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Editorial on the Research Topic

The Baltic Sea Region in Transition

The Baltic Sea is a semi-enclosed sea in Northern Europe, draining about 20% of Europe in its
catchment area, where about 85 Million people live; most of them in the southern part. The region
and the Baltic Sea itself have been subject of interdisciplinary Earth system research for many
decades, and especially so since the barriers between the eastern and western researchers fell in the
early 1990. Baltic Earth and its precursor program BALTEX have fostered the collaboration of Earth
system research across the countries and scientific disciplines for almost 30 years, also as part of the
global GEWEX(Global Energy and Water Exchanges) program of WCRP, the World Climate
Research Program of WMO, the World Meteorological Organization.

This Frontiers Research Topic in Frontiers is based on contributions from the 2nd Baltic Earth
Conference in Helsinger, June 11-15, 2018. Like the previous Baltic Earth and BALTEX conferences
(nine in total), it covered the themes of Baltic Earth, in particular highlighting the Baltic Earth Grand
Challenges as defined by the Baltic Earth Science Plan 2017. The grand topic of the conference “The
Baltic Sea region in transition” refers both to processes in the transition area between the North Sea
and the Baltic Sea, but more so to temporal transition processes (e.g., regional climate change) in the
energy, water and matter cycles of the Baltic Sea, its coasts, the atmosphere, land surface and socio-
economic system of its catchment basin. At this conference, the Grand Challenges and research
topics of the science plan were discussed within the following sessions:

Salinity dynamics

Land-Sea-Atmosphere biogeochemical feedbacks
Natural hazards and high impact events

Sea level dynamics, coastal morphology and erosion
Regional variability of water and energy exchanges
Multiple drivers of regional Earth system changes
Regional climate system modeling

The 19 contributions in this Frontiers Research Topic are part of the 126 which were presented orally
or as posters at the conference in Denmark (all available as extended abstracts), spanning the spectrum of
Baltic Earth research, from observed and modeled processes in the atmosphere, the sea and on land, as
well as transition processes between these compartments. Innovative methods and management issues
were also discussed. In the following, we briefly introduce the papers of this Research Topic.

Quite a number of papers treated oceanographic issues. Salinity distribution is crucial for the
vertical stratification of the water column, and to a large extent controls the distribution of
organisms, from bacteria to fish. Liblik and Lips have analyzed 35years of Baltic Sea

Frontiers in Earth Science | www.frontiersin.org 5

October 2020 | Volume 8 | Article 589252


http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2020.589252&domain=pdf&date_stamp=2020-10-01
https://www.frontiersin.org/articles/10.3389/feart.2020.589252/full
https://www.frontiersin.org/articles/10.3389/feart.2020.589252/full
https://www.frontiersin.org/researchtopic/8412
https://baltic.earth/
https://www.gewex.org/
https://baltic.earth/events/helsingor2018/index.html
https://baltic.earth/events/helsingor2018/index.html
https://balticearth/material/Baltic_Earth_Science_Plan_2017.pdf
https://baltic.earth/events/helsingor2018/material/2ndBalticEarthConferenceProceedings_IBESP_No13_lowres.pdf
https://www.frontiersin.org/articles/10.3389/feart.2019.00174/full
http://creativecommons.org/licenses/by/4.0/
mailto:marcus.reckermann@hzg.de
https://doi.org/10.3389/feart.2020.589252
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2020.589252

Reckermann et al.

observational data and conclude that stratification, which is
basically dependent on the distribution of salinity and
temperature in the water column, and which is peculiar in the
Baltic Sea, has increased over this period. While there was a clear
warming trend in the water column (about twice as much as in
the upper Atlantic), they found different salinity trends in
different depth layers, causing an overall increase in
stratification but no significant trend in mean salinity of the
Baltic Sea.

The generation and distribution of internal waves in the Baltic
Sea, which plays a role also in stratification and mixing, is
investigated by Kurkin et al. Using a circulation model, they
analyze the main properties of long-period subinertial baroclinic
motions in the Baltic Sea, focusing on periods in the range of
2-12 days. Results suggest that the relevant field of motions in the
Baltic Sea is highly inhomogeneous and strongly asymmetric.

A way to overcome the limitation of very few real sampling
(data) points at sea, is to combine measured with modeled data.
Elken et al. present a statistical method to reconstruct
temperature and salinity data from measurements and models.
For Sea Surface Temperature, their Empirical Orthogonal
Functions method perform better than a similar technique
(Optimal Interpolation), which is slightly better for Sea
Surface Salinity. The authors claim that their Empirical
Orthogonal Functions has certain advantages when real
observations are very sparse.

The measurement of real field data to give insight into the
distribution and velocity of water bodies in the Baltic Sea
necessary to validate models. Paka et al. describe a new
method for vertical profiling the water column, especially in
the difficult narrow bottom layer. Using this new profiling
method, some remarkable temperature and current velocities
were measured in the deep water.

In the northern Baltic Sea, sea ice is a common feature in
winter. Sea ice cover has a strong impact on the wave climate of
adjacent sea areas, and consequently, on operational wave
forecasting. Using wave models, Tuomi et al. compared two
data sources and two methods to calculate significant wave
heights. The results can help to optimize operational wave
forecasts in the northern Baltic Sea in winter.

Good measurements of methane fluxes are crucial for climate
models, as methane is a much more potent greenhouse gas than
CO,, albeit present in much lower concentrations. Gutiérrez-
Loza et al. present a method to measure air-sea methane fluxes.
They demonstrate that high-resolution micro-meteorological
techniques can increase the understanding of the temporal
variability and forcing processes of these fluxes, and thus
improve the capability of climate models to incorporate them.

Rapid methodological innovations and developments are
currently ongoing in Baltic Sea Operational Oceanography. In
this review paper, She et al. introduce two large research networks
in the Baltic Sea, which both work complimentary on scientific
questions: BOOS (Baltic Sea Operational Oceanographic System)
and Baltic Earth (formerly BALTEX). Both are different in their
scientific scope but have the potential to significantly improve
Baltic Sea oceanographic research in terms of operational
measurements and model applicability and quality.

Editorial: The Baltic Sea Region in Transition

Sea level change and variability in the Baltic Sea is a quite
complicated issue, due to the geological and meteorological
situation of the Baltic Sea. There are not many sea level
projections for the Baltic Sea. Madsen et al. (a) have calculated
sea level trends and variabilities from statistical reconstructions
(i.e., statistical treatments of monthly tide gauge measurements
and re-analyses) and compared this with satellite altimetry.
Generally, the results for the trends are comparable to global
estimates.

Together with other collaborators, Madsen also performed an
investigation on stakeholder needs concerning sea level change in
Denmark (Madsen et al. (b)). Aim of the study is to map user
needs of coastal municipalities, which are responsible for coastal
protection. The study indicates the need for good storm surge
warnings, extreme sea levels and wave heights. Common scenarios
are needed to help the collaboration between municipalities.

Using different statistical methods, Medvedev et al
investigated the strong variability of Baltic Sea sea levels over
different periods. The study demonstrates the strong influence of
zonal wind variations, i.e., regional meteorological conditions, on
the low-frequency sea level variability of the Baltic Sea.

Hydrology describes the transfer of water between the ocean,
the atmosphere and the land surface including rivers and lakes. It
is a crucial element in the global climate system, and is has been
studied thoroughly in the Baltic Sea region. Coupled regional
models are used to incorporate the water cycle into regional and
global climate models, but to a rather unsatisfying degree.
Hagemann et al. have further developed a hydrological model
system to a very high temporal and spatial resolution, which can
closely simulate the terrestrial hydrological cycle (discharge) in
the climate model. However, human modifications to the water
cycle (river regulations, dams) are not accounted for, making it
difficult to model the discharge in many heavily regulated
Scandinavian subbasins.

Two contributions deal with the hydrological conditions in
the Russian sub-catchment of the river Dvina/Daugava. Terskii
et al. provide a new assessment of the water cycle components in
the catchment, using open source data and a hydrological
model. The developed modeling approach can be used to
assess water resources, climate change impacts and water
quality issues.

In the same sub-catchment of the Russian part of the Dvina
River, Danilovich et al. analyze past changes in climate and steam
flow and projected future changes, using historical runoff data
and different models using two representative concentration
pathways scenarios. A positive monthly trend for stream flow
for the past was found for December to April, but not for the rest
of the year. For the future until the end of the century, a clear
warming and stronger precipitation is projected, and runoff
during the low-flow period in winter is expected to increase
considerably.

