Figure 3.Timedepthdistribution of riverinetracerin BY5BY1and
BY31from highresolution simulations.

Thetemporallyaveragedagesfrom low randhigh resolution
simulationare shownin Figure4. Asthe freshwatertracer
concentration, the general patterns are similar in both
simulations. The water age is much smallerin the areas,
wherethe riverinetracerconcentrationsare higher.Theage
is largein deep areas,where the amount of riverine origin
water is small.

Figure4. 8 year meanverticallyaveragedagesof freshwatertracer
concentrations fromowrand higtresolution simulations.

The water agetime depth mapsat 3 different monitoring
stations are shown in Figure5. Similarlywith the riverine
origin tracer, the haloclineis a visible separatorebetween
the surfaceand bottom layers—the water agebelow 60 70
m at BY15and 90 £00 m at BY31lis increasing faster
comparedto the waters above these depths. At BY5the
water ageis increasingslightly slower,whereasthe highest
valuesare somewherebetween40 60 m depth.
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Figure5. Timedepth distribution of riverine tracerin BY5,BY15
and BY3ZXrom highresolution simulations.

4. Summaryandconclusions

Multi ryear high resolution  simulation  permitting
submesoscale with additional tracers for riverine
freshwaterandits agehasbeencarriedout for the central
part of the Baltic Sea. The increasein the resolution
enablesusto studythe impactof the modelresolutionin
coastaloffshore processesin more detail comparedto
previousstudies
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Deep mixing observed by Argo floats in the Gdansk Basin during the winter of

2023.

Waldemar Walczowski, Daniel Rak, Matgorzata Merchel and Anna Bulczak

Institute of Oceanology Polish Academy of Sciences, Sopot, Poland

1. Introduction

Vertical mixing is an extremely important process for the
Baltic Sea. Inflows of salty, oxygenated water from the North
Sea propagate along the bottom, leading to the formation of
a strong halocline and the associated pycnocline between
the near-bottom layer with a salinity of several PSU and the
freshened surface layer. The salinity of the Baltic Sea's
surface layer is maintained through vertical salt exchange by
the halocline. The vertical salt transport into the entire
surface mixed layer is estimated to be around 30 kg/(m? a),
as noted by Reissmann et al. (2009).

Mixing processes occur throughout the advection of
salty water from west to east and further north. According
to Reissmann et al. (2009), in the initial phase, to the west of
Bornholm, entrainment processes predominate. In the
central Baltic, the advection of bottom water is accompanied
by turbulent vertical transport through the halocline into the
surface layers. The energy required for mixing is derived
from both water movement and wind. In a tideless sea
environment, the breaking of internal waves is a significant
mechanism for transferring wind energy into the deeper
layers. Upwelling, often observed in the Baltic Sea, plays a
crucial role in the coastal zone. Phenomena occurring on a
smaller temporal and spatial scale are much less studied.

2. Observations

The Institute of Oceanology Polish Academy of Sciences
investigates processes related to the transport and mixing of
deep waters in the Bornholm Basin, the Slupsk Channel, and
the Gdansk Deep. Since the deployment of Argo floats in the
Southern Baltic, we have obtained a new tool (Walczowski et
al., 2020). The application of the 'parking on the bottom'
technique has reduced the mobility of the floats, allowing for
the acquisition of long time series data from limited area
with profiling frequency every 1-2 days (Merchel et al.,
2024).

In late 2023, we succeeded in observing the
phenomenon of almost complete mixing of the water
column in the Gdansk Deep. Over the last days of 2023, there
was a rapid change in the water column structure. The
original haline structure consisted of a mixed surface layer
with a salinity of 7.6 PSU, a halocline at a depth of 60-90 m,
and a thin near-bottom layer with a salinity of up to 12.0 PSU
(Fig. 1a). According to Bulczak et al. (2024), a halocline
beginning at a depth of 60 m is typical for the winter period
in the Gdansk Basin. On December 24th, the peak of the
halocline lowered to a depth of 75 m, and by December 30th,
it reached 98 m, 3 m above the seabed. The nearly
homogeneous layer above the halocline reached a salinity of
7.7 PSU, while the bottom salinity dropped to 11 PSU. The
evolution of the temperature field was also interesting: from
the original structure with a thermocline at a depth of 50-60
m, the temperature of the upper layer about 6.3°C, and a
temperature inversion up to 8.7°C at a depth of 100 m, it
transformed into a homogeneous, 93-meter column with a
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temperature of 6°C and a temperature inversion of 8.4°C
at the bottom (Fig. 1b). The dissolved oxygen content in
the deep water also increased abruptly (Fig. 2a). Up to a
depth of 93 m, the dissolved oxygen content in the water
was 365 micromoles/kg.

After two weeks, the halocline rose to a depth of 60
m, and the dissolved oxygen content in the water returned
to a value of 25 micromoles/kg at a depth of 95 meters.

This phenomenon was recorded by two Argo floats
launched by the Argo-Poland consortium. WMO 1902683
is the first Polish biogeochemical float (BGC) with an
additional set of sensors. The presence of two floats
allows for determining the minimum spatial scale of this
deep ventilation event. The sequence of events observed
on the second Argo float, located 20 km southeast of the
first one, was similar to BGC float. The culmination of
mixing occurred on December 30th, with the halocline top
at a depth of 90 m. The water column was not entirely
homogeneous, showing a slight jump in salinity and
temperature at a depth of 67 m.
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Figure 1. Series of (a) salinity and (b) temperature profiles
collected by float WM01902683 in the Gdansk Deep.
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Figure 2. Series of (a) dissolved oxygen content and (b) density
profiles collected by float WM01902683 in the Gdansk Deep.

3. Discussion

At this stage of the study, it is challenging to definitively
answer the question of what mechanisms caused such deep
mixing. Thermal convection is ruled out, as the water density
was significantly lower than that previously resting in the
bottom layer (Figure 2b), with a temperature reaching 6°C.
Most likely is, that the energy required for such deep mixing
was supplied by the stormy winds prevailing during this
period. However, wind-induced mixing extends to depths of
several tens of meters, insufficient to mix the entire water
column in the Gdansk Deep. There likely occurred an
interaction of different phenomena. At that time, a very
strong current was observed along the Hel Peninsula. This
phenomenon is often associated with the generation of
eddies that propagate towards the central part of the
Gdansk Deep. A cyclonic eddy or another surface currents
configuration conducive to the convergence of the surface
layer may have triggered Ekman pumping phenomena,
pushing surface water to greater depths.

Assuming that the increase in salinity in the mixed layer
resulted from the transport of salt through the halocline, the
total transport over 8 days had to exceed 9 kg/m2. The
instantaneous salt flux could therefore be 14 times greater
than the average salt flux through the halocline (30 kg/m? a).

However, adopting a different approximation: the
freshening of the bottom layer with a thickness of 35 m from
an average salinity of 9.8 PSU to 7.7 PSU, these fluxes
increase significantly. Over 8 days, the salt transport to the
upper layer should be 73.5 kg/m?, which is more than twice
the estimated average annual salt transport through the
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halocline. The instantaneous salt flux during this
phenomenon: 3354 kg/m? a, is 111 times greater than the
estimated average annual flux to surface layer of the Baltic
Sea. These are already significant values, indicating that
the Gdansk Deep is one of the vertical mixing "hotspots" in
the Baltic Sea.

The deep, rich in oxygen layer, persisted for several
days. After two weeks, the fresh, oxygenated water was
replaced by oxygen-depleted during the stagnation period,
saline bottom water. Therefore, it does not seem that the
observed phenomenon has substantial implications for the
ecology of this part of the Baltic Sea. However, it may be
significant for mixing processes and the supply of salt to
the upper layers, which are freshened by the waters of the
Vistula River.

4. Conclusions

Mesoscale and submesoscale phenomena play an
important, yet not entirely recognized role in shaping the
environment of marginal seas. However, their observation
is challenging as they not only exhibit small spatial scales
but also are short-lived. Regular measurements with high
frequency are therefore necessary. Additionally, such
processes often occur during stormy weather, making the
use of research vessels difficult. In this situation,
autonomous research devices prove to be very useful.
Independent instruments placed on buoys, moorings with
profiling instruments, and gliders have been used for a
long time in the Baltic Sea. Experiences of Finnish and
Polish oceanographers indicate that Argo floats, despite
being designed for the deep ocean, perform exceptionally
well in the conditions of the Baltic Sea.
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Continuous Baltic Sea Glider Observatories; two case studies
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1. Background

Voice of the Ocean Foundation acts to make the oceans
more accessible to all sectors of society. Within the Ocean
Knowledge division, we focus on the marine science
community, testing new methodologies, providing high
quality data, and supporting research projects with marine
infrastructure and knowledge exchange. All the data is open
access and uploaded to the VOTO ERDDAP server and
mirrored to the EMODNet physics portal. Ocean Knowledge
operates 5 different glider observatories with continuous
measurements. The sites locations are planned in order to
capture the small-scale variabilities in water basins with
importance to the circulation of the Baltic Sea. The aim is to
have a consistent fleet of gliders equipped with a standard
setup of sensors. The observatories will deliver parameters
such as salinity, temperature, oxygen, current and several
biological parameters, depending on the site.
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Figure 1. Positions of the VOTO glider observatories.

This poster takes a closer look at two sites of specific
interest:

2. Aland Observatory

Afirst glider was deployed in the Aland Sea in November
2023, and this observatory is planned to be a long-term
observation site. The high-resolution data provided gives us
new information about the small-scale processes that is
continuously ongoing.
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Figure 2. Aland Sea transect from November 2023 to January
2024. The bar on the bottom shows latitude in yellow as the
glider goes north and in blue as it travels south.

3. Bornholm Observatory

The observatory in the Bornholm basin has delivered near
real time data since March 2021 and has produced a
unique time series. The observatory was strategically
placed to be able to capture an inflow event from the
North Sea through the Danish Straits and to monitor the
extension of the anoxic areas in the southern parts of the
Baltic Sea. Together with data from moored stations,
Argo floats and monthly monitoring, the inflow can be
well observed and captured.
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Figure 3. Data from the Bornholm Observatory from March 2021 to
July 2023.
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Figure 4. High light of a shorter period from the Bornholm
observatory; May 11 -21 2023

Figure 3 shows a 2.5 - year continuous temperature data
series from Bornholm Basin with typical warmer periods in
the summer and periods of cold water in the wintertime.
Figure 4 has zoomed in on 10 days in May 2023 where the
variability of the temperature and how the warm water
enters the deeper parts shows nicely.

4. Summary

Gliders can be used for long time monitoring of different
water basins in the Baltic Sea. The high frequency profiles
create a data set not only for monitoring purpose but also
for research of fine scale variability of the water masses. We
test the abilities of the glider platform, and work to
understand their place within a future ocean monitoring
infrastructure, since high resolution, profile measurements
is a good combination with the long-term monitoring, done
by several countries around the Baltic Sea

o
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learning
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1. Coastline change identification

Marginal Seas are lying at the transition zone between land
and ocean and are thus subject to extensive human
activities and stressor (pollution, land reclamation, tourism,
shipping, fisheries, offshore wind farms) and multiple
natural drivers (tides, waves, winds, storm surges, sea level
change) which are impacting the marine environment and
ecosystem. These drivers will feedback with geological
properties of the coastline and thus determine its
appearance which will be unique for all marginal seas. The
coastline is highly dynamic and may react to regime shifts in
climate or hydrodynamic conditions or changes in human
activity by accretion or erosion of sediments, growth or
decline of vegetation or composition change.

