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Abstract

We studied the water age and transport of passive tracers in the Archipelago Sea, Baltic Sea, using the COHERENS 3D
hydrodynamic model and the OpenDrift Lagrangian particle model. The mean water age, which was calculated with
COHERENS over a period of 6 years, varied between 1 and 3 months in the outer archipelago and between 3 and 6 months
in the middle archipelago. The water age was highest in the inner archipelago, up to 7 months. As the density stratification is weak
in large parts of this area, except for the seasonal thermocline, significant differences in the water age between the surface and
bottom layers were seen only in the river mouths and in the deep channels of the middle archipelago. The Lagrangian particle
simulations showed that the middle archipelago is more open towards the north than south. From the northern boundary, the
Bothnian Sea, the largest transport to the middle archipelago occurred with NW winds. Due to the geometry and density of the
islands in the area, the prevailing wind direction, SW, alone is not optimal for transporting tracer particles to the middle
archipelago. From the southern boundary, the Baltic Proper, transport to the middle archipelago occurred mainly with SE winds
and during events when the wind direction shifted from SW to SE or vice versa. The transport further into the inner archipelago
was limited to only a few cases, indicating that the inner archipelago is fairly sheltered from transport from the outer archipelago.

Keywords Baltic Sea - Coastal archipelago - High-resolution 3D modelling - Lagrangian tracers - Water age

1 Introduction is complicated. Shallow and narrow channels and clusters of
islands restrict the connections between the various sub-ba-

The present and future environmental state of marine areas is a sins. For the EU Water Framework Directive (WFD), the arca

topical issue. In particular, the coastal shallow seas, such as
the Baltic Sea, are subject to enhanced anthropogenic pres-
sures, and sheltered archipelago areas, with strongly limited
water exchange with the open ocean, are extremely vulnerable
to loads of nutrients or toxic substances.

Our research area, the Archipelago Sea (Fig. 1) in the Baltic
Sea, has thousands of small islands and islets. The mean depth
of'the area is only 19 m, but the channels that cross the area are
partly deeper than 50 m. The geometry of the Archipelago Sea

Responsible Editor: Eric Deleersnijder

< Elina Miettunen
elina.miettunen @ymparisto.fi

Marine Research Centre, Finnish Environment Institute,
Helsinki, Finland

Marine Research, Finnish Meteorological Institute, Helsinki, Finland

Marine Research Institute, Klaipeda University, Klaipeda, Lithuania

has been divided into sub-basins that represent the outer ar-
chipelago, the middle archipelago and the inner archipelago
(Fig. 1). The inner archipelago is the most sheltered domain
with limited connections to the middle archipelago and further
to the outer archipelago. Additionally, the inner archipelago is
the area that first receives the riverine input from the rivers that
flow into the Archipelago Sea.

The meteorological conditions in this area are variable. The
most common wind direction in this area is southwest, with a
significant contribution from northwest winds. The highest
winds are typically from the southwest. This, together with
the geometry of the archipelago and surplus of fresh water
from the Gulf of Bothnia, favours north-south transport
through the Archipelago Sea as shown by, for example,
Tuomi et al. (2018). The surface salinity in this area varies
from 4 g/kg in the inner archipelago to 6 g/kg in the outer
archipelago. In shallow areas, there is no salinity stratification,
or it is weak, as the bottom salinity is on average only 0.1—
0.2 g/kg higher than the surface salinity. However, in some of
the deeper channels, the bottom salinity can be higher than

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10236-020-01407-y&domain=pdf
http://orcid.org/0000-0003-4945-6490
mailto:elina.miettunen@ymparisto.fi

1422

Ocean Dynamics (2020) 70:1421-1437

20.00 20.50 21.00 21.50

22.00 - .
T_7 Model domain

[ Inner archipelago

60.75

60.50

60.25

60.00

[ Middle archipelago
[ Outer archipelago

o Channels

X Lovskar ADCP
Jo Utd AWS
® Current rose locations
e Initial tracer locations
(point sources)
=== Initial tracer locations (line)

60.25

60.00

59.75

59.75

20.00 20.50 21.00

Fig. 1 The geographic division of the Archipelago Sea into the inner,
middle and outer archipelago, indicated by orange, green and blue
colours, respectively. Here, when talking about the middle and inner
archipelagos, we refer to the green and orange areas outlined with black
border lines. The yellow star indicates the location of the Utd automatic
weather station (AWS), and the red cross indicates the location of the
Lovskér crossing. The red arrows show the approximate locations of the
western and southern channels leading to Lovskér. The red dots and the

that. For example, in a monitoring station near Utd Island in
the southern part of the Archipelago Sea, the measured bottom
layer salinities have ranged from 6.4 to 8.5 g/kg (Suominen
et al. 2010). The seasonal thermocline starts to develop in
spring, reaching depths between 10 and 20 m. In the shallow
areas, the whole water layer warms during the summer, and
stratification ceases to exist. In autumn, the thermocline is
eroded by cooling and wind-induced mixing. The current
speeds in the outer archipelago are higher than those in the
middle or inner archipelago (Tuomi et al. 2018). However, in
certain conditions, stronger currents can occur also in the
channels of the middle archipelago. For example, Kanarik
et al. (2018) showed that high current speeds, up to
0.4 ms ', are possible in the middle archipelago. Their study
concentrated on current measurements at the Lovskar crossing
(location shown in Fig. 1). They also found that such high
current speeds in this area are rare and limited to certain high
wind events from specific directions, namely SE and NW.
As the Archipelago Sea is a heavily eutrophied area and
many of the sub-basins in the middle and inner archipelago are
in poor environmental health, a need has arisen to find tools
for estimating the effects of different nutrient reduction
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dashed red line indicate the tracer source locations in the Lagrangian
particle simulations presented in Sections 4 and 5. The black dots
indicate the locations of the current roses presented in Section 4. The
dashed line indicates the boundary of the high-resolution model domain.
(The source for the shapefile of water bodies: Finnish Environment
Institute and Centers for Economic Development, Transport and the
Environment)

scenarios on the state of the coastal sea. For this purpose,
Lignell et al. (2018) developed the Finnish coastal nutrient
load model (FICOS). FICOS simulates nitrogen and phospho-
rus dynamics based on the growth and decay of algae as well
as input nutrients from external sources. The model domain is
divided into sub-basins of varying shapes and sizes, and the
current model version has two layers in the vertical direction.
The temperature and current fields used as input data have
been pre-calculated with 3D hydrodynamic models.