Two papers investigate the impact of atmospheric circulation
on temperature and droughts in the Baltic and Black Sea regions.
Parts of the Baltic region, e.g., Estonia, have received stronger
warming than the global average. Lakson et al. investigated the
impact of atmospheric circulation on this exceptional warming,
and they conclude that a higher frequency of certain circulation
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types is probably not responsible for the warming, but rather a
warming within circulation types.

The frequency of droughts and dry winds in the recent past
was studied by Semenova et al. in the steppe region of southern
Ukraine, in the catchment of the Black Sea. They found that
during the two last decades, the Black Sea steppe province was
characterized by a significant increasing frequency of droughts
and dry winds, which is considered a problem for this
agriculturally important region.

Regional climate models need to be validated with real
measured observational data, which are quite heterogeneous
in space and time. In order to serve as a validation reference,
the input data for these data sets have to be homogenized with
respect to quality as well as spatial and temporal dimensions.
Hinrichs et al. have developed a new, comprehensive
observation-based data product of both atmospheric and
hydrographic parameters for the North Sea and Baltic Sea, for
the period 1950-2015. The dataset is freely available on the
institutional website.

Regional climate models can be coupled with biogeochemical
and ecosystem models to estimate the impact of climate change
on ecosystems and help with suitable management decisions.
Uncertainties are intrinsic factors in regional and the driving
global climate models, and more so in ecosystem models. Saraiva
et al. have analyzed uncertainties in a coupled physical-
biogeochemical Baltic Sea model (simulating nutrient loads,
biogeochemical fluxes and oxygen conditions), forced by a
regional climate model and driven by global climate models.
The components have their own uncertainties, and it was found
that the uncertainties related to the nutrient load scenarios are
larger than those of the climate models and greenhouse gas
scenarios. Substantial uncertainties of future projections for
the Baltic Sea are caused by the driving global climate models,
but it was nevertheless concluded that nutrient abatement
measures implemented (the so-called Baltic Sea Action Plan)
would significantly improve the ecosystem state.

Eutrophication, i.e., the surplus nutrition in an ecosystem, is
subject of the last two papers presented here. Changes in nutrient
concentrations over 20years and their relation to coastal

Editorial: The Baltic Sea Region in Transition

freshwater sources at the German Baltic Sea coast was
analyzed by Kuss et al., by using a novel approach to correlate
nutrient concentrations with salinity measurements. The authors
show that nutrient concentrations in the freshwater have mostly
decreased over the analyzed period.

Finally, Ivarsson et al. present a history of eutrophication for
some sites on the Swedish east coast, based on sediment samples.
They estimate the onset of anthropogenic eutrophication in the
area to between 1800 and 1900 CE, depending on the sampling
site. They did not find evidence that the extensive oxygen
depletion during the Medieval Climate Anomaly was caused
by human activities.

We believe that this compilation of research papers represents
a good overview over the currently ongoing Earth system research
activities in the Baltic Sea region, providing new insights for the
scientific community.
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Many coastal seas worldwide are affected by human impacts such as eutrophication
causing, inter alia, oxygen depletion, and extensive areas of hypoxia. Depending on the
region, global warming may reinforce these environmental changes by reducing air-sea
oxygen fluxes, intensifying internal nutrient cycling, and increasing river-borne nutrient
loads. The development of appropriate management plans to effectively protect the
marine environment requires projections of future marine ecosystem states. However,
projections with regional climate models commonly suffer from shortcomings in the
driving global General Circulation Models (GCMs). The differing sensitivities of GCMs
to increased greenhouse gas concentrations affect regional projections considerably.
In this study, we focused on one of the most threatened coastal seas, the Baltic
Sea, and estimated uncertainties in projections due to climate model deficiencies and
due to unknown future greenhouse gas concentration, nutrient load and sea level rise
scenarios. To address the latter, simulations of the period 1975-2098 were performed
using the initial conditions from an earlier reconstruction with the same Baltic Sea model
(starting in 1850). To estimate the impacts of climate model uncertainties, dynamical
downscaling experiments with four driving global models were carried out for two
greenhouse gas concentration scenarios and for three nutrient load scenarios, covering
the plausible range between low and high loads. The results suggest that changes in
nutrient supply, in particular phosphorus, control the long-term (centennial) response
of eutrophication, biogeochemical fluxes and oxygen conditions in the deep water.
The analysis of simulated primary production, nitrogen fixation, and hypoxic areas
shows that uncertainties caused by the various nutrient load scenarios are greater
than the uncertainties due to climate model uncertainties and future greenhouse gas
concentrations. In all scenario simulations, a proposed nutrient load abatement strategy,
i.e., the Baltic Sea Action Plan, will lead to a significant improvement in the overall
environmental state. However, the projections cannot provide detailed information on
the timing and the reductions of future hypoxic areas, due to uncertainties in salinity
projections caused by uncertainties in projections of the regional water cycle and of the
mean sea level outside the model domain.

Keywords: Baltic Sea, nutrients, eutrophication, climate change, future projections, uncertainties, ensemble
simulations
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INTRODUCTION

Regional projections of future climate based on dynamical
downscaling of global model results using regional climate
models (RCMs) suffer from considerable uncertainties caused
by (1) shortcomings of global and regional climate models,
(2) unknown future greenhouse gas concentrations, (3) natural
variability, and (4) experimental design (e.g., Hawkins and
Sutton, 2009; Kjellstrom et al., 2011; Déqué et al., 2012; Mathis
et al., 2018). Global climate models are based on General
Circulation Models (GCMs) or even Earth System Models
(ESMs) and are useful tools to address climate variability on the
global scale (acronyms are explained in Table 1). However, they
have still significant shortcomings on regional scales, inter alia,
because their horizontal grids are too coarse to resolve details of
the orography and the land-sea mask, which might be important
to the regional climate (Stocker et al., 2013). To overcome the
limitations of global climate models for regional climate studies,
limited-area RCMs with high resolution were developed for the
region of interest, driven by data from GCMs or ESMs at the
lateral boundaries of the model domain (e.g., Giorgi and Mearns,
1991). With such an experimental setup, scenario simulations
were carried out, with the aim to study the impact of climate
change and to develop climate adaptation strategies for selected
regions (e.g., Réisdnen et al., 2004).

As mentioned above, these regional projections have
limitations. For instance, Christensen et al. (2010) and Jacob
et al. (2014) studied the uncertainties in regional atmospheric
projections, whereas systematic analyses of uncertainties in
regional ocean projections have not been performed yet. For
marine ecosystems, another source of uncertainty has to be
considered (in addition to the sources mentioned above).
As the socioeconomic development in the catchment area of
the coastal sea is unknown, future nutrient loads from land
and atmospheric depositions of nitrogen and phosphorus
are speculative, contributing to the uncertainties of the
projections of the marine ecosystems (e.g., Meier et al,
2011a).

In this study, we focus on the Baltic Sea (Figurel),
which is a semi-enclosed coastal sea with a large catchment
area located in northern Europe (Sjoberg, 1992). The Baltic
Sea region is divided into two sub-regions. Extensive forests,
low population density, mostly rocky coasts and subarctic
winter climate characterize the north. On the other hand, the
south is characterized by agricultural land, high population
density, mostly sandy coasts, and a moderate winter climate.
Approximately 90 million people live in the catchment area of
the Baltic Sea, creating a considerable impact on the marine
environment (Ahtiainen and Ohman, 2014). Reinforced river-
borne nutrient loads from agriculture and sewage treatment
plants since the 1940/50s caused the world largest anthropogenic-
induced hypoxic bottoms (Conley et al., 2009; Conley, 2012;
Gustafsson et al., 2012; Carstensen et al.,, 2014; Meier et al.,
2018). In addition to environmental pressures, the Baltic Sea is
affected by global warming more than other coastal seas, perhaps
because of its proximity to the Arctic, hydrodynamic features
and land-locked location (BACC IT Author Team, 2015). During

1982-2006, the Baltic Sea has warmed up more than any other
large marine ecosystem (Belkin, 2009).

Since 2000, future projections of the Baltic Sea have been
carried out for supporting the design of appropriate management
plans to more effectively protect the marine environment. The
first projections were made with pure hydrodynamic models
(Omstedt et al., 2000; Meier, 2002a, 2006; Ddscher and Meier,
2004; Meier et al., 2004) and, later, with coupled physical-
biogeochemical models (Meier et al., 2011c). However, these first
studies did not address enough on the uncertainties related to
future projections.

