [1] with
the only difference being that, according to the latter,
both branches of the bottom current enter the Slupsk
Trench.
Interestingly enough, when the northerly winds
change for the easterly ones, the southern pathway of

the particle transport becomes more preferable, and
larger quantity of particles that entered the Bornholm
Basin through the same strait from the west are turned
southwards (Fig. 6). Intuitively, it appears explicable
by the Eckman dynamics. The easterly wind causes the
Eckman northward water transport in the surface
layer. Because of the side boundaries of the basin, such
transport has to be somehow compensated for by a
southward water transport in the deeper layers. Similar
physical reasoning can be applied to the fact that,
under northerly (easterly) winds and after passing the
Slupsk Trench from the west to east, the suspended
particles turn northwards (southwards) to the Gotland
Basin (to the Gulf of Gdansk).
Figure 7 illustrates the dependence of the particle
pathways on the settling velocity wS. The increase in wS
makes the northern goround of the Bornholm Basin
more preferable than the southern one. This trend may
be related to the Eckman dynamics too. Namely, the
greater wS is, the closer to the bottom the particles
travel and, consequently, the stronger they deviate to
the left from the main current due to the nearbottom
Eckman friction. The shortening of the particle path
ways with wS is also easy to explain: the higher the set
tling velocity, the closer to the bottom they are and,
therefore, the slower the particles move (Fig. 7).
3.2. Release of particles in the Bornholm Basin bot
tom layer. Under northerly and easterly winds, the par
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Fig. 9. Pathways of particles characterized by different settling velocities wS and released in the bottom layer of the Bornholm Basin
under the southerly (on the left) and westerly (on the right) winds. The scale in upper panel is increased in the proportion 20 : 3.

ticles initially move westwards to Bornholm Island
and, after that, they are entrained into either the
northern or the southern goround the Bornholm
Basin (Fig. 8). Subsequently, the particles’ trajectories
behave as in the case of particles released in the Born
holm Strait (Fig. 6).
Under the southeasterly wind (Fig. 8), the particles
travel within the sector of directions from the SSW to
NWW, and the pathways span Bornholm Island as
semirings in the north, east, and south. Finally, under
the SSW wind, the particles are immediately entrained
into either the northern or the southern goround of
the Bornholm Basin. Under these conditions, all of
the particles involved in the northern go round are
subsequently drawn into the Slupsk Trench, while one
fraction of the particles of the southern goround is
also drawn into the Slupsk Trench and the other one
contributes to the circle around the Basin. Notice that
the SSW is the only wind direction under which a sub
stantial fraction of the southern goround branch
OCEANOLOGY
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leaves the Bornholm Basin and enters the Slupsk
Trench.
The numerical experiments demonstrated that the
particles released in the BBL of the central Bornholm
Basin actively leave the Basin under the SE, SEE, E,
NEE, NE, NNE, N, and NNW winds when the set
tling velocity wS = 2 m/day. Under the winds of the
other eight directions (i.e., NW, NWW, W, SWW, SW,
SSW, S, and SSE), the particles continue to be trapped
within the Basin limits. For instance, under the south
erly and westerly winds, the particles with a settling
velocity of wS = 2 m/day initially move to the NE by a
distance of 20 km, but next they are entrained into the
cyclonic gyre and remain within a ring 40 km in diam
eter (Fig. 9, upper plates).
If wS decreases by 1.3 m/day and 1.6 m/day under
southerly and westerly winds, respectively, the trap
ping of the particles ends and they begin to leave the
Bornholm Basin. At that, the lower wS is, the faster this
occurs with the greater fraction of particles (see the
medium and lower plates in Fig. 8).
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Fig. 10. Pathways of particles characterized by the settling velocity wS = 2 m/day and released in the bottom layer of the Slupsk
Trench under winds of different directions.

The trapping effect can be a dominant factor of the
contaminant spreading from the sites of the chemical
weapon burial because the westerlies and southerlies
are the climatically prevailing winds in the Bornholm
Basin.