The first results from FICOS have indicated that the inner
archipelago areas, which are closest to the mainland, are sig-
nificantly affected by the nutrient loads entering from the
number of rivers in the area. The outer archipelago, on the
other hand, is sensitive to the nutrient loading coming into
the area from the Baltic Proper, located to the south of the
Archipelago Sea, and from the Gulf of Bothnia, located to
the north of the area. However, these first results left many
open questions on the connectivity of the different areas of the
Archipelago Sea, especially because of the relatively coarse
resolution of the model simulation. To deepen the analysis, it
is important to study the water exchange between the inner,
middle and outer archipelago areas and the adjacent basins,
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Baltic Proper and the Bothnian Sea, in detail, using high spa-
tial resolution.

One way to estimate the water exchange processes in an
area is to model the water age. The concept of water age was
first introduced by Bolin and Rodhe (1973). Later, Delhez
et al. (1999) and Deleersnijder et al. (2001) presented a gen-
eral theory of seawater age and described its use in marine
modelling. The age of a water parcel is defined as the time
that has elapsed since the water parcel left the area where its
age is defined to be zero (Delhez et al. 1999). The general
theory of seawater age (Deleersnijder et al. 2001) regards sea-
water as a mixture of several constituents: pure water, dis-
solved salts, pollutants, etc. However, because the major con-
stituent of seawater is pure water, which is not produced or
destroyed, the seawater age can be approximated with the age
concentration of pure water. For example, Andrejev et al.
(2004), Meier (2005) and Myrberg and Andrejev (2006) have
used this approximation to estimate the water renewal in the
Baltic Sea and its sub-basins. In addition to these studies,
Meier (2007) studied the large-scale circulation in the Baltic
Sea by marking various water masses with passive tracers and
modelling the associated water ages.

When using this concept, the water age is always compared
with the source of the zero-aged water, whether it is an open
boundary, river discharge or point source. Meier (2005), for
example, estimated that the maximum water age in the Gulf of
Finland was 8.3 years when compared with the water age at
the open boundary at Kattegat. Andrejev et al. (2004) estimat-
ed that the water age in the Gulf of Finland varied from less
than 1 month in the western part to up to 2 years in the central
eastern part when compared with the open boundary at the
entrance of the Gulf of Finland. Myrberg and Andrejev
(2006) estimated that the water age in the Bothnian Sea was
5-6.5 years when compared with the Northern Baltic Proper.
Of these previous studies of water age in the Baltic Sea, Meier
(2005) and Myrberg and Andrejev (20006) also included the
Archipelago Sea. However, the horizontal resolution of these
models was too coarse to solve the fine-scale characteristics of
the area. Engqvist et al. (2006) were the first to estimate the
water age in a coastal area of the Baltic Sea with a sufficiently
high resolution, 0.1 nautical miles. They studied the water
exchange in Oregrundsgrepen Bay, a small embayment on
the Swedish coast, and found that with zero-aged water com-
ing from two rivers and from the open boundary, the average
water age in the area was less than approximately 3 weeks.

Although the mean water age provides important knowl-
edge of the water retention time in different areas, it cannot be
used to directly describe connectivity between sub-basins.
Connectivity can be studied, for example, by extending the
theory of water age to account for partial water ages that keep
track of the subregions the water parcels have visited
(Mouchet et al. 2016) or by using Lagrangian particle tracking
models (e.g. Braunschweig et al. 2003). In this study, we use

the latter method. The Lagrangian particle models introduce a
set of passive particles of which trajectories are calculated
based on pre-calculated velocity fields. Such simulations can
then be used to study sea water pathways in general and to
track the transport of various substances and objects. For a
more comprehensive description of Lagrangian ocean analy-
sis, see Van Sebille et al. (2018).

In the Baltic Sea, Lagrangian particle simulations have
been used in various water age and transport studies, e.g. by
Do6s et al. (2004), Jonsson et al. (2004), Engqvist et al.
(2006), Andrejev et al. (2011) and Viikmie and Soomere
(2018). Only one of these previous studies, namely,
Engqvist et al. (2006), focused on a coastal area. In addition
to the water age simulations described above, they used
Lagrangian particle simulations and found that the time that
individual particles stayed in the area varied from approxi-
mately 10 days to over 100 days depending on the current
speeds.

In our study, we utilised a relatively new Lagrangian par-
ticle tracking framework, OpenDrift (Dagestad et al. 2018),
which is open source software. In addition to a passive tracer
module, OpenDirift includes several specific modules such as
oil drift and pelagic egg modules. OpenDrift has been used in
several studies to simulate, for example, the pathways of sur-
face drifters (Dagestad and Rohrs 2019; Stanev et al. 2019),
oil spills (Jones et al. 2016), marine litter (Gutow et al. 2018)
and planktonic eggs and larvae (Kvile et al. 2018).

The main aim of this study is to evaluate the hydrodynamic
interactions between the outer, middle and inner archipelagos
in the Archipelago Sea. This paper is structured as follows.
The modelling tools and the data they use are introduced in
Section 2. Section 3 then describes the water age simulation
setup and presents the results of the simulated water age.
Sections 4 and 5 describe the Lagrangian tracer simulation
setups and discuss the transports in the archipelago under
different wind conditions. Finally, the paper ends with a sum-
mary and conclusions.

2 Modelling
2.1 Hydrodynamic modelling

In this study, we used the three-dimensional hydrodynamic
model COHERENS version 2.9 (Luyten 2013) to simulate
the hydrography, currents and water age in the Archipelago
Sea. We used a one-way nested approach: a coarse resolution
Baltic Sea setup provides pre-calculated boundary conditions
for a fine-grid Archipelago Sea setup (Fig. 2). The entire
Baltic Sea setup has a horizontal resolution of 2 nautical miles
with 80 vertical layers, while the nested Archipelago Sea setup
has a horizontal resolution of 0.25 nautical miles with 40
vertical layers. The vertical coordinate system in
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COHERENS was modified by 7y-stretching introduced by
Siddorn and Furner (2013). The o-coordinates, which are used
in COHERENS by default, were used in grid points with
depths less than 80 m in the Baltic Sea setup and 40 m in
the Archipelago Sea setup. y-Stretching was then applied to
the vertical coordinates in the deeper grid points to set the
surface and bottom layer thicknesses to 1 m at maximum.