To estimate uncertainties, mini-ensembles of continuous
simulations from the present to the future climate driven by
two GCMs and two greenhouse gas emission scenarios were
produced (Neumann, 2010; Friedland et al., 2012; Meier et al.,
2012a; Ryabchenko et al., 2016). In addition, three different Baltic
Sea ecosystem models were used to estimate the uncertainties
caused by deficiencies in the representation of marine ecosystem
processes (e.g., Meier et al., 2011a, 2012b,c). Omstedt et al.
(2012) even used three GCMs and three greenhouse gas emission
scenarios, although they applied a regional atmospheric model
instead of a regional coupled atmosphere-ocean model for the
dynamical downscaling. By using a regional atmosphere model,
the projected sea surface temperatures (SSTs) were based on
the SSTs from GCMs that do not take the regional details
of the Baltic Sea region into account, causing considerable
deficiencies in projections (e.g., Meier et al., 2011b). Hence,
uncertainties of Baltic Sea projections originating from climate
model uncertainties have not been thoroughly assessed. An
exception is the study by Meier et al. (2006), who studied the
spread of a multi-model ensemble consisting of 16 scenario
simulations based on seven regional models, five global models
and two greenhouse gas emission scenarios. However, Meier
et al. (2006) focused only on salinity thus, not addressing
the changes in the biogeochemical cycles. They also neglected
changes in variability on time scales longer than 1 year. In all
other dynamical downscaling studies of the Baltic Sea, only one
or two GCMs were used.

In this study, we focus on uncertainties in Baltic Sea water
quality projections caused by uncertainties due to climate model
deficiencies and due to unknown greenhouse gas concentration,
nutrient load and sea level rise scenarios. According to Hawkins
and Sutton (2009), who have found that the uncertainties
due to natural variability at the end of the 21st century are
small, we have neglected this source of uncertainty. Climate
model uncertainties are defined as the spread (variance) in
regional projections for the Baltic Sea ecosystem caused by GCM
deficiencies inherited to the applied RCM and regional ocean
model via the dynamical downscaling approach. These climate
model uncertainties are compared with estimated uncertainties
due to unknown greenhouse gas concentration, nutrient load,
and sea level rise scenarios. For our aim, we investigate variances
of an ensemble of scenario simulations and of selected sub-sets of
the entire ensemble.

The highly non-linear dynamics of the Baltic Sea ecosystem
are controlled by nutrient loads from land and from the
atmosphere, water temperature, salinity, light conditions, mixed
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TABLE 1 | List of acronyms.

Acronym Explanation Comment References
GCM General Circulation Model Model applied for global climate e.g., Meehl et al., 2004
simulations
ESM Earth System Model Model applied for global climate e.g., Heavens et al., 2013
simulations including the carbon cycle
RCP Representative Concentration Greenhouse gas concentration Moss et al., 2010
Pathway scenario
SSP Shared Socio-economic Pathways Narratives of socio-economic O’Neill et al., 2014
changes, here downscaled to the
Baltic Sea region
IPCC Intergovernmental Panel of Climate Assessment of past and future http://www.ipcc.ch
Change climates
RCO-SCOBI Rossby Center Ocean Coupled physical-biogeochemical Meier et al., 2003; Eilola et al., 2009
model-Swedish Coastal and Ocean ocean circulation model for the Baltic
Biogeochemical model Sea
RCA4-NEMO Rossby Center Atmosphere model Coupled atmosphere-ocean model Kupiainen et al., 2014; Wang et al., 2015;
version 4—Nucleus for European applied for the Baltic Sea and North Madec, 2016
Modeling of the Ocean Sea
EURO-CORDEX Coordinated Downscaling Experiment Coordinated experiments on a http://www.euro-cordex.net
for Europe defined domain
MPI-ESM-LR Max Planck Institute Earth System ESM, Model A https://www.mpimet.mpg.de; Block and
Model—Low Resolution Mauritsen, 2013; Stevens et al., 2013
EC-EARTH European Countries Earth System ESM, Model B https://www.knmi.nl; Hazeleger et al.,
Model 2012
CM5A-MR Institut Pierre Simon Laplace Climate ESM, Model C http://icmc.ipsl.fr; Marti et al., 2010;
Model -Medium Resolution Hourdin et al., 2013
HadGEM2-ES Hadley Center Global Environment ESM, Model D http://www.metoffice.gov.uk; Jones et al.,
Model version 2—Earth System 2011
SMHI Swedish Meteorological and Swedish center for weather forecasts http://www.smhi.se
Hydrological Institute and climate scenarios
ERA40 40-year reanalysis of the European Reanalysis data used as atmospheric Uppala et al., 2005
Center for Medium Range Weather forcing for the ocean model
Forecast
EURO4M European Reanalysis and Reanalysis data used as atmospheric http://www.euro4m.eu; Dahlgren et al.,
Observations for Monitoring project forcing for the ocean model 2016
E-HYPE Hydrological Predictions for the process-based multi-basin model for http://hypeweb.smhi.se; Donnelly et al.,
Environment applied for Europe the land surface 2018, 2017; Hundecha et al., 2016
BED Baltic Environmental Database Marine observational data from the http://nest.su.se/bed
Baltic Sea monitoring programs
BSAP Baltic Sea Action Plan Nutrient load abatement strategy for HELCOM, 2013

the Baltic Sea

layer depth, sea-ice conditions (only in the northern Baltic Sea),
saltwater water inflows (only in the Baltic proper and the Gulf
of Finland, see Figure 1) and resuspension (e.g., Wulff et al.,
2001). Hence, all uncertainties in scenario simulations of air
temperature, precipitation, wind speed, cloudiness, atmospheric
circulation patterns and river runoff will have an impact on
projected biogeochemical cycles (BACC II Author Team, 2015).
For example, higher water temperatures may increase the
production and remineralization of organic material (i.e., may
intensify the internal nutrient cycling) and reduce air-sea fluxes
of oxygen (Meier et al., 2011a). Further, increased river runoff
may reinforce river-borne nutrient loads (Stalnacke et al., 1999;
Meier et al,, 2012b) and a shallower mixed layer depth may
alter phytoplankton blooms (Hieronymus et al., 2018). In the

northern Baltic Sea, the shrinking sea-ice cover will lead to
an earlier onset and termination of the spring bloom due to
improved light conditions (Eilola et al., 2013). The frequency
of saltwater inflows may slightly increase due to changes in the
large-scale atmospheric circulation patterns (Schimanke et al.,
2014). Global mean sea level rise may enhance the salt transport
into the Baltic Sea causing increased stratification, reduced deep
water ventilation, and expanding hypoxia in the Baltic proper
(Meier et al., 2017). As the Baltic Sea is shallow with a mean
depth of 52 m only, nutrient exchanges between sediment and
water column and resuspension of organic matter are important
processes for the biogeochemical cycling (Almroth-Rosell et al.,
2011). Eilola et al. (2012) suggested that in future climate the
exchange between shallow and deep waters might be intensified
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FIGURE 1 | The Baltic Sea: bathymetry, river discharges, and sub-basins as
defined in this study. The Baltic proper comprises Arkona, Bornholm, East
Gotland and Northwest Gotland basins. In addition, the location of the
monitoring station at Gotland Deep (BY15) is shown (white circle).

and that the internal removal of phosphorus might be weaker. In
areas with reduced sea-ice cover, the winter mixing may increase,
and the oxygen conditions in lower layers may improve (Eilola
et al., 2013). An increase of wave-induced resuspension may
cause an increase of nutrient transportation from the productive
coastal zone into the deeper areas (Eilola et al., 2013).

The paper is organized as follows. In the next section
“Data and Methods,” the regional climate ocean model, the
regional coupled atmosphere-ocean model, driving GCMs,
greenhouse gas concentration and nutrient load scenarios, and
the experimental setup are introduced. In the section “Results,’
the results of future projections for temperature, salinity,
selected biogeochemical fluxes (primary production and nitrogen
fixation) and hypoxic areas are presented. Finally, uncertainties
of the projections and the suspected shortcomings of the study
are discussed and some conclusions of the study are drawn.