Acquiring data on coastline changes may serve as a
proxy for regime shifts and may deepen the understanding
of different drivers acting within marginal seas. Therefore,
in this presentation we will present our analysis on the
coastline change in the North- and the Baltic Sea using
multispectral satellite images (sentinel-2). The general
difference in coastal morphology between both Seas will be
shown. For this purpose the coastline will be classified into
different classes such as tidal flats, salt marshes, cliffs,
sandy beaches, human constructions etc. Finally, hotspots
of changes among those classes will be identified in the past
8 years (at a later stage up to the past 40 years).

For the classification of the coastline, deep learning
methods are used. The main challenge is to create and label
an encompassing dataset, covering a large variety of
different coastline types in space and time. In order to
reduce this effort we are developing an active learning
framework to select the images which are suited for a fast
learning progress. In combination with a semi-supervised
method these images are labeled with minimum effort. This
framework will be shortly presented alongside the coastline
changes in North- and Baltic Sea.
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1. Introduction

Marginal seas and open oceans that border the world’s
coastlines fringe submerged continental shelves that have
been drowned for at least 20,000 years, since the Last Glacial
Maximum. These areas are repeatedly exposed and
submerged in accordance with fluctuating sea levels. In
certain areas these now under-water landscapes hosted rich
ecosystems and attractive habitats for humans and can be
associated with archaeological records where humans were
present in the past.

Where geological deposits are preserved on these
continental shelves, they can be mapped and sampled and
form elegant, complementary, proxies for investigating the
meaning of coastal archaeological records.

South Africa has a long record of human use of these
ancient coasts, and here, we provide a comparison between
two strongly contrasting areas that are more than 1000 km
apart. These regions are the Cape South Coast in the vicinity
of the archaeological site Pinnacle Point, and the East Coast
/ Mpondoland coast in the vicinity of the Waterfall Bluff rock
shelter.

2. Methods

At both localities, high-resolution archaeological
excavations have been undertaken. In parallel with analysing
these fine-scale and site-specific records, landscape surveys
have been conducted to contextualise the archaeological
records. Landscape surveys have included studies on sources
of raw materials, palaeoenvironmental reconstruction from
sediment cores to compare to palaeobotanical remains from
cave strata, and different levels of offshore surveys aimed at
mapping the continental shelf.

Geochronological control has been established by
radiocarbon and optically stimulated luminescence dating.

3. Cape South Coast

Pinnacle Point provides one of the oldest records (up to
Marine Isotope Stage / MIS 6) of coastal foraging since the
emergence of Homo sapiens. The offshore landscape has
been called the Palaeo-Agulhas Plain.

Unlike the deeply dissected, undulating landscape of the
modern-day coastal foreland, the Palaeo-Agulhas Plain on
the Cape South Coast was relatively flat, with wide
meandering rivers. Palaeocoastlines of this plain, dominated
by beaches and aeolianite reefs, lacked the rocky cliff coasts
typical of much of the area today and overlie Mesozoic
sediments that are not commonly exposed onshore. This
Cape South Coast shelf is broad and low-gradient in relief,
and with the sea-level fluctuations experienced in the
Pleistocene the coast was often positioned more than 100
km seaward of its present elevation.

Only a remnant of the marine sediments and alluvium
that characterized the Palaeo-Agulhas Plain exist on the
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modern coast today, and the largely fertile soils of the now
offshore shelf contrast with the impoverished soils of the
contemporary coastal platform. The physiographic regime
of the Palaeo-Agulhas Plain comprised ecosystems very
different from the modern contemporary coastal
lowlands, including vast areas of nutritious grassland and
savanna, numerous wetlands, and a soft and highly
dynamic coastline. This is because the geological substrate
offshore differs markedly from now-onshore to now-
offshore. The productivity of the terrestrial ecosystems
supported a diverse and abundant plains fauna that
included several megaherbivores not known from the
region today. The emergent picture of this missing part of
the landscape has provided a new window into the context
of early modern human evolution as well as the evolution
of the modern Cape Floristic Region.
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Figure 1. Locality map of South Africa showing the exposed shelf
during the Last Glacial Maximum and other Pleistocene ice ages
(in red) and the positions of Pinnacle Point and Waterfall Bluff,

on the Cape South Coast and Mpondoland shelves, respectively.

4. East Coast

The Waterfall Bluff deposits preserve the first direct
and clear evidence of coastal foraging (shellfish and
estuarine fish) during a glacial maximum and across a
glacial/interglacial transition in southern Africa. These
records extend back to MIS 3.

Waterfall Bluff is situated adjacent to a continental
shelf which is steep and narrow. During Pleistocene glacial
maxima, the coast never shifted more than 8 km seaward
of its present position. Preliminary seafloor mapping has
revealed a similar geological record on the shelf to the
modern coastal environment and we surmise that the
submerged shelf’'s landscape likely represented a
continuation of the presently exposed portion. This may be
a function of its remarkably narrow width and a lack of



accommodation space for Mesozoic sediments to
accumulate.

Mpondoland’s coastline therefore remained a stable and
predictable point on the landscape over the last
glacial/interglacial transition being well positioned for
hunter-gatherers to access resources from the nearby
coastline, narrow continental shelf, and inland areas.

5. Broader thoughts

If in one global region, strongly contrasting variability
exists between two archaeological sites and these records
can shed light on nuances of the past environments and
ecosystems, then the potential for further studies of
archaeological sites adjacent to marginal seas is an exciting
prospect. Palaeo archives that are now submerged by the
sea can provide a different perspective on traditionally-
excavated caves and rock shelters containing traces of
ancient human populations.

The South African continental shelf was never glaciated
in the Pleistocene ice ages, and hence the geological deposits
remnant of this time are generally well preserved. Erosion
occurred on Pleistocene seafloor sedimentary deposits, but
this was erosion by wave action associated with rising sea
level on the post-glacial marine transgression. Because of
this geological and environmental setting, South Africa has
provided an opportunity to carry out palaeoscape-style
projects.
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1. Introduction

The shape of the marginal seas coast is an overlap result
of complex of geological settings and processes affecting
lithosphere, hydrosphere, atmosphere as well as biosphere
and anthroposphere, which occur in various temporal and
spatial scales from millennia to hours and in spatial scale
from kilometers to centimeters (Musielak et al. 2017). The
results of the interference is visible as a morphology pattern
of beach and dune / cliff as well as a nearshore area.

Morphodynamic coastal processes of the southern Baltic
Sea are determined by a complex interplay of the geological
setting, eustatic sea-level change, glacio-isostatic
adjustment, wave driven sediment dynamics, storm surges
and aeolian processes (Harff et al. 2017, Dudziriska-Nowak
2019).

In terms of presently occurring climate changes, an
increase of number and intensity of observed storm events,
which pose a threat to the coast, the determination of the
future scenario of coast development is of particular
importance for broadly defined coastal safety (Dudziriska-
Nowak 2019).

This study present the method of the classification of the
morphodynamics of the coast which can be useful for
prediction of the coastal changes as well as a tool for other
marginal seas comparison.

2. Methods

To be a complex and allow the marginal seas comparison
the scientific classification of the coast should meet the
following conditions: (1) cover all morphological types of the
coasts, (2) take into account the processes and factors
determining the type of shore development, and reflect the
relationships between different types of shore and (3) it
should reflect the contemporary dynamics of the shore as
fully as possible.

Use of remote sensing, mainly high resolution aerial
photographs and laser scanning data, allow to indicate
precisely the characteristic features of the morphology of
the terrain, which if repeated, can be treated as indicators of
the changes.

Presented research shows the methodology and results
of conducted classification of the coastal dynamics of the
southern Baltic Sea, focusing not only on direction of
movement and rate of change but also on dynamic of change
in different time scales. The main criterion for this
classification is the determination of two numerical
indicators for each examined section of the coast,
synthesizing the image of registered changes in the dune /
cliff base line.

3. Results and conclusions

The spatial distribution of individual classes of shore
dynamics indicates a great diversity and variability of
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morphodynamic processes along the entire studied
section and even on adjacent sections of the shore.
Changes with medium and high dynamics of both
accumulation and erosion processes dominate. The
sections with low dynamics of the processes taking place
constitute only less than 20% of the studied area. The coast
in dynamic equilibrium cover less than 10%. Spatial
distribution of individual classes of shore dynamics proves
a large diversity and space and time variability of
morphodynamic processes along the entire investigated
section of the shore, which may substantially bias of the
future scenarios.

Further interdisciplinary studies based of measured
and modeled data of the long-term variations of waves
regime, water level changes, storm surges structure and
long-shore sediment transport analyses in relation to
coastal zone changes as a consequences of such
phenomena’s are necessary and strongly recommended in
order to reveal a mechanism of the coast development.

Presented classification can be treated as an open
classification which makes it possible to complete the
picture of the contemporary dynamics of the coast of any
non-tidal marginal seas and any time intervals.

The location of specific dynamic shore classes may
change over time depending on the variability of hydro-
meteorological conditions.
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1. Introduction

The character of the Baltic Sea, a post glacial marginal
sea with a small inlet to the Atlantic Ocean, its lack of tides,
the varied composition of cliffs, dunes, spits, and barriers
and lagoons, and addition of many anthropogenic
engineering structures, makes an interesting model research
site.

Morphogenetic processes of this coasts are determined
by a complex interplay of the geological setting, eustatic sea-
level change, glacio-isostatic adjustment as well as wind,
waves, sediment dynamics, storm surges and eaolian
processes, acting on different time scales (Musielak et al.
2017, Harff et al. 2017). Sediment budget is determined by
the dominant long-shore sediment transport, along most of
the coast areas at the southern Baltic coast (Zhang et al.
2013, Soomere, Viska 2013). The most important erosional
coastline changes occur during extreme conditions
(Furmanczyk, Dudzinska-Nowak 2009) connected with
strong wind, high waves and relative sea-level fluctuations
associated with storm surge reinforced by water filling.

In terms of presently occurring climate changes, which
pose a threat to the coast - an increase of number and
intensity of observed storm events and a general deficiency
of sediments in the coastal zone - the determination of the
accurate spatio-temporal distributions of change occurring
on the coast, which allow to accurate future scenario which
is of particular importance for broadly defined coastal safety
(Dudziriska-Nowak 2019).

This study aimed to determine the relation between the
geological and geomorphological settings and their influence
on coastal morphodynamics and future development of the
coast.

2. Materials and methods

An analysis and comparison of selected sites along the
west Pomeranian Polish coast of the Baltic Sea, based mainly
on photogrammetrically processed remote sensing datasets,
historical and modern aerial photographs and sea level data
allows for long term morphological changes to be
determined.

Additionally, geological maps and cores as well as the
samples of in situ organic materials, particularly tree trunks
and peat, makes possible the calculation of C14 dates and
RSL curves were used for palegeographical reconstruction as
well as to determine the relation between the geological and
geomorphological settings and their influence on coastal
morphodynamics using GIS spatial analysis.