The bathymetry of the Baltic Sea setup is based on the [OW
(the Leibniz Institute for Baltic Sea Research, Warnemiinde)
ocean bottom topography (Seifert et al. 2001). The bathyme-
try for the high-resolution Archipelago Sea setup has been
compiled from bathymetric data available in coastal nautical
charts of the Finnish Transport Agency and modified based on
the VELMU (Finnish Inventory Program for the Marine
Environment) bathymetry model (Finnish Environment
Institute).

For horizontal diffusion, a Smagorinsky scheme
(Smagorinsky 1963) was used in momentum equations. As
the horizontal resolution of the model is relatively high, no
horizontal diffusion was used for scalars. For vertical mixing,
the k-¢ parameterisation was used. A more detailed descrip-
tion of the configuration is given in Tuomi et al. (2018).

2.1.1 Initial and boundary conditions

The initial temperature and salinity fields for both setups were
compiled from measurement data from the Baltic
Environment Database (BED) using DAS software (Data
Assimilation System; Sokolov et al. 1997). The meteorologi-
cal forcing was obtained from the HIRLAM (High-Resolution
Limited Area Model) numerical weather prediction system
(HIRLAM-B 2016) of the Finnish Meteorological Institute
(FMI), which covers north-western Europe. HIRLAM had a
horizontal resolution of 0.15° until 6 March 2012 and 0.068°
after 6 March 2012. Forcing data were gathered from daily
forecast runs using the highest temporal resolution available in
the model archive, which varied between 1 and 6 h.

The Baltic Sea setup has an open boundary at northern
Kattegat. For the temperature and salinity profiles at the open
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boundary, we used model data from Copernicus Marine
Environment Monitoring Service products (http://marine.
copernicus.eu/). For the sea level height at the open
boundary, we used measurement data obtained from the
Swedish Meteorological and Hydrological Institute (SMHI).

There are 29 major Baltic rivers included in the Baltic Sea
setup. For these rivers, we used monthly mean values of dis-
charge based on Bergstrom and Carlsson (1994). There are
five rivers (Paimionjoki, Aurajoki, Hirvijoki, Mynéjoki and
Laajoki) inside the Archipelago Sea model domain. For these
rivers, we took daily values of river discharge from the
VEMALA watershed model which is an operational,
national-scale nutrient loading model for Finnish watersheds
(Huttunen et al. 2016).

2.1.2 Model validation

Tuomi et al. (2018) verified the hydrodynamic model results
from 2013 to 2015 with the measured temperature and salinity
profiles from the Archipelago Sea area. The comparison
showed that the model simulated the seasonal temperature
and salinity variations in the surface layer with good accuracy.
However, the bottom temperatures in the inner archipelago
were not adequately modelled, as the model resolution was
not high enough to describe all the details in the bottom
topography.

In this study, we utilised the current measurements from the
Lovskér crossing (location shown in Fig. 1) analysed in
Kanarik et al. (2018) to evaluate the accuracy of the modelled
currents. The measurements were carried out with a bottom-
mounted 300 kHz Workhorse Sentinel acoustic Doppler cur-
rent profiler (ADCP) between 18 June and 13 November
2013. The measurements ranged vertically from depths of 5
to 38 m at 1 m intervals and the time interval was 20 min. The
corresponding model grid point was 37-m deep.

The water column was stratified from the beginning of the
measurement period until 23 September, and a two-layer
structure was seen in the measured currents. In the surface
layer, at a depth of 5 m, the current direction was mainly
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towards southwest which is well reproduced by the model
(Fig. 3a). In the lower layer, at a depth of 30 m, the current
direction was the opposite, towards the northeast (Fig. 3b).
The modelled current direction, however, was more towards
the north than the measured current direction. This discrepan-
cy between the modelled and measured directions is most
likely due to the geometry and topography of the channels,
which cannot be fully represented in the model, as their align-
ment is not along the grid axes.

In the autumn, cooling of the surface layer and wind-
induced mixing broke down the vertical stratification between
24 September and 14 October. After that, the current direction
was more uniform throughout the water column, altering be-
tween SW and NE. The modelled current directions showed
similar variations (Fig. 3c, d).

Overall, the model slightly overestimates the current mag-
nitude at depths of 5-8 m and 28-32 m (bias between 0.001
and 0.008 ms ') and underestimates at depths of 9-26 m and
33-36 m. The largest bias, ranging between —0.01 and —
0.02ms ', was found at depths of 14-23 m and at 36 m, which
was the lowest layer in the model.

2.2 Water age

The age of a water parcel is defined as the time that has
elapsed since the water parcel left the area where its age is
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Fig. 3 Comparison between measured (blue dots and lines) and modelled
(red dots and lines) current directions (upper panels) and magnitudes
(lower panels) at the Lovskér crossing during 1-31 July 2013 at depths

defined to be zero (Delhez et al. 1999). The general theory of
seawater age (Deleersnijder et al. 2001) regards seawater as a
mixture of several constituents—pure water, dissolved salts,
pollutants, etc.—of which pure water is the major component.
The sum of the concentrations of all constituents in a water
parcel equals unity.

The mean age of each constituent is determined with two
variables: concentration and age concentration. The concen-
tration C; of the ith constituent in a water parcel is governed by
an advection-diffusion equation:

oC;
ot

= Pi_Di_V . (VC,'_K . VCZ)

where P; and D; are the source and sink terms, respectively, v
is the velocity and K is the diffusivity tensor.

The age concentration «; of the ith constituent is also
governed by an advection-diffusion equation:

6a,-
ot

= Cl’ + 7r1-—6,-—V . (VO[i_K . VOé,')

where 7; and 9, are the source and sink terms, respectively.
The mean age a; of the ith constituent in the water parcel at
time # at location X is then calculated as:

a;(t,x)

a;(t,x) = Gt x)
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However, as the sea water is mainly pure water, which is a
passive constituent that is not produced or destroyed, the mean
age of a water parcel can be approximated with the mean age
of pure water. The age concentration of pure water, ag = Coay,
is almost equal to its age: ag~ag, Co—> 1. From this follows
that the mean age of sea water can be approximated with the
equation of age concentration of pure water:

E~1*V- (vap—K - Vay), when Co—1

This approximation has been used by, e.g. Andrejev et al.
(2004), Meier (2005) and Myrberg and Andrejev (2006), to
estimate the water renewal in the Baltic Sea and its sub-basins.
We used this formulation in the COHERENS hydrodynamic
model to study the mean water ages in the Archipelago Sea.