DATA AND METHODS

A series of scenario simulations with a coupled physical-
biogeochemical Baltic Sea model (see next section) was
performed. The Baltic Sea model was driven by regionalized
GCM data using the dynamical downscaling approach (see
section on Regional Climate Data Sets). In this approach, the
atmospheric forcing data were calculated using a RCM with GCM
data at the lateral boundaries. The resulting atmospheric surface
fields of 10 m wind, 2 m air temperature, 2 m specific humidity,
precipitation, total cloudiness, and sea level pressure were then
applied to force the Baltic Sea model and a hydrological/land

surface model for the Baltic Sea catchment area. The output
variables of the latter model are river runoff and nutrient loads to
the Baltic Sea model. As the nutrient loads depend on not only
precipitation and air temperature at the land surface, but also
on land use, agricultural practices and sewage water treatment,
all scenario simulations were performed under different socio-
economic scenarios covering a plausible range between low and
high loads (see section on Nutrient Load Scenarios). Figure 2
presents a conceptual diagram of the dynamical downscaling
approach used in this study. As the global mean sea level rise
is not considered in the scenario simulations, two additional
sensitivity experiments were performed to estimate the impact of
a higher sea level at the lateral boundary of the Baltic Sea model
(see section on Experimental Setup).

Baltic Sea Model

In this study, a three-dimensional ocean circulation model is
used in climate simulations for the period 1975-2098. RCO-
SCOBI consists of the physical Rossby Center Ocean (RCO)
(Meier et al., 1999, 2003; Meier, 2007) and the Swedish Coastal
and Ocean Biogeochemical (SCOBI) models (Eilola et al., 2009;
Almroth-Rosell et al,, 2011). The model domain covers the
Baltic Sea area with an open boundary in the northern Kattegat
(Figure 1). For most of the variables (temperature, salinity,
nutrients, and detritus), temporally immutable, climatological
profiles are assumed in case of inflow conditions across the
boundary. In case of outflow, a modified Orlanski radiation
condition is used (Meier et al., 2003). Sea level heights at the
boundary are computed from sea level pressure gradients over
the North Sea derived from the different RCM simulations (see
Meier et al., 2012a). Hence, the experimental setup allows any
changes in salt water inflows between the Kattegat and the Baltic
Sea. The horizontal and vertical resolutions are 3.7 km and 3 m
(corresponding to 83 depth levels), respectively. Bulk formulae
for wind stress, heat and freshwater fluxes and the radiation
model are described by Meier et al. (1999).

In the water column, the biogeochemical model SCOBI
describes the dynamics of nitrate, ammonium, phosphate, three
phytoplankton groups (diatoms, flagellates and others, and
cyanobacteria), zooplankton, detritus, oxygen, and hydrogen
sulfide as negative oxygen equivalents (1 mL H,S L7! =
—2 mL O, L7Y). In the present version, the nitrogen and
phosphorus detritus were separated according to Savchuk (2002).
The sediment contains nutrients in the form of benthic nitrogen
and benthic phosphorus. A simplified wave model is used to
estimate the resuspension of organic matter (Almroth-Rosell
et al., 2011). RCO-SCOBI has previously been evaluated and
applied in numerous long-term climate studies, e.g., by Meier
et al. (2003), Meier (2007), Meier et al. (2011a), Meier et al.
(2012a), Eilola et al. (2009), Eilola et al. (2011), Almroth-Rosell
et al. (2011), Schimanke and Meier (2016), Saraiva et al. (2018a).

Regional Climate Data Sets

The Baltic Sea model was forced by atmospheric surface fields
from the coupled Rossby Center Atmosphere Version 4 and
Nucleus for European Modeling of the Ocean models (RCA4-
NEMO). The RCA4-NEMO model covers the EURO-CORDEX
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FIGURE 2 | Conceptual diagram of the modeling approach used in the study.

domain (Coordinated Downscaling Experiment for Europe,
http://www.euro-cordex.net/) (Jacob et al., 2014) and is driven by
lateral boundary data from scenario simulations of four GCMs.
RCA4-NEMO is a regional coupled atmosphere-ocean climate
model with an interactively coupled Baltic Sea and North Sea
(Dieterich et al., 2013; Groger et al., 2015; Wang et al., 2015),
which allows a more realistic climate representation (Dieterich
et al., submitted manuscript).

The set of GCMs used in this study includes: MPI-
ESM-LR (https://www.mpimet.mpg.de; Block and Mauritsen,
2013; Stevens et al., 2013), EC-EARTH (https://www.knmi.nl;
Hazeleger et al, 2012), IPSL-CM5A-MR (http://icmc.ipsl.fr/;
Martietal., 2010; Hourdin et al., 2013) and HadGEM2-ES (http://
www.metoffice.gov.uk; Jones et al., 2011), called Model A, B, C,
and D, respectively. This set is in agreement with the results
obtained by Wilcke and Birring (2016) for the climate systems
of the North Sea and Baltic Sea regions, who tested the use
of hierarchical clustering methods to select an optimum subset

of models to estimate uncertainties inherent in an ensemble
with a minimum number of simulations. The Rossby Center of
the Swedish Meteorological and Hydrological Institute (SMHI)
provided the lateral boundary data for RCA4-NEMO from each
of these GCMs to calculate the atmospheric boundary conditions
used by the RCO-SCOBI model.

Meier et al. (2011b) identified that strong winds in the
regionalized atmospheric forcing resulting from RCA3 were
underestimated compared to observations although ERA40
reanalysis data (Uppala et al., 2005) were used at the lateral
boundaries. Hence, Meier et al. (2011b) applied an empirical
correction of the strong winds based on gustiness. The modified
wind speed at 10 m height was calculated from the maximum of
the simulated wind gusts divided by 1.6 and the wind speed at 10
m height.

In this study, a similar deficiency was identified for RCA4
with EURO4M at the lateral boundaries, which is a more
recent reanalysis (http://www.euro4m.eu/). As gustiness is not
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available for the current regionalized forcing from RCA4, a
different correction method was implemented. The statistical
wind distribution in RCA4 over sea agrees well with observations
up to 10 m s~ ! but the winds above 10 m s~! are underestimated
(not shown). Therefore, a correction was made by multiplying the
portion of the wind amplitude exceeding 10 m s~ ! by 1.6 without
altering the direction.

The river runoft and nutrient loads are based on results from
the hydrological model E-HYPE (Hydrological Predictions for
the Environment, http://hypeweb.smhi.se), which is a process-
based multi-basin model applied for Europe (Donnelly et al,
2013, 2017; Hundecha et al., 2016). To minimize uncertainties
caused by the hydrological model bias (results not shown), the
runoff from each river was corrected for the historical and future
periods so that the total annual flow to the Baltic Sea estimated by
the model matches the observations during the historical period
1971-2005.

In this study, only results from Representative Concentration
Pathways (RCPs) 4.5 and 8.5 (Moss et al., 2010) were analyzed.
RCPs are greenhouse gas concentration trajectories adopted by
the Intergovernmental Panel of Climate Change (IPCC) for its
fifth Assessment Report (AR5) in 2013 (Stocker et al., 2013). The
RCPs are named after the radiative forcing values in the year
2100 relative to pre-industrial values, i.e., +-4.5 and +8.5 W m 2,
respectively. RCP 2.6 at the lower end of the IPCC concentration
scenarios, corresponding to the goal of a global temperature rise
limited to <2°C, was not studied. Hence, in our ensemble the
range of warming in the Baltic Sea region is smaller than that of
the full range of global scenario simulations.

Figures 3, 4 show the results of the seasonal cycles of
regionalized 2 m air temperature over the central Baltic Sea and
the total river runoff in present and future climates, respectively.
During the historical period (1976-2005), annual and monthly
biases of both variables were within the range of the variability
of the observations, i.e., within the range of plus or minus one
standard deviation from the monthly mean. In the future climate
(2069-2098), air temperatures over the central Baltic Sea will
increase more in winter than in summer, and river runoff from
the entire catchment area will increase during winter but decrease
during summer. In terms of the annual mean averaged over the
Baltic Sea, river runoff will increase in future climate compared
to historical climate. Due to the air temperature increase, a
decrease in future sea-ice extent is expected, as shown in previous
projections (e.g., Meier, 2002a,b; Meier et al., 2004, 2011b). A
similar response as in Eilola et al. (2013) is found in the present
study (see the introduction) but not investigated further.