Here, we inquire what lithologies and geological
structures between the investigated sites are most resistant
to erosion, and or support the acceleration of erosion or
accretion. Obtained results will be discussed in relation to
sea level changes, geological setting and coastal
development tendencies for more reliable future projections
necessary for coastal protection and safety.
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The method used, allows to discuss the geographical
regionalization based on geological settings and dynamic
driving forces, which is very important in case of
comparison results with other marginal seas.

3. Results and conclusions

Conducted analyses show the considerable temporal
and spatial variability as well as high dynamics of the
coastal changes taking place in neighboring,
geomorphologically and geologically uniform coastal
segments which are similar also in terms of evolutionary
trends.

This suggests the necessity of selecting representative
sites used to forecast the magnitude of coastal changes.
The selection of time periods for analysis is of the same
importance as site location. This is confirmed by the high
variability of morphodynamic effects in the periods
analyzed.

An accidental location and too short a period of
observations, not accounting for the geological settings as
well as hydrometeorological variability, may substantially
bias the forecast. This bias may pose a threat for the
planned infrastructure at such sites.
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The arcuate Ganges-Brahmaputra-Meghna (GBM) river
delta is represented by an extensive tract of subaerial and
subaqueous to deep sea fan complex located at the northern
apex of Bay of Bengal. It harbors a low-lying flood plain
covering ~ 100,000 sq. km of which 62% area falls within
Bangladesh and 38% in India.

The delta experiences tropical monsoonal climate and
this coupled with Himalayan source area sediment flux,
contributes to one of the world’s largest tropical riverine
sediment loads (1.8-2.4 billion tons annually) passing
through the GBM dispersal system [Rahman et al. (2018)].
The total catchment area of these river systems is 1.55
million sg. km. The rivers are dominantly tidal with maximum
tidal range up to 6.7 meter. Based on the relative importance
of river, wave, and tidal process in shaping their morphology
and internal facies, GBM delta undoubtedly represents a tide
dominated, macrotidal delta [Goodbred and Saito (2012)].

The delta outbuilding of GBM was initiated between
Cretaceous to Neogene period. The deltaic arcs or lobes are
reported to have been developed about 50,000 YBP with
south and eastward progradation. However, the present
location of the mega delta was attained not more than
10,000 years back (Pleistocene to Recent). The geological
formation covering the island system belongs to the so called
'Bengal Alluvium' [Hazra et al. (2002)].

While the subaerial part of the delta is strongly
influenced by tectonics, resulting into development of
uplifted Holocene and Pleistocene terraces, subsiding basins
etc. the subaerial delta has been prograding seaward with ‘S’
shaped clinoform across the shelf. Offshore delta is
intercepted by “Swatch of No Ground”- a submarine canyon
that regulates sediment distribution from east to west.
Changing river discharge, basin filling, and delta-lobe
migration have been common during Holocene evolution of
the delta [(Kuehl et al. (2005)].

Since, past few centuries, this composite macrotidal
deltaic tract (~ 260 kms from Hooghly River in the west to
Meghna river in the east) generally showed a continuous
trend of shoreline retreat, although rate of retreat varies
from one sector to other.

The northern part of the delta is facing drainage failure
resulting into, rapid siltation in the delta plains. For example,
the upper reaches of Saptamukhi River got disconnected
from the Adi Ganga, the original thalweg of Ganges River in
this part of the delta [Kumar et al. (2010)]. Except the major
rivers, the smaller rivers/creeks in the delta had changed
their nature from fresh water to saline due to tidal surge in
the river mouths and siltation in the upper reaches, thus
restricting the river within the tidal domain only. These had
resulted in changes in riverbank morphology, agricultural
crop pattern and aquaculture activities of the surrounding
areas thus imposing further difficulties in the livelihood of
the local inhabitants. The mitigation of such issues is a cause
of major concern to all the geoscientists engaged in coastal
zone management in the area. A ready reckoner is pattern of
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changes in river morphology, water quality of Saptamukhi
creek, one of the river of Sundarbans Delta System.

This densely populated deltaic plain (with over 100
million inhabitants) is proven to be vulnerable in view of
climate change and being exposed to multi- hazardous
events like relative sea level rise/sea level rise, tropical
cyclones, coastal floods, erosion, landward prograding
salinity front etc. Thus, an in depth understanding of the
geological-geomorphological, hydro-meteorological,
coastal and shelf processes including sea level rise in the
changing backdrop of anthropogenic practices (land
reclamation, deforestation, irrigation etc.), is of
paramount importance to deduce the future course of
evolution of GBM delta. The offsetting of the geomorphic
equilibrium in this delta system is attributed to a large
extent to the increasing human-environment interaction.
An evolved conceptual framework in this regard is
proposed.
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Many marginal seas lie within an Urban Sea System. We
define an Urban Sea System as interactive networks of all
activities, natural and human-generated, operating within
entire watersheds flowing into proximal coastal waters
harboring one, or more, major port cities. Natural and man-
made hazards, in combination with long-term human-
induced alterations, can plague urban seas. These and other
threats must be comprehensively understood if the
economy, the energy potential, the physical environment,
ecology, education, and cultural empathy (E®) of these
regions are to be optimized, improved, and sustained. We
use E®as a short-hand expression of the six key elements that
must be balanced to foster enduring, responsive
stewardship of these critical coastal enclaves that so
powerfully serve our international trade supply chains. To
explore approaches and guide further discussion, we focus
herein on the Salish Sea, located on the west coast of the
North American Continent and extending into both the
Canadian province of British Columbia and the state of
Washington, in the US. It is a useful exemplar for illustrative
purposes of an Urban Sea System. Although each Urban Sea
System is unique, and while E® for the Salish differs from
other marginal urban seas, characterizing and contrasting
these six elements among the many such systems can lead
to enhanced insight and more broadly focused ocean-land
problem solving. It can also provide key frameworks relevant
to the analysis of other urban sea systems.

Understanding change is dependent upon the knowledge of
the altering processes that bring about change. Urban Sea
Systems are point sources that introduce toxins, waste, and
other materials into the global ocean. Consequently, without
a focus on the roles that such systems play in the production
of conditions leading to an uncomfortable and inhospitable
planet for human occupation, little or nothing will change.
Quantifying contributions that Urban Sea Systems make to
the decline of the global ocean need to be undertaken to
assess what might be optimal solutions and mitigation for
change. We start with appraisals of change brought about by
energy resources, food, and economic sustainability,
security declines, and adverse effects from natural and
anthropogenic impacts. Of immediate concern is the
identification and development of the energy that will be
needed to maintain a healthy economy along with the ability
of an Urban Sea System to sustain itself as a significant global
trade hub. We focus on these two potentials for the Salish
Sea here.
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1. Why generalization?

As highly sensitive areas of the ocean, the marginal seas
are particularly exposed to the effects of climate change, but
also to anthropogenic pressure due to the increasing
economic use of the seas and their coasts and catchment
areas. This makes it all the more important to protect these
fragile ecosystems and habitats while ensuring the
sustainable use of valuable marine resources. These are the
goals that are generally integrated into the UN program
“Decade of Marine Sciences for Sustainable Development”
(2021 — 2030). The goals require new holistic approaches
comprehensively describing management strategies of
marginal seas including coasts and catchment areas. This is
not about individual solutions, but rather about approaches
to solutions that can be derived from a generalization of
individual cases’ diversity. One way to achieve this is to
classify individual cases by a marginal seas taxonomy to be
developed. This has to consider not only the differentiation
through natural parameters and influences, but also the
increasing interaction with users of resources and
anthropogenic drivers.

change (mm/a).
Salish Sea,
Western Greenland shelf, Baltic Sea, South African shelf
(Agulhas Bank), South China Sea (modified from Groh and
Harff, 2023)

Figure 1. Global relative sea level
Marginal seas compared from west to east:

2. Spatial — temporal frame, variables and data

The spatial framework is set by the shelf seas, their coastal
zones and drainage areas. The time frame is determined by
the last glacial cycle, but especially the postglacial period of
global transgression on the continental shelf. Influencing
factors are determined by the dynamics of climate,
geosystem and ecosystem as well as increasingly by socio-
economic developments. On the one hand, the question of
variables and their values (data) is historically determined by
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developments in  measurement and monitoring
techniques and ranges from local and regional monitoring
programs (sometimes real-time data registrations) to
global satellite observations. On the other hand, for the
long-term development (trends) of the human-nature
relationship over thousands of years, data are need that
cannot be directly measured. This data can only be
provided indirectly by deciphering proxy data from natural
archives of basin fill sediments. In addition to numerical
functional models, Al and ML methods are available for the
complex evaluation and interpretation of this data. The
mentioned tasks require direct collaboration between
natural, human and social scientists, modelers and IT/data
scientists.

3. Examples

The concept is illustrated by comparisons of the glacio-
isostatically controlled Baltic Sea and the West Greenland
shelf with the isostatically stable South African shelf
(Agulhas Bank), South Asian marginal seas controlled by
monsoons and the geohazard threatened Salish Sea at the
north-western American coast (Figure 1). Using the
example of the Baltic Sea, a generally applicable
correlation methodology is proposed that illustrates the
connections between various driving natural and
anthropogenic forces as a base to compare marginal seas.
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Disko Bay is the largest bay along the coasts of Werst
Greenland. It is characterized by complex geology,
topography, hydrography, and rich marine biodiversity
including rare observations of Vulnerable Marine Ecosystem
species. The freshwater runoff from melting glaciers and
icebergs during summer further contributes to the
hydrographic complexity and diverse Arctic marine
ecosystem.

Disko Bay is considered a biodiversity hotspot, identified
as the Ecologically and Biologically Significant Area by the
International Union for Conservation of Nature. Besides that,
it is a highly economically relevant area with commercial
shrimp fishery affecting the integrity of seafloor, and marine
traffic.

A better understanding of Disko Bay environment
can help the classification system of the subpolar marginal
seas. Our presentation will focus on the climate, geological
setting with benthic habitats and natural hazards, and a brief
note on the (glacio-) morphodynamics of Disko Bay to
support the systematic search for tools to protect the Arctic
marine environment.

162



Coastal processes and erosion with and without swell waves and tides in

marginal seas

Kevin Parnell* and Tarmo Soomere*?

1 Department of Cybernetics, Tallinn University of Technology, Tallinn, Estonia (kevin.parnell@taltech.ee)

2 Estonian Academy of Sciences, Tallinn, Estonia

1. Introduction

Drivers of coastal erosion and the morphological outcomes
vary by environment. In this paper the processes that result
in erosion on the sedimentary shorelines of three marginal
seas are compared. While many of the concepts apply to all
coastal sedimentary environments that are impacted by
wind generated waves (by definition, beaches), particular
emphasis is given to the North Sea, the South China Sea
(north-western continental margin) and the Baltic Sea,
marginal seas (Zhou, 2016) that are the subject of
investigation by the DDE Marginal Seas Task Group
(https://marginalseas.ddeworld.org/) (Figure 1).