2.3 OpenDrift

To simulate the transport of particles in the Archipelago Sea,
we utilised the passive tracer module of OpenDirift (Dagestad
et al. 2018). The 3D current fields for these simulations were
saved from the Archipelago Sea COHERENS model run with
a 1-h temporal resolution. A second-order Runge-Kutta
scheme was used for advection. No diffusion displacement
was added to the advection of particles as the current fields
have a high resolution and the flow directions are mostly re-
stricted by the topography and geometry of the islands.
Vertical turbulent mixing was not applied in the OpenDrift
simulations. The time step for the particle simulations was
dt=30 min, and the output was saved hourly. The output
included the location, depth and age of each particle, as well
as the current velocity and the seafloor depth at the particle
locations.

OpenDrift has two options for handling the interaction with
coastlines in ocean drift simulations: when the particles hit the
coastline, they can be either deactivated and removed from the
simulation or kept waiting at the coast until they can eventu-
ally move away as the current direction changes. As we sim-
ulated the transport of water masses or passive tracers, we
used the latter option. Interaction in the open boundaries was
simply such that the particles that drifted to the edge of the
model domain were counted as exiting the area and removed
from the simulation.

3 Simulations of water age
3.1 Simulation setup
Water age was simulated with the high-resolution

Archipelago Sea setup for the years 2009-2015. As the initial
condition, the water age was set to zero throughout the model
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domain. The boundary conditions were defined by setting the
age of the inflowing water to zero at each model time step at
the lateral boundaries at both the open sea boundaries and the
river mouths.

We regarded the first year, 2009, as a spin-up period and
calculated the mean water age over the years 2010-2015.
Vertically, we averaged the results for the 1-m surface and
I-m bottom layers to evaluate the difference in water age
dynamics between the surface and bottom waters.

To study the seasonal variation in the mean water age, we
also calculated seasonal means over the entire simulation pe-
riod of 6 years. The periods were chosen to represent the
thermal seasons of this area: January—March, which is typical-
ly the period when there is ice cover in the Archipelago Sea;
April-June, which is the spring season when the surface layer
starts to form; July—September, which represents the summer
season with strong vertical stratification in the deep areas; and
October—December, which represents the autumn with
cooling and mixing of the surface layer.

3.2 Mean water age

The modelled water age in the surface layer was highest in the
inner archipelago and lowest in the outer archipelago (Fig. 4a,
the division of the archipelago is shown in Fig. 1). The mean
water age in the inner archipelago was mostly less than
6 months; it was lowest at the river mouths and highest, up
to or even more than 7 months, in some narrow waterways and
isolated inlets. In the middle archipelago, the water age was
between 3 and 6 months. In the outer archipelago, the water
age was mostly less than 3 months and lowest in the open
boundary areas.

The differences in the modelled water age between the
surface and bottom layers were mostly small due to the weak
density stratification. The age difference exceeded 1 week in
only approximately 10% of the sea area in the model domain.
The largest differences were in the southern part of the model
domain in areas more than 30 m deep, in the channels leading
to the middle archipelago and near the river mouths (Fig. 4b).
Close to the river mouths, the water was 1-3 months older in
the bottom layer than in the surface layer. Contrary to the river
estuaries, the water in the deep channels in the outer and mid-
dle archipelagos was up to 1 month younger in the bottom
layer than in the surface layer. In these deep areas, the seasonal
thermocline leads to a two-layer structure in the currents, and
the current directions between the upper and lower layers can
differ, as shown in the current measurements represented in
Section 2.1.2. Intrusions of more saline and colder water from
the open sea occur in the deep layer, thus reducing the water
age in the lower layer compared with that in the surface layer.

To study the seasonal variation, we compared the seasonal
means to the mean of the 6-year period. During the winter
season (January—March; Fig. 4c), the mean water age was
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Fig. 4 a Mean water age
calculated over 2010-2015 (in
months) in the 1-m surface layer.
b Difference in the mean water
age (in weeks) between the sur-
face and bottom layers. Seasonal
variation in the surface water age
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lower than the 6-year mean almost everywhere in the
Archipelago Sea. Likewise, during the autumn season
(October—December; Fig. 4f), the mean water age was lower
than the 6-year mean almost everywhere, except for the inner
archipelago and the south-eastern corner of the model domain.
The current magnitudes are higher in autumn and winter,
resulting in increased water exchange in the area. The spring
season (April-June; Fig. 4d) showed lower water age than the
6-year mean in the inner archipelago due to the increased river
runoff. In addition, the water age was lower than the 6-year
mean in the north-eastern part of the outer archipelago and
higher everywhere else. During the summer season (July—
September; Fig. 4e), the water age was higher than the 6-
year mean everywhere, as the current speeds are generally
lower in the summer than during other seasons.

3.3 Inter-annual variability

To estimate the inter-annual variability, the annual mean water
ages were compared with the mean of the 6-year period
(2010-2015). There were two opposite modes in the system
(Fig. 5). In 2010, the mean water age in the south-eastern part
of the model domain was lower than the 6-year mean and
higher almost everywhere else. In 2015, the situation was

225

215 22.0

20.5

the opposite: the yearly mean water age was higher than the
6-year mean in the south-eastern part and lower elsewhere.
The other years, 2011-2014, fell in between these extremes,
but the years 2011 and 2014 were similar to 2010, and the
years 2012 and 2013 were similar to 2015. The differences
between the yearly means and the mean of the 6-year period
were mainly less than 1 month, ranging between —26 and
40 days.

To evaluate the effect of the wind conditions on the year-to-
year variation in the water age, we extracted the HIRLAM-
based forcing, wind speed and direction, at the grid point
located at the coordinates of the Utd automatic weather station
(AWS; location shown in Fig. 1). This location has been
shown to be representative of open sea wind conditions, with
the exception of northerly winds that are blowing over the
dense archipelago. Furthermore, the accuracy of the
HIRLAM wind forcing has been found to be good when val-
idated against the measured data from Ut (Tuomi et al.
2018). Considering the wind conditions evaluated over
50 years from the Utd AWS (Tuomi et al. 2018), 2015 resem-
bled the long-term mean conditions, with prevailing SW
winds. The year 2010 was quite anomalous: there was consid-
erably more variation in the wind directions with no apparent
prevailing direction and few high wind events (Fig. 5).
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Fig. 5 a Wind rose from the
HIRLAM forcing data at the a
location of the Uto AWS (left) N
and the difference between the

mean water age for 2010 and the

mean of the 6-year period (right).

b Same for 2015. The difference

in mean water ages is calculated

by subtracting the 2010-2015 w
mean from the yearly mean.