Nutrient Load Scenarios

Climate projections for the Baltic Sea are carried out under
the three nutrient load scenarios described below, spanning a
range of plausible future socio-economic conditions from the
most optimistic to the worst scenario. During the historical
period (1976-2005), the observed nutrient loads from the
Baltic Environmental Database (BED) are used (http://nest.su.se/
bed/).

e Baltic Sea Action Plan (BSAP) scenario (HELCOM, 2013).
In this scenario, nutrient loads from rivers and atmospheric

deposition in the different sub-basins will linearly decrease
after 2012 from the current values (average 2010-2012) as
estimated by Svendsen et al. (2015) to the maximum allowable
input defined by the BSAP until 2020. After 2020, nutrient
loads will remain constant until 2098.

e Reference scenario. In this scenario, E-HYPE projections for
future nutrient loads (2006-2098) under the two different
greenhouse gas concentration scenarios (RCP 4.5 and RCP
8.5) are used, assuming no socio-economic changes compared
to the historical period (1976-2005). Hence, e.g., land and
fertilizer usage, soil properties and sewage water treatment
in each sub-basin are assumed to be unchanged over time.
Atmospheric deposition is also assumed to be constant in time.
Only the impacts of the changing climate on air temperature
and precipitation over the Baltic Sea catchment area are
considered.

e Worst Case scenario. In this scenario, a socio-economic
impact factor, corresponding to the worst case, is multiplied
to the future nutrient loads calculated with E-HYPE under
the RCP 4.5 and RCP 8.5 scenarios (2006-2098). The socio-
economic impact factor summarizes the impact from Shared
Socio-economic Pathways (SSPs) (O’Neill et al, 2014) on
current nutrient loads and atmospheric deposition, based
on the downscaling of the global trends of socio-economic
drivers to the Baltic Sea region (Zandersen et al., in press).
Following the assumptions of the global SSPs, changes in
nitrogen and phosphorus loads were calculated from the
regional assumptions, e.g., on population growth, changes
in agricultural practices such as land and fertilizer use and
expansion of sewage water treatment plants. To represent the
worst conditions, the impact factor from the so-called SSP5
was selected, representing the changes caused by a “fossil-
fuelled development” scenario.

In all three scenarios, nutrient loads into the Baltic Sea will
decrease in the future following the historical efforts toward
nutrient load reductions starting in the 1980s (Figure 5).
However, in the Worst Case scenario the loads are close to
the average observed loads during 1976-2005. Monthly and
long-term changes in the Reference and Worst Case scenarios
follow river runoft changes caused by changing climate. Only the
BSAP scenario assumes that climate change does not counteract
nutrient load abatement strategies. Hence, the latter is an
optimistic scenario.

Experimental Setup

The combinations of future climate scenarios (RCP 4.5 and
RCP 8.5; for Model C only RCP 4.5 is available) calculated
with the four GCMs and three socio-economic scenarios
(BSAP, Reference and Worst Case) result in an ensemble
of 21 scenario simulations (Table2). All simulations for
the historical period 1975-2005 driven by the four GCMs
start from the same initial conditions in March 1975, which
were obtained from a long hindcast simulation starting in
1850. The latter simulation was driven by reconstructed
atmospheric, hydrological, and nutrient loads estimated
from available historical observations (Meier et al., 2012c,
2018).
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shaded areas denote the range between minus and plus one standard deviation among the ensemble members. In addition, observations and their standard
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scenarios, respectively. The colored shaded areas in the left panel denote the range between minus and plus one standard deviation among the ensemble members. In
addition, observations and their standard deviations are shown (dashed black line with squares and vertical thin bars in the left panel and black bar in the right panel).
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In addition, two sensitivity experiments for Model A
under RCP 8.5 (BSAP and Worst Case) with a 1 m
higher sea level during 2006-2098 were performed. In these
two experiments the thickness of the uppermost layer was
increased by 1 m following Meier et al. (2017) (ie., a 4
m surface layer instead of 3 m). Hence, during the start
of the sensitivity experiment the difference between the
depth of the pycnocline and the depth of the sills in the
entrance area of the Baltic Sea (Figurel) did not change

compared to the scenario simulation with unchanged mean sea
level.

The impacts of climate and nutrient load changes on the
marine ecosystem were quantified by comparing various future
scenarios (2069-2098) with the historical period of the GCM
driven climate simulations (1976-2005). We focus our analysis
on the changes and uncertainties of water temperature and
salinity as well as on environmentally important indicators, such
as nitrogen fixation, primary production and hypoxic areas. For

Frontiers in Earth Science | www.frontiersin.org

14

January 2019 | Volume 6 | Article 244


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Saraiva et al. Uncertainties in Baltic Sea Projections

BSAP [ |- RCP45 —[}- RCP8.5

Reference RCP4.5 —| |- RCPS8.5
Worst ~ =~ RCP4.5 —|I}- RCP8.5 -e Observations
2
S S
S -
3 L gl
Z o Z o
oS Qo
Q2 = £
X ] 2
3 ol 4
1975 1990 2005 2020 2035 2050 2065 2080 2095 Month2 4 &6 8 10 12
5
= T
-
2 o
Rv ) 5
X
(=)
[\
1975 1990 2005 2020 2035 2050 2065 2080 2095

B Observations O RCP4.5 B RCPS8.5

1085 1085 1085 1092

1000

ktonN yr!
0 200 600

ktonP yr!
10 20 30 40 50

0

BSAP Reference Worst

FIGURE 5 | Observed and projected ensemble mean of the total bioavailable nutrient loads (nitrogen and phosphorus) to the Baltic Sea between 1970 and 2098
(upper, left panels), mean seasonal cycle (upper, right panels) and annual mean loads (lower). Shown is the sum of loads from rivers, point sources and atmosphere.
Results were calculated from four hydrological model simulations during the historical (1976-2005) and future (2069-2098) periods according to the RCP 4.5 and
RCP 8.5 scenarios combined with three nutrient loads scenarios (BSAP, Reference, and Worst Case). The colored shaded areas denote the standard deviations
among the ensemble members. Observations are shown as black dashed lines with squares.

more evaluation results of the model simulations during the  changes caused by each of the different factors: GCMs (0?),
historical period, the reader is referred to an accompanying  RCPs (og), nutrient loads (og), and global mean sea level
paper (Saraiva et al., 2018a) and to the supplementary material  rise (07).

(Figure S1).

To quantify the uncertainties (spread) in the projected
changes we follow the approach by Ruosteenoja et al. (2016). 5 1 L K M Nk
For the evaluation of uncertainty in the 30 years mean oy = YL YK M ZZZ
changes between the future (2069-2098) and historical (1976~ I=1 Zk=1 Zam=1 \Tmkl I=1 k=1 m=1 n=1

)
2005) climates, we calculate and compare the variances of (}’n mkl _)’m,k,l)z
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and
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etc.,

with the mean value for all four indices n, m, k and 1

1 N je1
Ykl = Z Ynm,k,l
Nm,k,l n—1
and
1 Micin
Yin: = Z Ynmkl
Myin 2

etc. N =4, m =2, K =3, and L = 2 are the total numbers of
global models, greenhouse gas concentration scenarios, nutrient
load scenarios and sea level rise sensitivity experiments (no
change and + 1 m), respectively. N, x| < 4 is the number of
global models for the greenhouse gas concentration scenario m,
the nutrient load scenario k and the sea level rise experiment I,
and so on. Global mean sea level sensitivity experiments exist
only for Model A together with either BSAP or Worst Case.
Further, for Model C the RCP 8.5 scenario is not available. Hence,
the number of terms in the equations above are smaller than the
product N x M x K x L. My, is defined correspondingly. In
case of o7, the variances caused by global models are summed
for all combinations of RCPs, nutrient loads and sea level
rise experiments. Finally, all variances of changes in primary
production, nitrogen fixation and hypoxic area are normalized
by the corresponding variance based upon the changes in all 23
simulations i.e., we calculated fractions of the total variances.

RESULTS OF FUTURE PROJECTIONS
Temperature and Salinity

According to our ensemble, water temperature will increase with
time as a direct consequence of the increase in air temperature
projected by the GCMs (Figure 6). The ensemble mean of the
Baltic Sea volume averaged temperature change (and its standard
deviation) between future (2069-2098) and historical (1976~
2005) conditions amounts to 1.6 &= 0.5°C in RCP 4.5 and to 2.7 =
0.4°C in RCP 8.5. The largest changes in SST follow the spatial
pattern detected in previous projections (Meier et al., 2012a),
with pronounced warming during the summers in the northern
Baltic Sea (see Figure S3).