Figure 1. Baltic Sea, North Sea and South China Sea

2. Coastal processes

Two of the main drivers of coastal processes are waves and
tides. Tidal range is the most significant tidal parameter, with
a common classification being micro- (<2 m), meso- (2-4 m)
and macro- (>4 m) tidal range. Wave height is often regarded
as the most important wave parameter, but with respect to
the active wave zone at the coast, landward of closure depth,
wave period is in many respects the most influential
parameter. This is because wave period determines how
deep intense wave-induced water motions penetrate in the
water column, where waves start to interact with the
seabed, where sediment transport is initiated, where wave
breaking occurs, and the refraction properties that govern
the angle of wave approach to the shore. Due to the extent
of wave refraction as a wave gets into intermediate and
shallow water depths before breaking, it is the most
important determinant of sediment transport direction and
quantity. Simple application of the so called ‘wave limiting
parameter’ at break point, H/h=0.78 (Munk, 1949) (in
reality normally in the range 0.6-1.6 depending primarily on
beach slope), where H is wave height and h is water depth,
means that wave height is limited by water depth, so that
even very big waves in deep water, are limited in height
when they approach the shoreline. The same is not true for
wave period, which remains constant throughout the
shoaling process.

Water depth is therefore an important parameter, both
before and after wave break. It is obvious that the most
severe coastal erosion occurs during storm events, but ‘big
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waves’ cannot be the primary cause. There must be
drivers, the effects of which are weighted towards the
shoreline, where we see erosion taking place (Holman,
1983). Such drivers are tides, storm surge (pressure setup
and wind setup), infragravity and edge waves, wave setup
and wave runup.

Wind waves are usually considered in two groups.
‘Swell’ is the term generally given to waves that have left
the area in which they were generated, with wave period
lengthening over time due to wave-wave interactions, and
with longer waves leading due to dispersion. ‘Sea’ is the
term used for waves still being formed by the wind blowing
across the water surface, with wave periods being affected
by fetch length, and wind intensity and duration. Both
swell and sea may exist at the same time (with different
directions). There are various methods for separating sea
and swell (e.g. Portilla et al., 2009) in a wave record, but a
typically used value is around 8s. For most purposes,
however, this classification is not needed.

3. Coastal erosion

Coastal erosion is the landward translation of the active
beach profile. It is not movement within the beach profile
as is often misinterpreted. Erosion is the result of a deficit
in the sediment budget, either in the long term (which
leads to systematic erosion), or short term during an
extreme event, where there is insufficient sediment in the
active beach and dissipation of energy requires ‘reserves’
from the sediment store. Such erosion events may be
unexpected or unusual.

Where tidal range is not negligible, the length of time
that very high water levels can exist is limited. It is certain
that the water level (and therefore the height to which
waves will reach on the upper beach) will drop after a
certain time. Attack by waves, and therefore erosion, at
the upper beach will be limited to a few hours, even when
other drivers are still causing elevated water levels. In
cases of very small tidal range, extreme water levels may
be maintained for much longer, determined only by the
progress of the storm event, and erosion can occur for the
duration of storm conditions. The magnitude of the
elevated water level is important in all cases.

When the wave energy spectrum is dominated by
long period waves, erosion is likely to be independent of
the direction from which the waves are coming, because
wave refraction will cause waves reaching the middle to
upper beach to arrive almost shore normal. Where shorter
period waves dominate, wave refraction is delayed leading
to higher angles at the shoreline and therefore high
alongshore sediment transport. On a shoreline that has
complex morphology, refraction may cause long wave
energy to penetrate apparently protected locations,
whereas on shores with short period waves, such beaches
remain relatively unaffected.



4.

Classifications of marginal seas can be made based on tidal
range and characteristic wave periods. With three inter-
acting amphidromic nodes, the tides of the North Sea are
complex. With the exception of the western coast of
Denmark (typical tidal ranges <1.2 m) and the (non-sedi-
mentary) southern coast of Norway, the North Sea coasts are
meso- to macrotidal. With a complex interaction of
amphidromic nodes, the South China Sea is mainly micro-
and mesotidal, but with areas in the north around Taiwan,
and the south (Mekong Delta) having macrotidal range.
Almost all of the area experiences some tidal variation. For
the most part, the Baltic Sea is effectively tideless, with
ranges in the order of 2-5 cm with slightly higher tides, 10-
30 cm, in specific locations in the western sea area
(Leppéaranta and Myrberg, 2009).

Despite dominant winds being from the west and
southwest, being open to the northwest, the North Sea is
well known for its high (even extreme) and long period
waves, which impact the coast. Both sea and swell are
significant, but beaches are mostly adapted to the long-
period swell. In the South China Sea, winds and sea are
typically southwesterly in summer and northeasterly in
winter. While swell waves occur in the South China Sea,
dominant periods of sea waves are in the order of 5-7s.
However, the coastal effects are most significant during the
passage of frequent typhoons. In the Baltic Sea, long-period
swell waves are virtually non-existent, with wave periods
typically less than 5 s. Periods greater than 8 s are rare.

Marginal Seas

5. Erosion drivers in different environments

The qualitative analysis in Table 1 does not consider erosion
trends caused by long term changes to the sediment budget,
or trends caused by long-term changes to climatic variables
(particularly wind strength and direction). Such trends are
important everywhere, but may be particularly significant in
the Baltic Sea, where sea waves dominate.

The assessment in Table 1 is subjective and is meant to
indicate the relative importance to coastal processes of the
particular driver in that environment. Beaches in the North
Sea and in parts of the South China Sea have high tidal ranges
and are likely to be in equilibrium with frequently occurring
high waves on spring tides. With characteristic long wave
periods, the wave direction offshore is of little consequence.

An equivalent equilibrium condition for low and very
low tidal range conditions is a frequently occurring (not tide
driven) water level, with moderate waves from a common
direction. In the Estonian part of the Baltic Sea, for example,
water levels 0.5-0.7 m above MSL, with moderate (<1 m)
waves from the NW or SW is a common condition that may
be maintained for many days. Under such conditions, some
locations may receive no wave energy at all, even though
water levels are elevated. Higher elevated water levels
(caused by basin-wide and sub-regional effects) combined
with high winds from an unusual direction, however, may
lead to extreme coastal change.

In the South China Sea, conditions are highly variable,
with the passage of typhoons being of extreme significance.
In such conditions, extreme storm surges combined with
high waves that may be (relatively) short period can cause
massive erosion (You, 2019). The recovery interval between
events will determine the natural equilibrium condition.
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Table 1: Qualitative assessment of erosion drivers. North Sea (NS),
South China Sea NW margin (SCS), Baltic Sea (BS). Low (1),
Medium (2), High (3) influence in that environment.
Onshore/offshore (0), Mixed (M), Alongshore (A) sediment
transport dominates.

Erosion Driver NS SCS | BS
Tidal range 3 2 -
Extreme water level 3 3 3
Storm surge 2 3 2
Infragravity and edge waves 3 1 ?
Wave setup 3 2 2
Wave runup 3 2 1
Wave period 3 2 3
Wave direction 1 2 3
Shoreline shape and orientation 1 2 3
Other considerations
Dominant sediment movements 0 M
Erosion in unexpected locations 1 2 3

6. Discussion and conclusions

Understanding the process drivers that maintain coastal
equilibrium, and conversely those that cause significant or
unexpected erosion, can assist in preparedness and
response. Even though the extent of erosion may be
greater in high tidal range and high energy environments
(such as the North Sea), its unusual expression in a location
that has never experienced it before can be a bigger
coastal management problem. Such a situation in the
Baltic Sea may be sustained high water levels accompanied
by winds from an unusual direction.

When trying to understand marginal seas as a
particular type of marine environment, a suitable
classification of process drivers can assist interpretations
of coastal change.
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1. Introduction

Risks emerging from the coincidence of multiple hazards
have gained increasing attention in recent years for several
reasons: First, a hazard can act as a trigger for another one
or may change its probability of occurrence or its magnitude.
Second, the co-occurrence of both hazards may have a
considerable impact even if the magnitudes of the individual
hazards themselves are not extreme. When coastal flooding
is considered, high sea levels co-occurring with high river
discharges are frequently discussed.

We review results from the WAKOS project
(https://hereon.de/wakos) within which a consistent
analysis of compound high sea levels and river discharge
along European coastlines was carried out (Heinrich et al.
2023a, b). From this analysis, similarities and differences in
the drivers of compound events along different coasts could
be determined. Based on an example from the North Sea we
further elaborate on other drivers that may cause compound
flooding in low-lying areas (Borman et al. 2024) and discuss
potential relevance for Baltic Sea coasts.

2. Compound coastal flooding: High sea levels and river
discharges

Using two different daily river runoff data sets 1950/1979-
2018/2019 and hourly data from several corresponding tide-
surge reconstructions, Heinrich et al. (2023a) analyzed co-
occurring events of high sea level and river discharges along
European coasts. Two robust results that emerged from their
analysis were:

1. For most rivers, compound events did not occur
more frequently than would be expected by
chance (Figure 1).

2. Exceptions are westward-facing estuaries and river
mouths. Here in particular rivers with smaller
catchments show more compound events than
expected by chance (Figures 1, 2).

Figure 1. Locations of estuaries and river mouths considered in
Heinrich et al. (2023a) for which the number of compound events

Is within 20
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does (red) or does not (grey) exceed the number that would be
expected by chance (after Heinrich et al. 2023a).

(a) (b}

Is within 20

Figure 2. Number of compound events with high sea level and high
river discharge over 24 years as a function of catchment size and
for the rivers considered in Heinrich et al. (2023a). (a) westward-
facing and (b) all other estuaries and river mouths. Rivers for
which the co-occurrence is larger than would be expected by
chance are colored in red (after Heinrich et al. 2023a).

Heinrich et al. (2023a) further showed that most of the
compound events at western-facing coasts were
associated with cyclonic westerly atmospheric conditions
that are usually associated with strong winds and
precipitation. This makes westward-facing coasts
comprising river mouths with smaller catchments more
susceptible to compound flooding, a situation that is
expected to intensify towards the end of the century,
primarily because of mean sea level rise (Heinrich et al.
2023b) and increasing frequency of westerly atmospheric
conditions (Heinrich et al. 2024).

3. Compound coastal flooding: Drainage system
overload

While most of the presently existing studies on compound
coastal flooding concentrate on co-occurring high sea
levels and river discharges, there are further mechanisms
that may drive compound coastal (inland) flooding. Many
low-lying coastal areas, for example along the Netherlands
and German North Sea coastline, have developed efficient
drainage systems consisting of tidal gates and pumping
stations to convey the excess water from the hinterland to
the sea (e.g., Bormann et al. 2020). While such systems are
widespread along the southern North Sea coastlines, they
are less frequent but still exist on some Baltic Sea coasts.
They are usually highly efficient during average weather
conditions but become less effective during long periods
of high coastal water levels and/or long-lasting
precipitation events.

Studying historical data from a part of the German
North Sea coastline, Bormann et al. (2024) showed that
mainly moderate storm series in combination with large-
scale precipitation led to an overload of the inland
drainage systems, while severe storm tides or heavy
precipitation events alone could be handled well. The

Is within 20



latter is important as it suggests that the coincidence of
moderate extremes may have larger impacts than individual
larger extremes.