Certain inlets are masked with

m/s

W 00-5.0
grey colour because they are only = 5.0-100
: [ 10.0-15.0
paﬁly represented in the.model = 150200
grid, which leads to possible over- S
estimation of the water age
b 2015

m/s
. 0.0-5.0
B 5.0-10.0

4 Tracer particle simulations
4.1 Simulation setup

To evaluate the transport of tracer particles in the Archipelago
Sea, we performed Lagrangian drift simulations with the
OpenDrift model described in Section 2.3. We simulated the
drift of particles from three point sources located close to the
northern (“N”) and southern (“S”) edges of the Archipelago
Sea and near the south-eastern (“SE”) boundary of the model
domain (Fig. 1, Table 1). These locations were selected from
several different simulations with different point sources to
represent the transport from the Bothnian Sea (N), the Baltic
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Proper (S) and the Gulf of Finland (SE). In addition, we chose
one point source in the Aurajoki River estuary (point “R”) to
simulate the transport of tracers from the inner archipelago
towards the outer archipelago. Except for point “S”, these
are the same locations used by Tuomi et al. (2018), who eval-
uated the spreading of Eulerian tracers.

We ran the simulations for each year (2013-2015) with 3-
month periods, Jan—-Mar, Apr—Jun, Jul-Sep and Oct-—Dec, to
evaluate the seasonal variability in the drift of particles in
addition to the inter-annual differences. In each run, particles
were released to the surface layer every 12 h so that each time,
100 particles were distributed randomly within a 250-m radius
from the given coordinates. This resulted in 12 simulations per

Table 1 Coordinates of the point

sources used in the Lagrangian Run id Lon Lat Description
particle simulations. Locations
shown in Fig. 1 21.12083 60.61458 Transport from the Bothnian Sea
S 21.34189 59.80524 Transport from the Baltic Proper
SE 22.36250 59.68958 Transport from the Gulf of Finland
R 22.12917 60.41458 Transport from the Aurajoki River estuary
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point source and 18,000—18,400 particles per simulation
(Table 2).

4.2 Transport from open boundary areas

For each simulation period, we calculated the percentage of
particles that drifted through the outer archipelago and
reached the southern (for point source “N”) or northern (for
point sources “S” and “SE”) edge of the archipelago (Table 3).
In addition, we calculated the percentage of particles that
reached the middle and inner archipelago areas (outlined in
Fig. 1).

The simulations showed that the prevailing wind condi-
tions induced drift of particles mainly through the outer archi-
pelago (Figs. 6 and 7). However, in all simulation periods,
there was at least some transport to the middle archipelago.
In most cases, only a small number of particles reached the
inner archipelago. The drifting patterns during different pe-
riods will be discussed in more detail in the following
sections.

4.2.1 Transport from the northern edge

The particles released at the northern point source (“N”) are
intended to represent transport from the Bothnian Sea to the
entrance of a north-south aligned channel that leads to the
central outer archipelago. Approximately 15 km south from
point “N” (near point 1; see Fig. 1), this more open outer
archipelago area expands eastward, where there are several
narrow entrances to the middle archipelago.

Due to the geometry of the area, the current directions near
the northern point source are mainly towards the north or
south. During most of the 3-month periods, the prevailing
current direction near the northern point source was north-
ward, and 60-84% of the particles released there drifted out
of the model domain through the northern boundary. The
particles remaining in the model area mostly drifted south-
ward in the outer archipelago (Fig. 6a). The least amount of
particles, 38%, exited at the northern boundary during Apr—
Jun 2014, when the prevailing current direction in the outer
archipelago was southward. On average, it took 1-2 months
for the particles to reach the southern boundary.

The southward drift was largest during Jul-Sep 2013 and
Apr—Jun 2014, when 7 and 14% of the released particles,

Table 2 The length of

the Lagrangian particle Period Days N

simulations (days) and

the number of particles Jan—Mar 90 18,000

per simulation (N) Apr-Jun 91 18,200
Jul-Sep 92 18,400
Oct—Dec 92 18,400

respectively, reached the southern part of the model area
(first column in Table 3). During these periods, the winds were
mostly from NNW with speeds up to 18 ms ™', and the pre-
vailing current direction in the outer archipelago was south-
ward. During other periods, there was more variation in the
current directions, and only up to 3% of particles reached the
southern part of the Archipelago Sea. The southward drift was
smallest during the periods when the prevailing wind direction
was between SW and SE. Especially during Jan-Mar 2014
and Oct-Dec 2014, the prevailing current directions in the
outer archipelago were towards northerly and easterly sectors,
and none of the released particles reached the southern part of
the Archipelago Sea.

During most periods, less than 10% of the particles entered
the middle archipelago, and less than 1% reached the inner
archipelago. The drift to the middle and inner archipelagos
was largest during Oct-Dec 2015 (Fig. 6b) when winds were
from between SW and NW with speeds up to 20 ms ' and the
current directions in the central outer archipelago (point 2)
varied between NE and SE. Then, 17% of the particles entered
the middle archipelago, and 5% reached the inner archipelago.
On average, it took 1 month for the particles to reach the
middle archipelago and up to 2 months to reach the inner
archipelago.

4.2.2 Transport from the southern and south-eastern edges

The particles released at the southern point source (“S”),
which is located near the entrance to the outer archipelago,
are intended to represent the transport coming from the Baltic
Proper to the central part of the southern outer archipelago.
There was much variation in the current directions in this area,
but during most simulation periods, the prevailing current di-
rection was towards the southerly or easterly sectors. The par-
ticles from the “S” point source typically remained in the
southern or central parts of the model domain, south of
60.25°N (Fig. 7a). A significant fraction, 40—85%, of the par-
ticles exited the model area through the southern or eastern
edges, and during most periods, less than 6% entered the mid-
dle archipelago.