Due to the projected increased river runoff, the volume
averaged salinity decreases in all scenario simulations at the
end of the century (Figure 6). However, the differences between
GCMs are substantial (Figure 10). The largest salinity decline
of about —1.5g kg™ ! in future relative to the historical period
is found in the regionalization of Model C (IPSL-CM5A-MR).
In contrast, Model B (EC-EARTH) shows first a slight increase

TABLE 2 | List of experiments (for details see text).

RCP/nutrient BSAP Reference Worst Case
load scenario

RCP 4.5 Model A-D Model A-D Model A-D
RCP 8.5 Model A, B, D Model A, B, D Model A, B, D
RCP 8.5 Model A+ 1m Model A+ 1m

in salinity until approximately 2030. During the second half of
the 21st century salinity decreases, and the differences between
RCP 4.5 and RCP 8.5 are smaller than the results given by
other models. Thus, the range of salinity changes is large and,
consequently, uncertainties in salinity projections are substantial
and greater than those in the temperature projections (see section
on Impact of Global Mean Sea Level Rise below). For Model
C, the greenhouse gas concentration scenario RCP 8.5 was not
simulated because a river runoff projection from E-HYPE was
not available. Hence, the two ensembles of salinity projections
shown in Figure 6 should not be used to compare uncertainties
in RCP 4.5 and RCP 8.5 projections.

Although the absolute values of the changes in temperature
and salinity vary between the two greenhouse gas concentration
scenarios, the shape of the average vertical profile does not change
significantly (see Figure S2).

Biogeochemical Variables

Both changing nutrient loads and changing physical conditions
have impacts on biogeochemical processes and nutrient cycling
in the water column and sediments. In case of the Reference
scenario, the model projects that the ensemble mean of the
annual nutrient concentrations averaged for the entire Baltic
Sea will change (between 1976-2005 and 2069-2098) under
the RCP 4.5 scenario with about —62% for ammonium, +10%
for nitrate and —24% for phosphate (Figure 7, middle panel).
Decreased phosphate concentrations result in decreased primary
production (—13%) and nitrogen fixation (—20%). As during
the spring bloom nitrate is not completely consumed (due
to lacking phosphate), nitrate concentration increases (+10%)
relative to the average of the historical period. Average oxygen
concentration is projected to slightly decrease by about —1%,
probably because of the increasing water temperature. Following
the decrease in phosphate and primary production, hypoxic area
is 9% smaller than during the historical period.

In BSAP, the even larger reduction in nutrient loads results
in a considerable reduction in primary production (—44%),
nitrogen fixation (—96%), and hypoxic area (—32%) under the
RCP 4.5 scenario (Figure 7, upper panel) whereas in the Worst
Case primary production (+2%), nitrogen fixation (4+22%)
and hypoxic area (—3%) remain either unchanged or increase
under the same greenhouse gas concentration scenario (Figure 7,
lower panel). Hence, changes in nutrient supply, in particular
phosphorus, control the long-term response of eutrophication,
biogeochemical fluxes and oxygen conditions in the deep water.

Under the warmer RCP 8.5 scenario, the response of the
biogeochemical cycles to changes in nutrient loads (BSAP,
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(orange) and RCP 8.5 (red). The colored shaded areas denote the standard deviations among the ensemble members.

Reference, Worst Case) is similar compared to RCP 4.5
(Figure 7). The projected changes in temperature, salinity and
other variables result in larger eutrophication, productivity and
oxygen depletion. However, the impact of changing climate is
more pronounced in case of high nutrient loads like the Worst
Case scenario than in case of low nutrient loads like the BSAP
scenario. This conclusion follows from the finding that under the
BSAP the differences between the projections driven by RCP 4.5
and RCP 8.5 are smaller than for the corresponding differences
under the Worst Case. Hence, the response of biogeochemical
cycles to warming climate under various nutrient load scenarios
is non-linear. This result found in our ensemble study becomes
particularly noticeable by analyzing summer bottom oxygen
and hydrogen sulfide concentrations (Figure 8). For BSAP, the
differences in summer bottom oxygen concentrations at the end
of the century between RCP 4.5 and RCP 8.5 scenarios are small.
Hydrogen sulfide does not occur even in the deepest parts of the
Baltic Sea. However, in the Worst Case scenario large areas suffer
from hydrogen sulfide with considerably larger concentrations in
RCP 8.5 compared to RCP 4.5.

Under the BSAP, projected hypoxic area in the RCP 4.5 and
RCP 8.5 scenario simulations is about —32 and —37% of present
day, respectively (Figure 7). Hypoxic area is successively larger
with increasing nutrient loads and increasing warming. In the
combination of the Worst Case and RCP 8.5 scenarios, about
80% of the Baltic proper will have, on average, anoxic bottom

conditions during summer. However, even in the latter scenario
simulation, hypoxic area is still slightly smaller or about the same
as under present conditions (Figures 7, 9).

Independent of the climate scenario, RCP 4.5 or RCP 8.5,
primary production and nitrogen fixation increase in future
climate under the Worst Case scenario and decrease under
the BSAP (Figure7). Again, whether the response of the
biogeochemical fluxes will be affected by changing climate
depends on the nutrient loads. For instance, under the Worst
Case scenario nitrogen fixation will increase by 22 and 56% in
RCP 4.5 and RCP 8.5, respectively, whereas under the BSAP
nitrogen fixation will approximately vanish in both cases.

In Figure 9, the temporal evolutions of primary production,
nitrogen fixation and hypoxic area are shown. The standard
deviation among the four ensemble members is large. However,
at the end of the century the results for the Worst Case (or
even for the Reference scenario) and the BSAP are clearly
distinguishable.

Impact of Global Mean Sea Level Rise

In this section, we compare the results of the scenario simulations
with those of the two sensitivity experiments with a 1 m higher
mean sea level (Model A under the RCP 8.5 and BSAP or
Worst Case scenarios plus 1 m). At the end of the century, the
volume averaged salinity in the experiment with 1 m higher
mean sea level (Model A under the RCP 8.5 scenario plus 1 m)
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FIGURE 7 | Relative ensemble mean volume averaged, 30 years mean changes between the future (2069-2098) and historical (1976-2005) periods in temperature,
salinity, nutrient and oxygen concentrations, primary production, nitrogen fixation and hypoxic areas in the entire Baltic Sea under the different climate and nutrient
load scenarios: BSAP (upper panel), Reference (middle panel) and Worst Case (bottom panel). The relative temperature changes are based on temperatures in °C. In
addition, the standard deviations of changes among the ensemble members are shown.

is approximately 1.5 g kg~! higher than in the corresponding
scenario simulation without changing the mean sea level (Model
A under the RCP 8.5) (Figure 10). The higher mean sea level
causes increases in both frequency and magnitude of saltwater

inflows due to the greater water depth in the Danish straits
causing an increase in the salt flux between Kattegat and Arkona
Basin (cf. Meier et al., 2017). Hence, at the end of the simulation
period salinity in the Baltic Sea is higher and the vertical
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stratification is larger compared to the corresponding scenario
simulation without mean sea level rise. For comparison, in our
ensemble the ranges of projected salinities at the end of the
century under both RCP 4.5 and RCP 8.5 scenarios amount to
approximately 2 g kg ! (Figure 6). As wind fields do not change
significantly (not shown), these ranges are mainly explained by
differences in the projected river runoft.

As a consequence of a higher mean sea level, oxygen
concentrations of salt water inflows are higher causing an
improved ventilation of the deep water. However, since
stratification is getting stronger, the vertical flux of oxygen from
the surface to the bottom is reduced in bottom areas along the
slopes of the deeper sub-basins, that are not directly affected by
salt water inflows and that drop below the rising halocline. The
latter process causes larger areas of hypoxia. The differences in
the projected hypoxic areas at the end of the century between
simulations with 1 m higher mean sea level and without changing
mean sea level are less than 10% indicating a modest sensitivity to
mean sea level change (Figure 11). Hence, the results suggest that
the differing future nutrient loads will dominate the uncertainties
in the hypoxic area projections if the range of nutrient loads is
defined by the Worst Case and BSAP scenarios (cf. Figure 7).
In addition, the uncertainty caused by the global models is
considerable and significantly larger than the uncertainty due to
greenhouse gas concentration scenarios (either RCP 4.5 or RCP
8.5).

DISCUSSION

In this study, an ensemble of 21 scenario simulations driven
by four different GCMs and two sensitivity experiments on sea

level rise was performed, by combining different future climate
scenarios and nutrient load projections for the 21st century.