Future climate projections further suggest that the
intensity of compound events of rainfall and storm tides will
increase consistently against the background of mean sea
level rise increasing the risk of drainage system overload
(Bormann et al. 2024). These findings are important as such
types of compound events are considered explicitly neither
in current risk management nor in long-term planning of
climate change adaptation in Germany.

max. inland water level < max. precipitation £ max. sea level
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Figure 4. Observed inland water levels (maximum daily value;
orange circles), sea levels (maximum sea level over a 5-tides period;
red circles), and precipitation (antecedent 3 days precipitation sum;
blue circles) for the 15 largest events each in the period 2000 to 2019
for a coastal section in the southern North Sea. The diameter of the
bubbles is proportional to the anomaly of the high inland water level
from the regulated inland water level [cm]. The anomaly is a
measure of potential drainage system overload (after Bormann et
al. 2024).

4. Summary

Risks and impacts from compound (extreme) events have
gained increasing attention over recent years. Results from
the WAKOS project suggest that compounding high sea
levels and river discharges may pose a substantial threat
along westward-facing coasts in Europe, a situation that is
expected to intensify in the future due to mean sea level rise
and changing frequency of cyclonic westerly atmospheric
circulation. Against this background, results from the North
Sea suggest that the risks of drainage system overload may
increase along low-lying coasts and that already co-occurring
events with moderate magnitude of the individual drivers
may constitute an important source of inland flood risk.
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1. Abstract

In order to understand the climate change impact on river
mouth systems in high latitude and low latitude marginal
seas with different geological backgrounds, a comparative
study is targeted to the Pearl River Estuary in the northern of
the South China Sea and the Oder River Estuary in the
southern Baltic Sea, mainly in aspects of the sedimentary
environment, sea-level, coastline and climate change, and
human being actives influence, after the last glacial stage,
especially since past 8000 years in Holocene. Through
sedimentary sequences comparison, the documents show
two estuaries underwent rapid transgression after the last
glacial period, but developed different sedimentary
sequences, forming their own distinctive estuarine systems.
To compare the sea-level changes in these two estuaries in
postglacial, the obvious discrepancies had been happened.
The Pearl River Estuary was mainly controlled by fluctuations
in global sea level and regional hydrodynamic processes
(e.g., Xiong et al., 2018), while the Oder River Estuary is
significantly superimposed by the crustal rise or fall caused
by the melting of the Scandinavian ice sheet around Baltic
area (e.g., Harff et al., 2017). These two estuarine displayed
the notable cases of eustatic sea-level changes under global
ice mass controlling to marginal sea in low latitude zone and
the glacioeustatic sea-level change under crustal movement
in term of glacial isostatic adjustment in high latitude zone.

In the past 3,000 years, there have a great difference in
sedimentation and shoreline changes between these two
estuaries, although both of them had been in a global sea-
level retreat period, resulting in the expansion of land area
and obvious seaward of the coastline. The migration of the
Pearl River Estuary is much higher than that of the Oder River
Estuary. In historically, the role of human activities had been
continued to affect the shape of estuaries and harbors
construction, but the impact on the Pearl River Estuary is
stronger.

In the past 100 years, the artificial disturbance of the Pearl
River Estuary, especially the land reclamation activities,
significantly affected the shoreline change and the natural
development of the estuary, while the migration of the
coastline in the Oder River Estuary was mainly caused by the
erosion and accumulation of sandy coastline in natural
processes under local tide, wind and coastal current system.
In addition, from the sedimentary records, the 4.2 ka climate
cold event and the Medieval warm event were also
documented in the Pearl River Estuary, that were widely
recorded in Baltic area, in term of transhemispheric scale
linkage.
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1. Introduction

Geography is the science that studies Earth's surface, its
physical properties, its people, their activities, and their
interactions. It explores the structure, development, and
processes of Earth's surface and the impact of human activity
on Earth's surface.

The name of geography is composed of the Greek "geo,"
which means "Earth, " and "graphein," which means " to
write." This name arose from the need to describe the area
in detail, its place on the world scale, landscape, climate,
natural resources, and population, and depict it on maps.
Ptolemy, author of one of the discipline's first books, Guide
to Geography (2nd century CE), defined geography as "a
representation in pictures of the whole known world
together with the phenomena which are contained therein"
(Johnston, 2024). This expresses what many still consider
geography's essence — a description of the world using
maps.

For a long time, maps have been the human way to build a
new world. Winther (2020) argues that map thinking is how
we explore our thinking.

Along with geography, cartography was also developed,
which helped summarize and visualize large-scale
information. Undoubtedly, these days, Geographic
information systems (GIS) tools are used as a basis for the
visualization and presentation of knowledge of
interdisciplinary results.

Visual geography, popular in research on the Baltic Sea Earth
(region), is an important tool that can help us better
understand the physical location and properties of the
research subject and its society's needs. Interdisciplinary
knowledge is important for its use. Therefore, maps are
often created in cooperation between representatives of
various specialties. In practice, we can see that when
creating commissioned, thematic, target maps or interactive
information maps, constant cooperation with the client is
necessary both in the creative process and when using them
in practical implementation. At the same time, with the
intensive development of technologies and changes in the
natural environment, the climate has the task of constantly
updating models that partially reflect reality and their
visualization.

This work aims to illustrate the understanding of the
geography of the Baltic Sea from a philosophical approach
needed for learning, applying, and visualization of multi-
disciplinary research.

2. Geography of the Baltic Sea from various
philosophical perspectives

The geography of the Baltic Sea and the history of its
development can be interpreted from various philosophical
points of view.
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From the point of view of ecological philosophy, the Baltic
Sea is a unique natural formation with great
environmental value. It is an important habitat for many
species of animals. However, the Baltic Sea ecosystem is
vulnerable to natural processes, climate change, and
unbalanced human activities. There is no doubt about the
importance of protecting tools for the Baltic Sea
ecosystems and environment. Due to the four seasons,
phenology studies are relevant—phenology studies cyclic
and seasonal natural phenomena, especially concerning
climate and plant or animal life.

From the point of view of tourist philosophy, the Baltic Sea
has exceptional natural beauty and diversity, including
differences in four seasons. Due to its length from south to
north, the sea has several climatic zones. Due to the
different geological structures - different shores, rich in
islands, due to the nine countries surrounding the sea - it
has a different cultural heritage.

From the point of view of historical philosophy, the Baltic
Sea is an important region of European history. It was an
important crossroads of trade and culture. The Baltic Sea
was also a place of struggle for power and influence.

From the point of view of political philosophy, the Baltic
Sea is geopolitically important. It is an important place for
international trade and cooperation. Nine European
countries surround it. The Baltic Sea is the most important
regional waterway. It is also important for the national
security of many countries. It is to be regretted that in the
21st century, geopolitical ambitions regarding the Baltic
Sea have not subsided. Issues regarding territorial waters,
their resources, renewable energy resources, safe
navigation, and sustainable management remain relevant
among the Baltic countries.

From a philosophical view, scientific achievements should
lead to more important things - preservation and
transmission of  scientific  experience, progress,
preservation of natural nature, reduction of pollution,
communication, and collaboration between people,
sustainability, to preserve a healthy natural environment
on our alone Earth's planet.

3. Big data visualization

Geographic data models serve as the foundation for all
geographic information systems. One of the main tasks of
geography is to inform the public in a language they
understand. As mentioned, one of the main examples of
large or complex information presentation can be
visualized through conceptual models like diagrams, maps,
drawings, or paintings.

Understandably, big data is often used to illustrate and
cluster, using in cartography the problem studied by
making strong idealizations and realizing that a figure,
colors, and special signs can say more than words. An



example of the "simplified" and visualated content of a
geographical map of the Baltic Sea (Fig. 1).

Figure 1. An example of a physical geographic map is intended to
show: the location of the sea in Europe, its bathymetry (depth), the
coast's line expositions, straits, main islands, and parts of the Baltic
Sea, and the countries surrounding the sea.

The compositional elements cartography employs within
semiotics have signs for design and perception, the symbolic
meanings of those signs, and their interpretation.
Geovisualisation is a knowledge-intensive art in which
providers and users must possess a wide range of knowledge
(Huang and Harrie, 2019). According to the same authors,
however, geo-visualization knowledge is usually embedded
implicitly in complex programs or rest in cartographers'
minds, making the understanding difficult to transfer,
interpret, expand, and reuse. All geographic information
systems are built using formal models that describe how
things are located in space. A formal model is an abstract and
well-defined system of concepts. A geographic data model
defines the vocabulary for describing and reasoning about
the things that are located on the Earth.

Knowledge-based geovisualisation with Semantic Web
technologies implies using geospatial linked data as
underlying data (Huang and Harrie, 2019). Based on the
same authors, such a knowledge base guides the
visualization providers in producing satisfactory applications
with formalized knowledge and semantic inference. It also
enriches the knowledge represented to the users to ease
their perception of map content, e.g., through a semantically
enriched legend with links and relevant resources.

Soon, such powerful computer tools, currently called
"artificial intelligence," will help use big data and create high-
quality pictures, diagrams, maps, etc. The current success of
Al techniques is equally caused by a new culture of data
creation and sharing, but this was simply unthinkable just
two decades ago (Janowicz et al., 2020). The use, content,
and intended purpose of big data and geographical
resources have recently depended on people's needs,
interdisciplinary abilities, and the ability to interpret
properly.

Understandably, this example in 1 figure is very simplified.
However, anyone familiar with geographic information
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systems can modify it more according to needs. For
example, the main data and tools are available on the
HELCOM website Map and data service. Currently, there
are many tools and programs that help visualize large
arrays by combining data from ground-based measuring
stations, remote sensing, and models. One of the most
innovative tools is the ESRI World Imagery, HELCOM Map
and Data Service (MADS), and Copernicus program
services. Copernicus is the Earth observation component
of the European Union's Space program, looking at our
planet and its environment to benefit all European citizens.
It offers information services that draw from satellite Earth
Observation and in-situ (non-space) data. Copernicus
services: atmosphere, marine, land, climate change,
security, emergency. More opportunities to learn about
the program and the wuse of its products:
https://www.copernicus.eu/en/about-copernicus.

The Baltic Sea researchers in the Baltic Sea countries use
these visualization tools for analysis of marine ecosystems,
climate parameters, sea surface temperature (SST), sea
level change, wave, wind, current, turbidity, Chlorophyll-a
concentration, ice concentration, anomalies, and extreme
events, marine heat waves, coastal upwelling freshwater
content (FWC) of the Baltic Sea, etc. To investigate future
warming trends scientists used climate simulation and
IPCC data of scenarios. Climate models are one of the
primary means not only for scientists but for all humans to
understand how the climate has changed in the past and
may change in the future.

4. Conclusions

Geographic data models serve as the foundation for all
geographic information systems.

Geography is a much broader field, and many people
realize it because geographers study the 'Earth's physical
characteristics, landscapes, phenomena such as climate,
the 'Earth's place within the universe, its people, as well as
the impact of human activity on Earth's surface and
climate.

The modern academic discipline of geography is rooted in
ancient practice. It is concerned with the characteristics of
places, particularly their natural environments and
peoples, as well as the relations between the two
(Johnston, 2024) and within the integration of GIS tools.
Today, more possibilities are gained by developing
conceptual drawings with large amounts of information
and big data. It has become obvious that scientists must
improve their skills in describing the big GIS informative
visualization tools.