NW winds characterized by an ambiguous pattern of
the particle transport direction. As an example, Fig. 10
demonstrates the pathways of the particles released
into the BBL of the Slupsk Trench under northerly,
easterly, southerly, and westerly winds.
Interestingly enough, the forking of the trajectories
into the south and north branches occurs in the cases
of the suspended particles entering the Bornholm
Basin both from the east through the Slupsk Trench
(Fig. 10) and from the west through the Bornholm
Strait (Fig. 6). In contrast, similar forking does not
occur when the suspended particles enter the eastern
Gotland/Gdansk Basin from the Slupsk Trench.
Depending upon the wind direction, the particles
mainly either turn to the north towards the Gotland
Basin (under a northerly wind) or to the south towards
the Gulf of Gdansk (under an easterly wind). So, it is
reasonable to suppose that the direction of the wind
controls the direction of the transport of the sus
pended particles leaving the Slupsk Trench in the east.

3.3. The Release of Particles in the NearBottom
Layer of the Slupsk Trench. The numerical experi
ments revealed that the suspended particles released in
the BBL of the Slupsk Trench are eastwards trans
ported according to the wind either eastwards into the
eastern Gotland/Gdansk Basin (NNW, N, NNE, NE,
NEE, and E winds) or westwards into the Bornholm
Basin (SE, SSE, S, SSW, SW, SWW, W, and NWW
winds); an intermediate pattern occurs at the SEE and

4. CONCLUSIONS
1. The numerical experiments provided evidence
that the pathways of the suspended particles that enter
the Bornholm Basin from the Bornholm Strait in the
west fork into the north and south branches. The par
ticles involved in the northern goround of the Born
holm Basin are sucked into the Slupsk Trench, while
the most of those in the southern pathway avoid the

It is simple to understand the physics of the effect
of the suspended particle trapping revealed in the
Bornholm Basin. Under the easterly and southerly
winds, the cyclonic circulation reaches a steady state
in the deep layer of the Bornholm Basin, which is
characterized by the convergence of the Eckman
transport in the BBL (because the bottom Eckman
transport is directed to the left of the main current in
the upper layer). In turn, thanks to the continuity, the
convergence of the currents in the BBL generates the
water upwelling. If one releases the particles in the
BBL, their horizontal dispersion is obstructed by the
convergence, and the particles remain trapped under
the condition that their settling velocity wS exceeds the
upwelling velocity.
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latter and continue to cyclonically circle within the
Bornholm Basin. In total, the outcomes of the numer
ical computations of the pathways of the suspended
particle transport are consistent with the geological
pattern of the bottom currents by Emelyanov [1] with
the exception of his inference that the north and south
branches of the bottom currents in the Bornholm
Basin enter the Slupsk Trench.
2. The northern goround of the Bornholm Basin
becomes more preferable with the greater settling
velocity of the particles, which is attributable to the
bottom Ekman transport.
3. The particles whose settling velocity is wS =
2 m/day remain trapped and do not leave the basin’s
boundaries if released in the bottom layer of the Born
holm Basin under westerly and southerly winds.
According to the additional calculations, the phenom
enon of trapping of the suspended particles can be
explained by the combined effects of the gravitational
particle settling and the convergence of the Ekman
transport in the BBL, which induces the water
upwelling in the middle of a cyclonic gyre. The particle
trapping effect vanishes with the decrease in wS,
because the vertical velocity in the BBL exceeds the
particle settling velocity under the upwelling condi
tions.
4. The wind direction is a factor that shapes the
transport pathway of the suspended particles as they
enter the eastern Baltic Sea from the Slupsk Trench:
the particles go round to the north towards the Got
land Basin under the northerly wind but they turn to
the south towards the Gulf of Gdansk under the east
erly wind. Unlike the case of the suspended particles
arrival into the Bornholm Basin, there is no bifurca
tion (forking) of the pathway of the particle transport
into the north and south branches when the suspended
particles enter the Eastern Gotland Basin from the
Slupsk Trench.
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