Compared to earlier Baltic Sea studies, the new features of this
study are:

e simulations for the period 1850-2098 including a spin-up with
reconstructed forcing for 1850-1975;

e consistent simulations without bias correction except for the
wind speed and mean runoff;

e dynamical downscaling of four GCMs with the aim of
estimating the impact of climate model uncertainties on the
Baltic Sea properties;

e revised, more plausible nutrient load scenarios taking the latest
observations into account;

e two greenhouse gas concentration scenarios corresponding to
RCP 4.5 and RCP 8.5;

e improved version of the coupled physical-biogeochemical
model of the Baltic Sea (Eilola et al., 2009); and

e improved versions of the global models from the Coupled
Model Intercomparison Project 5 (CMIP5) of the IPCC
(Stocker et al., 2013).

The sensitivity experiments are not scenario simulations
following Stocker et al. (2013) because the 1 m higher mean
sea level was applied as being constant in time during 2006—
2098. The reason for this experimental setup is that the Baltic Sea
model RCO has a linearized free sea surface following Killworth
etal. (1991) that does not permit long-term changes in the mean
sea surface height (Meier et al., 1999). Hence, our experiments
overestimate the effect of the increasing global mean sea level
and, thus, overestimate the increasing salinity in the Baltic Sea
(Figures 10, 11). In our sensitivity experiments, a 1 m higher
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FIGURE 9 | Temporal evolution of ensemble mean volume averaged primary production (in 108 kg C year—", upper panel) and nitrogen fixation (in 108 kg N year—1,
middle panel), and hypoxic area (in 108 km?, lower panel) in the entire Baltic Sea during 1975-2098 and their standard deviations (ensemble spread) among
ensemble members. For all combinations of the two greenhouse gas concentration scenarios (RCP 4.5 and 8.5) and the three nutrient load scenarios (BSAP,
Reference and Worst Case) the ensemble mean and spread were calculated from four regionalized global climate simulations.

mean sea level was chosen because this value is close to the high-
end scenario simulation results at the end of the 21st century
(Stocker et al., 2013). As projections of global mean sea level
rise are rather uncertain (Stocker et al., 2013), the aim of our
sensitivity experiments is only to illustrate a possible maximum
effect of increasing global mean sea level that has been neglected
in all previous scenario simulations of the Baltic Sea (Meier et al.,
2017).

The projected ensemble mean change in salinity under the
RCP 4.5 scenario amounts to —0.7 g kg~! compared with that
of the historical period, with a considerable ensemble spread

among the different GCMs. Under the RCP 8.5 scenario, the
ensemble mean change of the three GCMs amounts to —0.6
g kg~!. However, since the ensemble excludes the model that
shows the greatest projected salinity change under the RCP
4.5 scenario (Model C), we assume that under RCP 8.5 the
change of the ensemble mean will also be greater if Model C
is included (Figure 10). Hence, our ensemble is too small and
the uncertainties, inter alia, in the salinity projections might be
underestimated.

Substantial uncertainties in future projections for the Baltic
Sea are caused by the driving climate models, e.g., those for
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salinity due to uncertainties in projected river runoff and global
mean sea level rise (Figure 10), cf. Meier et al. (2017). In RCP
4.5 and RCP 8.5, the projected river runoff varies between 1
and 21% and between 6 and 20%, respectively, explaining the
considerable uncertainties in the projected salinity (Meier and
Kauker, 2003b; their Figure 7), which are much greater than
the natural variability (Meier and Kauker, 2003a). Uncertainties
in salinity and stratification affect biogeochemical fluxes and
hypoxic areas (Eilola et al., 2011). For instance, the vertical flux
of oxygen between the well-oxygenated surface layer and the
deep water is controlled by vertical stratification (Vili et al,
2013). Hence, deficiencies in climate models have considerable
impacts on the water balance of the Baltic Sea that cannot be
neglected in regional projections (Meier et al., 2011a). However,
in our multi-model ensemble study the resulting uncertainties in
biogeochemical fluxes, such as primary production and nitrogen
fixation, and hypoxic areas are still significantly smaller than the
differences caused by the different nutrient load scenarios, i.e.,
Worst Case and BSAP (Table 3). In addition, the uncertainties
caused by unknown greenhouse gas concentration (RCP 4.5
and RCP 8.5) and global mean sea level rise scenarios are also
smaller than the differences between nutrient load scenarios.

Thus, we found an overwhelming impact of the various nutrient
load scenarios on the changing biogeochemical cycles in the
Baltic Sea. For (1) primary production and (2) nitrogen fixation
and hypoxic area, the second largest uncertainties are based on
the choice of the greenhouse gas concentration scenario (RCP
4.5 or RCP 8.5) and climate model uncertainties (calculated
from four GCMs), respectively (Table 3). As one of the main
uncertainties in the salinity projections is caused by the differing
river runoff projections between the driving GCMs (Table 3,
Figure 10), we conclude that projections of nitrogen fixation
and hypoxic area suffer from shortcomings in the simulated
water cycles. For changes in primary production, the magnitude
of the temperature increase also plays an important role. In
addition, our sensitivity experiment indicates that the uncertainty
in salinity changes due to global mean sea level rise has an
important impact on nitrogen fixation and hypoxic area as well.
The latter result is in agreement with Meier et al. (2017).

In this study, only results from greenhouse gas concentration
scenarios RCP 4.5 and RCP 8.5 were analyzed. RCP 2.6, at the
lower end of the IPCC greenhouse gas concentration scenarios,
corresponding to the goal of a global temperature rise limited
to <2°C, was not studied. Hence, in our ensemble the range of
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FIGURE 11 | As the upper panel in Figure 10 but for hypoxic area under the BSAP and Worst Case scenarios.

TABLE 3 | Uncertainties expressed as standard deviations in temperature and
salinity and variances of 30 years mean changes between the future (2069-2098)
and historical (1976-2005) climates in primary production, nitrogen fixation and
hypoxic area caused by GCMs, RCPs, nutrient loads, and global mean sea level
rise (only model A, BSAP, and Worst Case, see Table 2).

Parameter/Uncertainty GCMs RCPs Nutrientloads Sea level rise
Temperature (in °C) 0.5 0.8 0 0
Salinity (in g kg~ ") 0.9 0.4 0 1.1
Primary production (in %) 6 12 67

Nitrogen fixation (in %) 16 5 67

Hypoxic area (in %) 12 3 74

Variances of changes in the primary production, nitrogen fixation and hypoxic area are
normalized by the corresponding variances based on the changes in all 23 simulations.

warming in the Baltic Sea region is smaller than that of the full
range of global scenario simulations.

Further, we have not investigated the uncertainties caused
by the shortcomings in the RCMs of the Baltic Sea. Eilola
et al. (2011) compared three different coupled physical-
biogeochemical models for the Baltic Sea under the present
climate conditions. They concluded that the models reproduce
much of the biogeochemical cycling in the Baltic proper in
hindcast simulations during 1970-2005. However, uncertainties
caused by the assumptions about the bioavailable fractions of
nutrient loads from land and parameterizations of the key
biogeochemical processes were considerable. The same models
were also used in an ensemble of scenario simulations for 1961
2099 (Meier et al., 2011a, 2012b,c; Neumann et al., 2012). Within
the latter studies, substantially differing nutrient load scenarios

and driving GCMs were applied, making a direct comparison
with our results impossible. As only two driving GCMs were used
and as the impact of global mean sea level rise was neglected,
the previously published ensemble spread in salinity was smaller
than that found in our study. Uncertainties in the projections
of the hypoxic area were about as large as those presented
in the ensemble of scenario simulations of this study. Hence,
future projections of the Baltic Sea ecosystem require multi-
model ensembles of regional and global climate models to allow
a suitable estimate of uncertainties.

The assumption that the ensemble spread due to natural
variability at the end of the 21st century is small compared to
the other uncertainties might be wrong on the regional scale. In
a forthcoming study, the sources of uncertainty will be studied in
more detail.

CONCLUSIONS

From the model results of this study, we draw the following
conclusions:

(1) Implementation of the BSAP will lead to a significantly
improved ecosystem state of the Baltic Sea irrespective of the
driving GCM because changing climate will not counteract
nutrient load reductions.

(2) The main driver of eutrophication is external nutrient
loads. Climate change (mainly warming and global mean
sea level rise) may amplify eutrophication. The response
of biogeochemical fluxes, such as primary production and
nitrogen fixation, and deep water oxygen conditions to
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changing climate depend on the nutrient load scenario.
In the case of high (low) nutrient loads, the impact of
the changing climate would be considerable (negligible).
However, the impacts of the changing climate within the
range of the considered greenhouse gas concentration
scenarios (RCP 4.5 and RCP 8.5) on biogeochemical cycles
will be smaller than the impacts of the considered nutrient
load changes (BSAP, Reference, Worst Case).