In summary, scientists and researchers in the Baltic
countries widely use geographic visualization tools. Results
of the Baltic Earth community and scientists are useful to
better understand the historical and future changes of the
Baltic Sea, but also in terms of the marine ecosystem and
public management, and could thus be used for planning
sustainable coastal development and adaptation for
climate change.
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1. Introduction

Recent decades have manifested several man-made
interferences in the mechanical energy of the sea. (1) Ship-
induced mixing. In confined areas with intense shipping,
added mixing may be considerable. Such an area can be
Oresund. (2) Waves and coastal erosion due to high-speed
ships. The problem has been actual in Tallinn Bay. (3)
Altering cross-sections and sill depths by construction. The
problem arises in many places due to construction of
bridges, tunnels, artificial islands, laying pipelines. (4)
Oceanographic effects of wind farms. There could be
changes in the local wave and current regime. There are also
likely changes in the wind field on larger scales that may have
feedback on currents (change of wind stress), mixing (change
of current shear generating turbulence), and ecosystem
health. Note that The Marine Strategy Framework Directive
has acknowledged that permanent alteration of
hydrographical conditions must not adversely affect marine
ecosystems.

The water and energy cycles have been the research
focus within GEWEX and BALTEX/Baltic Earth programs.
However, the energy cycle has mainly considered the heat
balance. In this presentation, some aspects of mechanical
energy balance are outlined, because it controls turbulence
and stratification in the Baltic Sea and thus strongly
influences the marine environment.

2. Mechanical energy concept

Mechanical energy, consisting from kinetic and potential
energy at various scales, is naturally produced by wind
(frictional agitation of surface drift currents, inertial and
internal motions, large-scale sea level oscillations including
seiche, generation of wind waves), atmospheric pressure
differences (agitation of motions over a range of scales, from
large-scale emptying and filling of the basins following
inverse barometer approach, to small-scale agitation of
surface capillary waves), differential surface heat and
freshwater fluxes (formation of horizontal density
differences and related potential energy), freshwater
discharge and saline water exchange (creating estuarine-
type density gradients and layered structures, depending on
the flow and mixing balance guided by topography). The
energy production by the wind and heat is modified by ice
cover, e.g. by changing surface roughness and creating ice
ridges. Mechanical energy is transferred by currents and
waves and is dissipated mainly to heat, but a small part
causes mixing, which has a unique critical role in the Baltic
Sea physical system, e.g., in altering the stratification and
enabling a large-scale overturning circulation. Part of the
mechanical energy goes to coastal and sediment dynamics.
For the physical system function, there are energy-sensitive
areas where small changes in mechanical energy balance
may lead to significant changes in circulation, volume
transports, and stratification. Regarding saline water
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exchange, the sensitive areas are straits, deep channels,
and sills.

3. Potential energy anomaly

Stratification of the sea is of primary importance for its
hydrodynamic and ecosystem function. Possibility of full
mixing of the water column is characterized by potential
energy anomaly (PEA), calculated with a reference to the
vertically mean density (Simpson, 1981). While PEA is
generated mainly by the upper layer heating and sub-
surface lateral salinity advection, then destratification
occurs due to cooling and mixing of water masses, e.g in
the surface and bottom mixed layers due to the influence
of bottom friction, surface wind stress and surface wave
breaking, and in the interior due to shear instabilities and
dissipating internal waves.

PEA time series in the Gotland Deep and the
deepwater downstream basins, calculated from the
Copernicus Marine reanalysis data 1993-2021 (Fig. 1)
revealed that all the selected deep locations exhibit
significant seasonal cycle on the background of long-term
variations. This background variation exhibits PEA decay in
the Gotland Deep and its northward extension Northern
Deep after Baltic Major inflows (1993, 2003 and 2015) that
increase the mean PEA levels. While PEA levels decrease
during the winter mixing, there has been enough PEA in
the Gotland Deep to maintain saline stratification against
the work by thermal convection and wind mixing. In some
other areas of the Baltic, like the Gulf of Finland, PEA levels
have been occasionally reduced to enable complete mixing
during the winter (Elken et al, 2014). By recent
investigations, complete vertical mixing occurred also in
the Gotland Deep before the giant inflow in 1951 (Moros
etal, 2023).

Potential energy anomaly

1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

Year
——EGot =———Northern =——W Got —GOF

Figure 1. Time series of potential energy anomaly in the Gotland
Deep (E Got), Northern Deep (Northern), Western Gotland Basin
(W Got) and the Gulf of Finland near Tallinn (GOF). Data from
Copernicus Marine reanalysis.
https://data.marine.copernicus.eu/product/BALTICSEA MULTIYE
AR _PHY 003 011/description

Vali et al. (2023) studied mechanical energy
components in the central Baltic, using a sub-mesoscale
numerical model. They found that higher PEA values



appear in the deeper areas where the halocline is present.
Close relationship between the wind speed and the kinetic
energy at the surface on one hand, and the vertically
averaged kinetic energy on the other hand, was found. The
complex relation of mechanical energy to internal waves,
dissipation, and bottom topography are illustrated in, e.g.,
Muchowski et al. (2023) and Green et al., (2006).

4. Wind energy transfer and vertical mixing

Within the turbulence models based on balances of
turbulent kinetic energy and its dissipation, dynamics of the
mixed layer is usually properly simulated, but in the deeper
layer, penetration of direct wind forcing tends to be too
small to explain the observed changes of stratification. A
common approach to overcome too low mixing is to include
additional mixing term to the turbulence coefficient, due to
breaking of internal waves. By Stigebrandt (1987) that
additional term is proportional to the inverse of the Brunt-
Vaisala frequency. As an example, simulating the end of the
enhanced stagnation period 1985-1994, with only a few
deep inflows (Fig. 2a), Axell (2002) obtained that the 1D
model simulation (Fig. 2b) reasonably fits the observation
only in case when mixing by internal waves is included. The
same additional deepwater mixing is used also in 3D models
(Meier, 2001).

Depth (m)

250

1985 1995

1990

Figure 2. Observed salinities from the central Baltic Sea (a) and
calculated salinities (b) by adding Langmuir circulation and internal
wave energy (Axell, 2002).

The main forcing for the mechanical energy in the Baltic
Sea is the wind. Surface layers are agitated by the wind stress
and downward mixing of momentum. Regarding changes in
stratification and potential energy, the wind energy flux to
the ocean can be calculated by multiplying the wind stress to
the ocean surface drift velocity (Axell, 2002), resulting
approximately in the energy flux proportional to the wind
speed cubed.

Suppose the energy flux from the wind is reduced with a
decrease in energy to the internal wave energy. In that case,
we may expect a stronger vertical stratification that will
influence the marine environment differently, for example,
by lowering the oxygen concentration. Extensive use of
offshore wind farms in the Baltic Sea may have
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environmental impacts like what was reported by Daewel
et al (2022) for the North Sea. More specifically, Akhtar et
al. (2022) have shown that presence of wind farms reduces
the 10 m wind speed by approximately 7% within a wake
behind the farm structures during stably stratified
atmospheric conditions. This causes changes to the
stratification, but it is still uncertain how important these
changes are to the ecosystems, and for the Baltic Sea this
issue remains to be investigated.
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1. Introduction

The ocean is one whole system connected to the land
through the continental shelf with many seas. These
marginal seas have enclosed islands, archipelagos, and
peninsulas and are restricted through sills and channels.
They are rich in marine life and human activities that strongly
affect the local, regional, and global environment (e.g.,
Reckermann, 2022; World Ocean Review 5, 2017). There is a
need to rethink and realize that scientific and humanistic
perspectives can generate new knowledge necessary today
with the many complex problems society needs to solve.
Much work is concentrated on external phenomena, but the
importance of the human's inner world is often neglected.
(lves et al 2020; Omstedt, 2020, 2023; Omstedt and
Gustavsson, 2022a). The division between natural sciences
and humanities or between knowledge from outside and
inside has led to a division of the whole into two parts that
often do not overlap (dichotomy). The philosopher Paul
Ricoeur has linked these parts (Kristensson Uggla, 2011).
From different perspectives, a common pursuit can achieve
something third. Thus, natural science and human science
could interact with different perspectives that carry a
common quest for truth. This is also the argument behind
transdisciplinary methods used to address the global
challenges of the United Nations. Working together can
generate an orchestra that gives something more than
individual instruments.

The ocean, with its marginal seas, and humans are one
system. There is a strong need to see the whole because
fragmentation is so prevalent in today's society, and it is an
illusion that the fragmented parts exist independently. This
is similar to the Sustainable Development Goals by the
United Nations, which include 17 goals that aim to create a
better future for all. These goals should not be treated as
individual; they are strongly interrelated (UN, 2018).
Correspondingly, to improve and manage the ocean and its
marginal seas sustainably, we must be able to see and work
for the whole human and ocean system. An emphasis on
harmony and beauty between humans and the ocean can
strengthen a healthier and more integrated approach
(Omstedt and Gustavsson, 2022a).

In this article, we will introduce analogies for philosophical
reflections. Analogy means comparing an object in one
domain  (source domain) with another (target
domain)Winther (2020). One classic example is the analogy
between the solar system and an atom. Or the movement of
the continents, which can be compared to sea ice breaking
up and forming ice ridges. In Section 2, the analogy "The
human condition is an ocean" reflects how the ocean has
been used to process human conditions. In Section 3, the
analogy "The marginal seas are hospitals" changes the
perspective and addresses human and ocean health. Here,
recovery from busy urban life and alienation from nature can
be cured by the mental and physical experiences of the sea,
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where wonder and responsibility can stimulate attitude
changes.

2. The human condition is an ocean

The ocean is a source for analysis of the human condition
in all its complexity - emotion, freedom, sexuality,
imagination, memory, political structures, and cultural
conditioning (Do6ring and Winther, 2020). The oceans
provide an analogical source for important philosophical
reflections and questions. The Mediterranean Sea has, for
example, been used by a variety of philosophers as an
analogy or metaphor. Doring and Winther review some of
these philosophers, starting with Thales. Thales (about 625
— 545 BC) was the first philosopher who taught sailors to
find their way on the sea. One of Thales's students,
Aniximander (610 — 546 BC), was the first to map the
Mediterranean coastline. Heraclitus lived towards the end
of the fifth century BC and argued for the truth through the
unit of opposites, "the sea is the purest and most polluted
water." Platon (428 — 348 BC) used the ship as a symbol for
the city and the captain as the ruler. Seneca ( 4BC— 65 AD)
was a Stoic philosopher of Rome and spoke about the
Mediterranean Sea as Mare Nostrum (Our Sea). Nietzsche
(1844 — 1900 AD) regarded the Mediterranean as a source
of liberty and health. Camus (1913 — 1960 AD) wrote about
the sea as a sensual being. Being at the seaside was of
higher value than being in cities. These cases are each
discussed in mo;e detail in DOring and Winther (2020).

becomes pregnant with the sea, the opening set in Kalevala
(Omstedt, 2024).