The northward transport was significant only during pe-
riods when the dominating wind direction was between ESE
and SW and there were strong northward currents in the south-
ern outer archipelago (Jan—Mar 2014 and Oct-Dec 2014, Fig.
7b). During those periods, approximately 11% of the particles
reached the northern edge (second column in Table 3), and the
drift to the northern boundary took slightly over 1 month.
Northward currents dominated near the southern channel lead-
ing to Lovskér, and these two periods also showed increased
transport (10 and 14% of the particles) to the middle archipel-
ago. During Jan—Mar 2015, when SW winds dominated, the
drift to the northern edge was negligible (only 1% of the par-
ticles), but 6% of the particles entered the middle archipelago.
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Table 3 Main wind directions in

the HIRLAM wind forcing at the Period Main wind Through outer archipelago To middle To inner

location of the Uts AWS during directions (Utd) archipelago archipelago

each simulated period and the

percentage of particles released Southward Northward From  From  From  From

from point sources “N” and “S” from N from S N S N S

(locations shown in Fig. 1) that

drift through the outer archipelago Jan—Mar 2013 SW & NE 1.6 0.2 5.6 2.0 0.2 0.1

(southward or northward) orenter  Apr-Jun 2013 SW 0.6 0.0 8.0 1.7 0.4 0.0

the middle and inner archipelago ) 009013 NNW & SW 7.1 11 145 08 12 00

areas. A dash indicates no parti-

cles drifted to the area in question ~ Oct-Dec 2013 W-SW 14 0.0 122 12 32 0.0
Jan-Mar 2014  SSE - 11.5 24 9.7 0.1 0.3
Apr-Jun 2014 NNW 13.9 0.0 124 0.8 0.5 0.0
Jul-Sep 2014  SW 0.5 0.5 33 43 0.3 0.0
Oct-Dec 2014  SW & SE - 11.2 2.5 13.5 0.1 0.8
Jan-Mar 2015  SW 0.1 0.8 34 5.6 0.3 0.2
Apr-Jun 2015  SW & NW 0.7 0.1 114 2.0 2.0 0.0
Jul-Sep 2015  SW 0.9 1.7 6.2 25 0.5 0.0
Oct-Dec 2015  W-SW 29 0.0 16.7 0.5 4.6 0.0

Even during these three periods, transport to the inner archi-
pelago was small, and less than 1% of the particles drifted to
this area. During other periods, only 1-4% of the particles
entered the middle archipelago, and less than 1% reached
the northern edge, taking 1-2 months to drift to this area.
These periods had a significant fraction of winds from west-
erly or northerly directions that did not enhance northward
transport.

The particles released at the south-eastern point source
(“SE”) behaved similarly to those released from point “S”.
The particles typically stayed south of 60°N, and those that
exited the model area (64—97% of all particles) mostly drifted
out at the southern and eastern edges. The southward or south-
eastward transport was largest when the wind directions were
between SW and NW. During the periods with southerly
winds, Jan—-Mar 2014 and Oct-Dec 2014, up to 4% of the
particles exited the model area at the northern edge, up to
6% reached the middle archipelago and less than 0.5%
reached the inner archipelago.

4.3 Transport from the river estuaries

The tracer particles released in the Aurajoki River estuary
(point source “R”) stayed mostly in the inner and middle ar-
chipelago areas during the 3-month simulation periods: 68—
90% of the released particles drifted to the middle archipelago
and up to 16%, but typically less than 6%, reached the outer
archipelago. On average, it took approximately 10-20 days
for the particles to reach the boundary between the inner and
the middle archipelago, situated 6.5 km southwest from the
initial location. However, as the current speeds in this area are
relatively small with varying directions, many particles circu-
lated for a relatively long time in the basin closest to the river
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mouth before drifting to the south. From the boundary be-
tween the inner and middle archipelago, it took 1-2 months
on average for the particles to drift to the outer archipelago. In
general, the 3-month simulation period was not long enough
for the particles to reach the open sea areas, and less than 1%
of the particles exited the model area.

5 Transport from the Northern Baltic Proper
towards the middle archipelago

As shown in the previous section, only a small percentage of
the particles released in the southern and northern parts of the
model area entered the middle and inner archipelagos. The
tracers from the northern point source entered the middle ar-
chipelago more often than the tracers from the southern point
source.

The transport from southern open sea areas towards the
middle archipelago is restricted by the location and geometry
of the islands and channels. There are two narrow channels,
aligned in approximately W and S directions (locations shown
in Fig. 1), that enable transport to the middle archipelago from
southern open sea areas. Kanarik et al. (2018) showed that in
the crossing of these two channels, the Lovskér crossing (the
location shown in Fig. 1), only winds from the SE and NW
sectors were able to induce surface current speeds higher than
02ms .

To study the effect of geometry and wind conditions on the
transport of tracers from the southern open sea areas to the
middle archipelago, we studied southerly wind events from
2013 to 2015 (excluding periods when there was ice cover in
the area). This selection resulted in 42 wind events, and their
duration varied between 2 and 24 days. The simulations were
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Fig. 6 Drift of particles from the
northern point source, the wind
roses from the HIRLAM forcing
data at the locations of the Isokari
and Utd AWSs and the current
roses from points 1 and 2
(locations shown in Fig. 1) during
a Apr—Jun 2013 and b Oct-Dec
2015. The grey lines show the
trajectories of the particles, and
the green and blue dots denote the
initial and final positions of the
particles, respectively

HIRLAM winds, Ut6

m/s
0.0-0.
0.1-0.
0.2-0.
0.3-0.
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S
Modelled currents, point 2
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Modelled currents, point 1
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carried out by releasing N =9381 particles distributed evenly
at 1-50 m depths along a 56-km-long line near the southern
edge of the Archipelago Sea (21° E-22° E at 59.81° N, loca-
tion shown in Fig. 1) at the beginning of each simulation.

To evaluate the difference in the drift of particles between
the upper and the lower layers, we divided the water column
into a surface layer of 0—15 m and a lower layer from 15 m
downwards. The division was chosen so that the upper layer
represents the well-mixed surface layer in summer. For both

layers, we calculated the particle densities in the original mod-
el grid at each output time step and used this to estimate the
sum of particles passing through each grid point during the
simulation.

Of the 42 events, 14 showed transport towards the middle
archipelago through the southern or western channels (column
1 in Table 4; a more detailed list of these events is provided in
Table 5). In six of these 14 events, the tracers were transported
through the channels to the Lovskér crossing, and in the other
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Fig. 7 Drift of particles from the

southern point source, the wind
roses from the HIRLAM forcing
data at the locations of the Isokari
and Utd AWSs and the current
roses from the Lovskar crossing
and point 3 (locations shown in
Fig. 1) during a Apr—Jun 2015
and b Oct-Dec 2014. The grey
lines show the trajectories of the
particles, and the green and blue
dots denote the initial and final
positions of the particles,
respectively
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eight events, the particles only entered the channels. In addi-
tion, there were five events in which the tracers reached the
entrances of one or both of the channels (column 2 in Table 4).