Literature and stories create a prerequisite for
understanding other people's living conditions and
feelings. In the creation stories from, e.g., America ( the
Navajo myth) and Scandinavia (the Norse myths), much
can be learned about the early humans' perception of the
sea. The Odyssey by Homer, one of the greatest
adventures in world literature, is another example. It
began as an oral story and was later written down, perhaps
by Homer, about 700 years before our era. This story has
been interpreted and rewritten in many ways. It is a
symbol and a starting point for a large part of Western



Culture, created through literature, art, and philosophy
(Omstedt and Gustavsson, 2022b). The epic Finnish poem
Kalevala originated in oral tradition, which in the 19th
century was compiled into a whole by Elias Lonnrot, see
preface in Kalevala (1999). The first chapter describes how it
all began and how the great singer Vdainamoéinen was born
(Figure 1). The philosophical interpretation of how the air
becomes pregnant by the sea is discussed in Omstedt (2020)
as an illustration of how changed perspectives can generate
something new and unexpected. The oceans' creative and
analogical power permeates human imaginations and
thinking and deserves more explicit attention.

3. Marginal seas are hospitals

The human impacts on the ocean are easily visible in all
plastic and waste transported into the sea. This risky
behavior reflects humans' wasteful lifestyles and the need
for an attitude change based on improved mental health.
The ocean and humans are vulnerable, and people need
inspiration to change their behavior. Today, the
communication between the sea and humans occurs
through many different voices, where science, art, and the
extensive measurements of marine scientists call for
attention (Omstedt, 2024). A vision and analogy are that "the
marginal seas are hospitals." The most important aspect of
a healthy ocean is healthy people who manage the sea
carefully and sustainably. Coastal areas with growing
populations may cause increased misuse of the sea. Instead,
an attitude change could be based on using the marginal
seas as a hospital for human physical and mental health.

Figure 2. Our inner ocean of rational thinking, feelings, thoughts, and
values holds a powerful ability to find a new relationship with the
sea, inspired by all the voices from many marine sources,
observations, literature, art, and music (Omstedt, 2024)

Urban seas and coastal areas are important for humans for
inspiration and involvement in efforts that build with the
sea. Marine activity, such as increased marine protected
areas and new marine wind farm plants, should be more
holistic by promoting beauty and harmony for all living in
coastal areas instead of fragmentation into sectors of
interest. People need to be involved both for the ocean and
for themselves and to recover with the help of the sea. The
UN Ocean Decade aims to safeguard the ocean we need for
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the future we want. This vision is scientific, technical, and
humanistic, seeking a changed relationship that promotes
a caring mentality that generates health for the sea and
humans.

4. Discussion

The ocean and its marginal seas have developed for four
billion years into the blue planet we know today. Only in
the most recent time of the earth's history have humans
become a part of the sea that affects it, almost always
negatively. The earth system and society always evolve
dynamically, and there is no turning back. Some hope to
restore nature and the sea to an earlier historical period,
but this will not be possible. Instead, the future of the
marine environment is closely linked to human activity.
The idea that the sea will care for itself is fundamentally
wrong. The effort to restore to the way it was before is
impossible. Unlike our ancestors, however, today, we have
access to much knowledge that allows us to change how
we misuse the sea and instead create the future we want.

The complex interaction between humans and the
environment requires serious philosophical reflections on
how to develop improved and sustainable relations with
our marginal seas. Geosciences and technical inventions
are not the only solutions; humanities and philosophy have
a key role to play. The added value of philosophy includes,
e.g., analytical thinking and critical reflection, integrating
plural pieces of knowledge, disciplines, and dichotomies,
and imagining (Winther, 2020).
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Fostering lasting science-policy-dialogues

Scientific evidence plays a central role in shaping policy on
climate, environment, sustainability, and resources.
Successful engagement between science and policy requires
the alignment of scientific focus with the needs of decision-
makers, ensuring policy relevance, scientific expertise, and
timeliness. Face-to-face interactions are essential, fostering
a mutual understanding. This approach not only ensures that
the information provided to policymakers is accurate, but
also actionable. In addition, the inclusion of different
scientific perspectives and broad expertise enhances the
credibility and impact of scientific information and provides
a comprehensive view of complex issues.

Figure 1. Parliamentary Evening in the Kafer rooftop restaurant of
the German Bundestag, Berlin. © Helmholtz Earth & Environment

The following elements are essential for bridging the gap
between research and policymaking, establishing impactful
connections:

e  Highly motivated researchers, ready to customize
their studies to align with policymakers' needs.

e Institutionalized knowledge exchange between
the scientific and political communities, facilitated
through e.g. advisory councils and expert hearings.

e  Coordinated events in parliaments, delivering core
messages tailored to current parliamentary
processes, along with policy recommendations
targeting specific policy areas.

e  Establishment of trustful connections with
policymakers  through regular, face-to-face
meetings between individual politicians and
scientists.

e Implementation of targeted outreach initiatives,
including site visits, to provide firsthand
experience of research activities within the
institute or in the field.

To give insights into national and international science policy
activities conducted by Helmholtz SynCom, three examples
(i-iii) are provided below.
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Addressing policymakers with parliamentary events and
aligning scientific evidence with policy processes

i) In October 2023, Helmholtz SynCom, together with
scientists from Helmholtz Centres AWI, GFZ, GEOMAR, and
Hereon, organized a parliamentary breakfast in the
German Bundestag focused on sea level rise. The aim of
the event was to inform political decision-makers about
the causes, impacts, and significance of sea level rise for
Germany, and to foster sustainable relations between
Helmholtz experts and federal policymakers. In
preparation for this parliamentary event, a close dialogue
with the patron and other parliamentarians proved
essential to tailor the content of the presentations to the
specific needs of policymakers. Additionally, researchers
from different disciplines and institutions worked closely
together to ensure that their presentations told a coherent
story. In summary, the parliamentary breakfast proved to
be an effective tool for initiating and strengthening the
dialogue between science and politics.

Figure 2. Parliamentary Breakfast in the breakfast restaurant of
the Jakob-Kaiser-Haus of the German Bundestag, Berlin. ©
Helmholtz Earth & Environment

i) In May 2024, Helmholtz SynCom, together with
Helmholtz Energy, Helmholtz Climate, CDRterra, CDRmare,
and DACstore, will host a parliamentary breakfast on
Bioenergy with Carbon Capture and Storage (BECCS) and
Direct Air Capture and Storage (DACS). Beside BECCS and
DACS, the event will explore the opportunities and
challenges of marine and terrestrial Carbon Capture and
Storage (CCS). This event will address negative emissions
from a holistic scientific perspective and discuss the socio-
political relevance and the current need for action with
policymakers in the German Bundestag.

Engaging Early Career Researchers in Science-Policy
Dialogue
iii) Helmholtz SynCom involves early career researchers in

the science-policy dialogue, as they not only bring a
diverse perspective to the discourse, but also gain early



exposure to interactions with policymakers. This has the
potential to provide young policymakers with counterparts
at their level and to establish a trusting exchange, which is
essential for effective communication.

A notable case in point unfolded during a delegation trip of
the Helmholtz Research Field ‘Earth and Environment’ to the
European Parliament in December 2023, where seven early
career researchers from seven Helmholtz Centres took
center stage. This initiative, orchestrated at the invitation of
Niklas Niena, Member of the European Parliament,
underlined the commitment to fostering a robust dialogue
between emerging researchers and policymakers.

The delegation's agenda focused on Earth observation and
included strategic meetings with members of the European
Parliament, representatives of the European Commission’s
Directorate-Generals for Defence Industry and Space (DG
DEFIS) and Climate Action (DG Climate Action), and the
European Space Agency (ESA). By actively participating in
these discussions, the early career researchers gained
valuable insights into the complex interplay between science
and policy. This trip underlined the commitment to a vibrant
interface between science and policy.

Figure 3. Delegation trip to the European Parliament. © Helmholtz
Earth & Environment

The illustrated examples show how targeted and engaging
parliamentary events can effectively bridge the gap between
science and policy, fostering productive dialogues that are
crucial for evidence-based policymaking.
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1. Introduction

Human activities give rise to many factors exerting
tremendous pressure on the marine environment.
Simultaneously, social, political, and ecological
environments are highly complex, with many competing
interests. Therefore, marine science, management, and
governance must integrate many perspectives incorporating
human perception and behavior, e.g.,, Omstedt and
Gustavsson (2022). The study applies a philosophical view of
complex systems, which promotes increased understanding
through idealizations without organizing science into
hierarchies. The background is the climate and
environmental research in the Baltic Basin (Baltic Sea and its
drainage basin) during the past three decades that has gone
from disciplinary research to much broader perspectives or
from studies on closing the water and heat balances to
human impact with multiple stressors, Omstedt and Von
Storch (2023), Reckermann et al., (2022).

2. Complexity and simplifications

Our seas are highly complex for many reasons, such as their
dynamics, climate or environmental changes, and human
behavior. There are few universal laws, and the science
practice differs from different fields, e.g., physics goes for
mathematical laws, chemistry for molecules, biology for
species, and policy for economic and judicial systems.
Scientific laws and theories also have many approximations,
such as earth system models. Therefore, science aims not for
truth but for understanding and relies on simplifications.
Different disciplines have their practice, and the most basic
consequence of science practice is the extensive use of
idealizations or assumptions made without regard for
whether they are true and often with full knowledge that
they are false Potochnik (2017).

Models often play significant roles. Maximum complexity
models resolve as many details and degrees of freedom as
computationally possible, allowing experimentation, data
assimilation, forecasts, and scenarios of possible futures but
do not provide immediate understanding. On the other
hand, minimum complexity models, such as maps, budgets,
conceptual views, process, mechanical, and system models,
may represent understanding. In a sense, parametrizations
are often such minimum complexity models. Models of
different types are indispensable tools in the scientific
process of constructing knowledge Hasselmann (1988);
Miller and von Storch (2004). We will investigate scientific
practices in the BALTEX/Baltic Earth program from 1993 to
2023. The aim is to illustrate the importance of addressing
complex problems through simplifications.

3. Advancement of knowledge through simplifications

Knowledge development in the BALTEX/Baltic Earth program
involves close interaction between observations and
theoretical considerations. The region has diverse
information from the last millennium—data of different
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styles and scales in time and space and with various
qualities. A strong development has occurred in analyzing
these data during the past three decades, including
instrumental data and historical data proxy data such as
tree rings, diaries, and written information. At the same
time, many new instruments, including satellite data, are
mixed with older ones, producing reconstructions many
centuries back in time. Large efforts to build complex
systems based on three-dimensional numerical modeling
were undertaken during the program, while knowledge
advanced through simplified approaches. Science is in the
business of finding causal patterns (cause and effect), and
idealizations play a particularly valuable role in
representing causal patterns. However, causal patterns
are often complex and hidden in the complex world. One
example is the North Atlantic Oscillation index (NAO), an
idea that just a number can describe the large-scale
atmospheric circulation over the North Atlantic Ocean.
This index has been applied in many Baltic Sea studies,
illustrating the importance of atmospheric circulation for
parameters such as ice, temperature, sea levels, inflows,
wind, parameters of eutrophication, etc.

The drainage basin concept was launched by GEWEX and
BALTEX and visualized through the BALTEX box is another
example. The drainage basin concept combines the
atmosphere, land, and sea into a system for evaluating
climate models' water and heat balances. Furthermore,
this simplification can be validated in just one control
section, the entrance of the Baltic Sea. Similarly, the
drainage basin concept has been applied for a long time in
hydrology and during the BALTEX/Baltic Earth period,
demonstrated by Bergstrom and Graham (1998) and
Graham (1999) how the river runoff to the Baltic Sea could
be modeled and validated. Land surface dynamics
simplified the complex ecosystems by vegetation sub-
models and the Leaf Area Index (LAl) that characterized
plant canopies Smith et al. (2001) and incorporated them
into different Regional ClimateModels.

Baltic Sea salinity response to changes
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Figure 1. Steady-state Baltic Sea salinity with freshwater inflow.



Closing the water and heat balances was possible by
introducing coupled ocean basins for the Baltic Sea, giving
information on net outflow and properties such as net
precipitation, temperature, and salinity (Gustafsson, 2000a,
b, Omstedt 1987, 1990 a, Omstedt, and Rutgersson, 2000,
Rutgersson, Omstedt, & Raisdnen, 2002). The ocean models
added two new validation parameters for evaluating climate
models: the Baltic Sea heat and salinity content, Omstedt
and Nohr (2004). An important aspect of using different
model complexity is identifying dynamical aspects and
checking if they work similarly. For example, there is a
nonlinear relation between Baltic Sea salinity and freshwater
input Omstedt and Hansson (2006) (Figure 1). Here,
mechanistic models were compared with the three-
dimensional model study by Meier and Kauker (2003), and
both levels of complexity were able to reproduce the
nonlinear behavior.

Using the closure concept, Climate Models (GCM and RCM
forced by GCM) illustrated a large bias in water and heat
transports Omstedt et al., (2000); Omstedt et al., (2012).
Similar problems were shown using Regional Climate Models
(RCM) forced by GCM lateral boundary conditions. However,
Bengtsson (2001) illustrated a reasonable fit using RCMs
driven by reanalyzed data as lateral boundaries.

Sea ice is a highly complex material that, on a geophysical
scale, is fragile, plastic, and viscous. The formation of ridges
and leads illustrates that the plastic behavior in coastal seas
is related to onshore and offshore winds. A simplified sea ice-
edge one-dimensional model (Omstedt, 1990 b) for coastal
seas was developed and validated with Baltic Sea data
showing how major processes could be modeled. For
example, the plastic behavior was investigated, illustrating
that standard formulations from Artic Ocean do not hold.
Later, this sea ice model was applied to the Baltic Sea,
examining sea ice on different time scales Omstedt and
Nyberg (1996). Strong knowledge achievements were gained
in close contact with international work, e.g., Leppéaranta
(2011) and Astrom, Haapala, and Polojarvi (2023).
Eutrophication is one of the major threats to a healthy Baltic
Sea. It includes a complex mix of physical, chemical, and
biological processes and knowledge about humans through
external loads from land and atmosphere. Here, Savchuk and
Waulff (2007) developed a decision system based on a model
concept called SANBALT (Simple As Necessary Baltic Long-
Term Large Scale). The model included detailed nutrient
budgets. Gustavsson et al. (2017) extended this approach
and calculated the P, N, and C budgets for the major sub-
basins in the Baltic Sea. A striking property of C versus N and
P cycling was that while internal removal processes largely
balanced the external supplies of total N and P, the total
carbon supply was mainly compensated by a net export out
of the system. A result also calculated by Kulinski et al.
(2011). Later, Stigebrandt and Andersson (2020) estimated
the importance of phosphorous fluxes from anoxic
sediments.

There are many other examples of how simplification has
advanced the knowledge about the Baltic Basin. Here, we
will finally only mention the work by Bernd Schneider, who,
through careful studies of the Baltic Sea CO, system (Figure
2), could add new knowledge to ecosystem modeling,
Schneider, Nausch, and Pohl (2010).
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Figure 2. A conceptual illustration of the cycle of CO; in the Baltic
Sea, redrawn from an earlier sketch by Bernd Schneider.

4. Summary and some conclusions

The BALTEX/Baltic Earth science work has been
investigated during the past three decades using a
philosophical view of complex systems, promoting
increased understanding through idealizations without
organizing science into hierarchies. The BALTEX/Baltic
Earth pluralistic science practice has been successfully
developed and generated new knowledge about dealing
with climate and environmental changes in the region.
Some of the major improvements in understanding are:

e Improved communication skills through more
possibilities by developing conceptual views into
drawings with large information contents and on
different time and space scales.

e Improved knowledge based on increasing data
and data product and the need for well-
documented, homogenized, and open data sets.
Training to characterize and detect climate and
environmental changes in the region.

e Indices and statistical models have played an
educational illustration of complex dynamics.
We have learned that they also need
consideration of homogeneities and often have
severe limitations.

e  Several new maps on the region have, in an easy
visual way, opened up the understanding of the
need for multi-disciplinary research.

e Improved knowledge of the atmosphere-ocean
boundary layers.

e New knowledge has been achieved through
water, heat, nutrients, and carbon budgets.

e Improved knowledge of mechanical and system
models regarding water, heat, nutrients, and
carbon cycling.

e  Maxim complex models have been strongly
developed as the computer capacity has grown
and shown important results when attributing
the causes for climate change and scenarios of
possible future developments.

e Knowledge about assessment strengths and
problems has improved our insights into
multiple-discipline research and
communication.
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1. Introduction

We cannot live happily without a healthy Baltic Sea with its
history, resources, transport, tourism, culture, and
inspiration. However, the sea has been under strong human
stress for decades (e.g., Reckermann, 2022). The decline in
fishing stocks in general and herring and cod in the Baltic Sea
send a strong warning signal that managing marine
resources needs a new relationship between humans and
the sea. Here, the field station and marine protected areas
play a major role in observing and protecting marine habitats
and as a base for a living archipelago.

Kristineberg Biological Station, located at the mouth of the
Gullmar fjord, Bohuslan, Sweden, was founded in 1877 as
one of the world's oldest marine stations for education and
research. Similar field stations have been later established
around the Baltic Sea. Here, we will outline the history and
importance of the marine station at Seili island in the
Turku/Abo archipelago, Finland, Northern Baltic Sea.
Archipelago Research Institute (ARI) of the University of
Turku (UTU) is celebrating its 60th anniversary in 2014.
Started as a field base for biology and geography, ARl is today
an environmental research institute concentrated on the
ecological state of the Baltic Sea and the Archipelago Sea of
Finland. Besides, it is a meeting point for all the faculties at
UTU and serves as a resource for public relations
development.

Figure 1. The Island of Seili and Archipelago Research Institute off
Turku/Abo, SW Finland.

2. Thelsland of Seili's history, from hospital to marine
station

The rich historical past, local culture, and traditions of the
Island of Seili formed a special point of interest. The state has
had a presence on the island since the 1600s in the form of
a hospital. The hospital activities included a leprosy asylum,
then a mental hospital until 1962, after which the university
founded the ARI. The institute used old hospital buildings
and the archipelago milieu around it. Over the centuries, the
island has been governed by three states: first, Finland was
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a part of Sweden (not called Finland, but Ostermark), then
there was a period of Russian government, and finally,
since 1918, the independent Finland. All this has left traces
on the island and forms a rich potential for history and
culture researchers of UTU, e.g., archaeology.

Another basis has been the active interplay between
visitors on the island and university visitors. The island has
been the target of tourists since the 19th century. In the
beginning, quite rudely, it was an attraction for "the funny
farm" watching. With increasing tourism in the 1990s, it
was clear that sustainable development, not only in the
number of tourists but also in their visiting tracks, needed
to be planned carefully. Therefore, we started to arrange
the visitor's 15 to 30-minute introductions to the island's
history and introduce the university's activities. Thus, a
combination of local history and university activities
connected to the ecological state of the Baltic Sea was
made a narrative that served around 10 to 15 thousand
yearly visitors. This would not have been possible without
taking the humanities as a part of the developing program
for the ARI. This development took place especially since
2011 when Turku/Abo was chosen as the cultural capital
of Finland. As a result of that year, several art projects
were initiated in the archipelago of Turku with strong
support from the ARIl. Thus, the central features of
humanities as a philosophy that is informed by science,

inspired by art, and motivated by compassion
(https://americanhumanist.org/what-is-
humanism/definition-of-humanism/) have made it

possible to reach a much wider audience than science
alone could attract.

This development has not occurred in "a university
vacuum" but simultaneously with other important changes
in the developing discussion about the need for marine
protected areas. Thus, the first Biosphere area of Finland
was formed, with active support from the UTU, around the
Seili Research base in the early 1990s. Some years later,
the European Union program of Natura 2000 was added to
the protection initiatives in the Seili Archipelago. The
research was boosted when Finland joined the EU in 1997,
adding to the financial base for research by opening
international  funding  possibilities  for  Finnish

environmental research in marine areas.
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Figure 2. Time series of zooplankton, salinity and temperature at
Seili (modified from Rousi et al. 2024 (submitted) and Méakinen et
al. 2019). Graphics Terri Vuorinen.

3. The environmental and climate importance

The background for this development has been a
combination of scientific environmental research and the
university's active pursuit of public outreach and increasing
the scientific discussion and interchange inside the
university. In that way, the former field base has been
transformed into a cross-disciplinary institute and a place for
public outreach. The Baltic Sea field stations and increased
marine protected areas offer important options for
developing a healthy Baltic Sea. Based on scientific evidence,
they can be particularly effective when developed as part of
a wider management solution. But also, the field stations
provide an important source of reflection for all humans
living around the sea with their different cultures. They work,
Figure 4. therefore, as a guarantee for a living archipelago.

Figure 3. Marine Protected Areas in the Baltic Sea region (Map
downloaded from the HELCOM website, modified by Terri
Vuorinen).
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Marine protected areas aim to protect valuable marine and
coastal habitats. In the Baltic, we have around 13 percent of
the sea area protected by national MPAs, while the
international target is to cover at least 30% of the global
ocean. However, the field stations and the protected areas
can not be looked upon without considering the whole
region with many treats, such as eutrophication, climate
change, industrial overfishing, and building new
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constructions. Therefore, the expansion and design of
marine protected areas will need research on the whole
marine ecosystem. Many perspectives are needed here
(e.g., Omstedt and Gustavsson, 2022) to create a healthy
Baltic Sea and sustain its beauty.

Fig 4. An artwork in the archipelago. Rags Media Collectiven
2011. Photo Stefan Kramer.

4. Summary and some reseach challenges

The countries around the Baltic Sea face a great challenge
to develop science and a marine management that can
protect and develop a living, healthy and beautiful Baltic
Sea. Here the marine field stations and marine protected
area will serve as important observation and information
areas. Similar challenges are on highest political level
where the United Nation has formulated an Ocean
Decade, during the period 2021-2030, that provides a rare
opportunity to show how working closely across disciplines
and with societal actors to co-design innovative and
transformative solutions can lead to a more sustainable
marine enviroment. Below we list a number of research
topics with relevance for the Baltic Earth community that
involves questions related to:

e How will a degraded vs healthy marine
environment influence climate change such as
eg. the uptake/release of greenhouse gases?

e How should the Marine Protected Areas be
connected to improve reproduction of key
species of fish or e.g. Zoostera marina or the
Bladder wrack?

e  How could the voice of the Baltic Sea be better
transformed and mediated for the urban citizen?

References available by request from the first author.
international target is to cover at least 30% of the global
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