Of the 14 events that showed transport to the middle archi-
pelago, there were four events with south-easterly winds, two
events with south-westerly winds and eight events where the
wind shifted between south-easterly and south-westerly sec-
tors. In the two events that showed transport with the SW
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winds, the prevailing wind direction was SSW, close to the
south-easterly sector.

The shortest period showing transport to Lovskér in the
surface layer lasted only 5 days and had a prevailing wind
direction from the southeast with a mean wind speed of
9.6 ms ' and a maximum wind speed of 13.9 ms™' (Fig. 8a).
The particles were mostly transported northwest and north
towards the middle archipelago and the channels leading to
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Table4 Number and length of the events that (1) showed transport into
the middle archipelago, (2) showed transport to the borders of the middle
archipelago or (3) showed no transport to the middle archipelago and the

mean and maximum wind speeds during the events. ntot, total number of
events from each wind sector; n, number of events

(1) Transport into the middle
archipelago; 14 events

(2) Transport near the borders of the
middle archipelago; 5 events

(3) Other cases: no transport to the
middle archipelago; 23 events

Prevailing wind ntot n Length Wind speed (ms") n Length Wind speed (ms ™) n  Length Wind speed (ms ™
direction (days) _— (days) (days) _—
Mean Max Mean Max Mean Max
SE sector (90-180°) 8 4 5-24 9.3-104 13.9-182 0 - - - 4 39 4.0-86 8.8-11.3
SW sector (180-270°) 19 2 14 54-72 104-165 3 7-16 11.0-13.5 16.1-20.6 14 2-12 5.5-13.2 8.3-20.0
Both SW and SE 15 8 622 5.7-13.7 11.2-18.8 2 89 7.7-9.4 142-157 5 3-6 4.1-85 7.5-15.6
sectors

the Lovskér area. When this simulation period was extended
by 7 days (not shown), more transport to the middle archipel-
ago occurred even though the wind direction changed from SE
to NW. During longer wind events, transport was also seen
with lower mean wind speeds: an event with a mean wind
speed of only 5.7 ms ' showed transport to Lovskir, but the
length of the event was 14 days with prevailing SE winds.

In a few cases, there were different drifting patterns in the
surface layer and the lower layer. One example of this differ-
ence was a 2-week period in May 2013 that had a prevailing
wind direction from the southwest with a mean wind speed of
5.4 ms ' and a maximum wind speed of 10.4 ms ' (Fig. 8b).
The particles in the 15-m surface layer stayed in the outer
archipelago and mostly drifted towards the east and southeast
(Fig. 8d). In the lower layer, below 15 m, there was also
northward transport of particles to the middle archipelago
along the channels (Fig. 8f). When this simulation period

was extended by 7 days (not shown), the wind direction turned
from SW to E and later to NE, and there was some transport
towards the middle archipelago even in the surface layer. In
the lower layer, more particles drifted to the middle archipel-
ago and further towards the inner archipelago. Some of the
particles that reached the middle archipelago in the lower layer
were also transported vertically upwards to the 15-m surface
layer.

6 Discussion

The analysis of the water age calculations showed that the
Archipelago Sea has a relatively low water age compared with
the surrounding open sea areas. This result indicates that the
Archipelago Sea area is very dynamic and under constant
influence of both riverine input (the inner archipelago) and

Table 5 Simulated wind events

that showed some transport to the Simulation period  Length (days) = Main wind direction ~ Wind speed Transport to the middle

middle archipelago in the surface (ms ) archipelago

layer of 15 m or in the lower layer

below that. “x” indicates transport Mean Max 0-15m 15m->

to the Lovskér area, “(x)”

indicates that the tracers reached 1-15.5.2013 14 SSW 54 104 X

only the channels 14-18.9.2013 5 SE 9.6 139 (x)
1-9.1.2014 8 SSE and WSW 8.8 14.0 (x) (x)
24.1-17.2.2014 24 SSE 9.3 159 X X
6-20.7.2014 14 E and SW 5.7 11.2 X (x)
2-24.8.2014 22 SE and SW 72 14.7 X X
4-13.10.2014 9 SE and SW 8.6 17.7 x) (x)
21-29.10.2014 8 SE and SW 13.7 16.6 x) (x)
23-29.11.2014 6 SSE and SSW 7.3 16.6 (x) (x)
15-31.1.2015 16 SSW and ESE 10.6 18.8 X X
15.2-2.3.2015 16 S and SW 10.0 17.3 (x) (x)
25-31.3.2015 6 SE 10.4 17.3 (x) (x)
20.5-3.6.2015 14 SSW 7.2 16.5 (x)
13-18.9.2015 6 SE 9.6 18.2 X (x)
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Fig. 8 Wind speed and direction a
from the HIRLAM forcing data at

14 - 18 Sep 2013 b

1-15 May 2013

the location of the Ut AWS
during the simulation periods a 14
to 18 September 2013, and b 1 to
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transport from the Baltic Proper and the Bothnian Sea. The
difference between the mean water ages in the inner and outer
archipelago was up to 7 months. During the autumn and win-
ter seasons, when the wind and current speeds are highest, the
water age was generally lower than the mean age over the 6-
year period. During the spring season, the increased river run-
off resulted in lower water ages in the inner archipelago than
the 6-year mean.

The circulation and transport of substances in the
Archipelago Sea are affected by the complex geometry and
clusters of small islands and islets. The prevailing wind direc-
tion, southwest, is not optimal for the transport of tracers
through the Archipelago Sea. The middle and inner archipel-
agos are mostly sheltered from transport from the outer archi-
pelago. The 3-month drift simulations presented in subsection
4.2 showed, however, that the middle archipelago is more
open towards the north than south, as the largest amount of
particles drifted to the middle archipelago from the northern
boundary. The simulations presented in Section 5 also showed
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that the middle archipelago is relatively sheltered from the
southern direction. The particles are able to enter the channels
leading to the middle archipelago only if they are near the
entrance when strong enough wind turns the current towards
the channel. In most of the SW wind cases, the tracer particles
released near the southern edge of the archipelago did not
reach the channels but remained in the southern outer archi-
pelago. South-easterly winds are more optimal for south-north
transport of particles and for transport into the middle archi-
pelago than south-westerly winds. However, due to the rela-
tively low probability of SE winds, transport into the middle
archipelago is limited to only a few situations.

In our analysis, we divided the wind events into SE (90—
180°) and SW (180-270°) sectors. As the analysis from the
SW sector showed, in the SW cases where there was transport
to the middle archipelago, the prevailing wind direction was
SSW. This result indicates that the wind directions that induce
transport to the middle archipelago are between ESE and
SSW. Since there is much year-to-year variability in the
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meteorological conditions, longer simulation periods are
needed to more accurately determine the sector of wind direc-
tions that are optimal for transport to the middle archipelago.

In addition to wind direction, the duration and strength of
the wind event also affect the transport of substances. The
shortest period showing transport to the middle archipelago
in the surface layer lasted for 5 days with a mean wind speed
of 9.6 ms ', whereas the lowest mean wind speed causing
transport in the surface layer was 5.7 ms '; this period lasted
for 14 days. All the periods showing transport in the surface
layer had maximum wind speeds higher than 11.0 ms'. The
majority of the simulated events showing surface transport to
the middle archipelago occurred during autumn and winter
seasons, which typically have stronger winds than spring
and summer.

The length of the simulations in Section 5 was selected based
on the length of the southerly wind events. Once the water mass
is set into motion, it continues a while due to inertia even after
the wind speed has decreased and its direction has changed.
Therefore, in some cases, particles that had already drifted close
enough to the channels leading to the middle archipelago en-
tered the middle archipelago when the simulation periods were
extended for an additional 7 days.

As Tuomi et al. (2018) showed, compared with the coarse
resolution models (1-2 nmi), the high resolution of the
Archipelago Sea model setup (0.25 nmi, ~460 m) enables
simulations of the effects of the dense archipelago and com-
plex geometry on the transport of substances through the area.
However, it is still not sufficient to solve all the details of the
inner archipelago. This limitation might affect the accuracy of
our simulations, especially in narrow channels and in areas
where there are dense clusters of islands. For example, the
channels leading to the middle archipelago are only less than
1-km wide at their narrowest points, and at the entrance of the
western channel, there are islands with 300-m diameter that
cannot be described properly with the current resolution.
Current computational resources limit the use of a higher res-
olution except for in small limited areas. In the future, unstruc-
tured grid models might provide a solution for modelling this
type of areas. However, making a representative grid for such
a fractal area would require extensive effort.

The accuracy and resolution of the wind forcing is also an
important factor in the simulation of currents. The forcing
used in this study is from FMI’s numerical weather prediction
system HIRLAM, which had changes in both physics and
parameterisations and horizontal and vertical resolution dur-
ing our simulation period of 2009-2015. Even the highest
horizontal resolution of the forcing, 7.5 km, which was used
for the years 20122015, is relatively coarse for the archipel-
ago area. However, previous studies have shown that using
meteorological forcing with a finer resolution of 2.5 km does
not significantly affect the modelled circulation in the
Archipelago Sea (Tuomi et al. 2018).

In the 3-month particle simulations (Section 4), we selected
three points in the outer archipelago to represent transport
coming to the Archipelago Sea from the Bothnian Sea
(“N”), the Baltic Proper (“S”) and the Gulf of Finland
(“SE”). We ran several simulations with different point
sources and these three locations were selected based on the
openness of the archipelago and the south-north aligned chan-
nels, which play the key part in the transport of substances
through the archipelago. As the southern part of the model
domain has a longer open boundary and larger number of
channels than the northern part, we choose two different loca-
tions to ensure the representativeness of particle transport
from this area.

When running the particle drift simulations, we used sim-
ulation periods of 3 months. This choice was due to practical
reasons to keep the number of particles and the simulation
running times reasonable with the computational resources
available. The start of the simulation period was chosen to
be January to represent the thermal seasons of this area.
January—March is typically the period when there is ice cover
in the Archipelago Sea. April-June is the spring season, when
the ice melts away and the surface layer starts to form. July—
September represents the summer season, with strong vertical
stratification in the deep areas of the Archipelago Sea.
October—December represents the autumn with cooling and
mixing of the surface layer. Although this selection is justi-
fied, longer simulation periods might better represent the var-
iability in the system and the behaviour during extreme wind
events. In the future, the availability of better computational
resources would enable the use of longer simulation periods
and larger amounts of particles.

7 Conclusions

We studied water age and transports in the Archipelago Sea
using the COHERENS 3D hydrodynamic model and the
OpenDrift Lagrangian particle model. Based on the results
of 6-year (2010-2015) model hindcasts, the mean water age
varied from less than 3 months in the outer archipelago to up
to 7 months in the inner archipelago. The lowest values oc-
curred in the river mouths and in the open boundary areas of
the outer archipelago. The water age in the bottom layer was
very similar to that in the surface layer: significant differences
were seen only in the river mouths and in the deep channels of
the middle archipelago. The mean water age was generally
lower during autumn and winter seasons than during the sum-
mer season due to the seasonal variations in the current
speeds.

The analysis of annual mean values of water age revealed
significant inter-annual variability in the system due to the
inter-annual variation in wind conditions. The largest differ-
ences were seen in 2010 and 2015. In 2010, the water age was
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up to 1 month lower in the south-western part of the
Archipelago Sea and higher in the north-western part com-
pared with the mean over the whole simulation period. In
2015, the situation was the opposite of that in 2010. The other
years fell in between these two opposite modes.

The transport of particles from the outer archipelago to the
middle and inner archipelago is very sensitive to the geometry
and density of islands in the area. The prevailing wind direc-
tion, SW, is not optimal for the transport of large amounts of
particles to the middle archipelago. The NW winds induced
most transport from the northern boundary to the middle ar-
chipelago. From the southern boundary, transport was seen
mainly with the prevailing winds from between ESE and
SSW but also with combinations of SW and SE winds. The
transport from open sea areas to the inner archipelago was
limited to only few cases, and these areas are relatively shel-
tered from transport from the outer and middle archipelagos.

Both the water age simulation and the particle transport
simulations showed that the Archipelago Sea is a very dynam-
ic area. The outer archipelago has constant water exchange
with the Bothnian Sea and the Baltic Proper. The middle ar-
chipelago is relatively sheltered and the water exchange with
the outer archipelago is dependent on high wind events from
the NW and SE directions. The inner archipelago is mostly
sheltered and is under major influence from local riverine
inputs. This indicates that the eutrophied parts of the inner
archipelago are mostly affected by local sources only.
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