Substantial uncertainties of future projections for the Baltic
Sea are caused by the driving GCMs. For instance, salinity
projections differ considerably due to the uncertainties in
the projected river runoff and global mean sea level rise.
Hence, for future projections an ensemble of various driving
GCMs is necessary. This study also shows that dynamical
downscaling is a useful tool because local drivers of marine
biogeochemical cycling, such as nutrient load changes, are
still more important than the estimated uncertainties caused
by deficiencies of the climate models. Despite the large
uncertainties caused by climate models, we were able to draw
a conclusion concerning the impact of the BSAP in future
climates (see Conclusion no. 1).
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Kristine S. Madsen*, Jens Murawski, Marina Blokhina and Jian Su

Danish Meteorological Institute, Copenhagen, Denmark

Climate change will affect the coastline of the Baltic Sea through changes in sea
level, storm surges and waves. In Denmark, a large part of the responsibility for
climate adaptation lies with the local municipalities. The purpose of this study was
to map the user needs for coastal climate change information of five municipalities
in the Danish south western Baltic Sea and the Danish Coastal Authority in a cost-
efficient way and to transform the mapping into local climate indicators. An interview
template was customized to form the basis for telephone interviews of key stakeholders
and systematic gathering of the results. The interest for the interviews was high, and
response from the interviewed persons on the use of the template was very positive.
During the interviews, it was clear that the municipalities have access to extensive
information on the population and infrastructure, as well as detailed geographical
information. The main interests were in very high quality storm surge warnings and
present day and future extreme sea level and wave heights. This should be based
on modeling of past storm surges and future changes, taking observations, and
historical records into account. There was a big need for more detailed information
than presently available, and for common scenarios, which will help the collaboration
between municipalities. Within this study, the user requirements were used to define
targeted climate indicators. Within the C3S CODEC project, the indicators will be
provided for the municipalities, based on a downscaling of European scale storm surge,
and wave simulations to local scale.

Keywords: climate change, sea level change, user needs, user driven, Copernicus C3S

INTRODUCTION

Climate change will affect the coastline of the Baltic Sea through changes in sea level, storm surges
and waves, affecting, among others, the risk of flooding, and level of erosion (Olesen et al., 2014;
Bacc II Author Team, 2015). The south western part of the Baltic Sea pose a special risk area, as
the coastline is relatively well sheltered from frequently occurring sea level variability such as tides
and high waves, and e.g., the harbor in Kgge has not experienced storm surges above 1.52 m the
last 63 years (Ditlevsen et al., 2018). At the same time, the region is known to have experienced
some very extreme storm surges in historic time, most explicitly in 1872 (Colding, 1881). Thus, the
coastline is relatively sensitive to general sea level rise. The southern shoreline of Copenhagen, the
capital of Denmark, lies in this region. It is thus an area with an obvious coastal hazard emphasized
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by coastal climate change and high societal and economic
importance (Hallegatte et al., 2011) and has been selected as flood
prone according to the EU flood directive (Andersen et al., 2018).

The need for climate information in various sectors in Europe
is well established (Soares et al., 2018). Previous studies have
shown that there is a need both for climate change information
and information on decision making under large uncertainties
(Turnpenny et al., 2004), not the least for the coastal region,
where many aspects of society, including socio-economic and
environmental issues, have to be taken into account (Tribbia and
Moser, 2008). It has long been recognized that focusing only on
the science, at the expense of user engagement, implies a risk of
“simply providing too much of the wrong type of information”
(McNie, 2007, p. 17). The information must be recognized as
salient, credible, and legitimate to the users (Cash et al., 2002),
and to ensure this, Vaughan et al. (2016) call for feedback and
engagement between providers, purveyors and users of climate
change services.

Several of the above studies have involved large user
investigations involving online surveys and in depth interviews.
Our motivation for this study was to test a relatively efficient
and low cost method for early user interaction and mapping
of user needs to design dedicated coastal climate indicators
for the region, as the first step of a use case on Baltic Sea
coastal climate change in the Copernicus Climate Change Service
(C3S) CODEC project.

The section on Materials and Methods focuses on the use of
an interview template designed for general user investigations
for the C3S user need mapping, and use of interviews with few,
but carefully selected responders. The results section describes
the user response, including the early involvement and how
the method fed into the C3S service, and allowed derivation of
relevant and feasible climate change indicators.

MATERIALS AND METHODS
Study Area and Selected Municipalities

In Denmark, a large part of the responsibility for climate
adaptation lies with the local municipalities.

The five municipalities Copenhagen, Drager, Hvidovre, Ishgj,
and Koge were selected for the study, to represent the variation of
geographical conditions in the region, as well as various levels of
focus on climate adaptation (see next paragraph). The selection
was made based on our previous knowledge of, and engagement
with, the municipalities. Further, the Danish Coastal Authority
was included in the survey, as it has a central role in advising the
municipalities on issues regarding flooding, and climate change.
In total, six interviews were made.

All municipalities have coastline toward the Koge Bay
region - the south coast of Copenhagen - in the south western
Baltic Sea (Figure 1). The central Copenhagen Municipality
represents the Copenhagen historical, governmental and cultural
capital center and dense urban population, while the other
municipalities are suburban, and also encompass rural areas
and areas of natural and recreational interest. The Municipality
of Copenhagen represents significantly more people than the

other municipalities. It has an advanced program on climate
change adaptation and is planning flood gate protection together
with its closest neighbor municipalities. The other municipalities
represent different awareness levels on the need for climate
change adaptation. The municipalities all have access to extensive
information on the population and infrastructure, as well as
detailed geographical information, for their local area.

Interview Template
The interview template was originally developed for use within
the SECTEUR project and for the C3S contract D422Lot2. TEC.
Within this study, the wording of selected questions were tailored
to focus on coastal climate change. The interview template (see
Supplementary Material) consisted of a range of questions, space
to write answers, and references to corresponding elements of the
C3S User Requirement Database. That is, there was an almost
one-to-one link between the template and the database elements.
The template contained an introductory part, focusing
on identifying the interviewed person(s), their organization
and professional role, and overall need for coastal climate
information. The central part of the template consisted of
identifying new essential climate variables and climate change
indicators needed by the municipalities, by specifying key needs
for climate information, needs for combination with socio-
economic information or other data sources, and a range of meta-
information, including data source, spatial-temporal resolution,
quality and uncertainty information needs, and data format
requirements. Also, there was room to discuss the needs for
visualization and data processing tools. The interview template
was rounded off with a talk on how new data will be used by
the municipalities, the possibility to identify if more people in
the organization or externally were relevant for the interview, and
whether the interviewed person would like to be involved in the
further process.

Interview Procedure

All interviewees were briefly introduced to the project and
the interviews over e-mail, followed up with contact by
phone. All invited municipalities were willing to participate
in the interviews, and the interviews were conducted with
representatives from the municipalities and the Coastal Authority
over phone or through face to face meetings. They were limited
to last 1 h. Before the interview, the interview template was sent
to the interviewees for orientation, and to allow preparation of
responses in the organization, but they were instructed not to fill
it. During the interview, the template was followed with some
flexibility, allowing focus on the areas of greatest importance to
the individual interviewee, thus allowing a detailed interview of
the needs for design of new climate indicators. Notes were taken
during the interview, and based on this, the template was filled
out by the research team. Finally, the filled template was sent to
the interviewee for corrections and approval.

This study was carried out in accordance with the
recommendations of the DMI Ethics Committee of the
Danish Meteorological Institute, and the protocol was
approved by the committee. All subjects gave written informed
consent to participate.
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RESULTS

Summary of Interview Findings

The main interest of the interviewees was very high quality storm
surge warnings and projections of possible present day and future
extreme sea level and wave heights for the detailed coastline
(Figure 2). This should be based on modeling of past storm surges
and future changes, taking observations, and historical records
into account. The information was primarily required to prepare
decision making in the municipalities, e.g., for preparation of
information material to local politicians. There was a big need
for more detailed information than presently available, and for
authoritative (nationally selected or recommended) scenarios,
which would help the collaboration between municipalities.

Secondary requirements included information on mean sea
level changes for a range of planning purposes. This should be
with a known reference level, preferably the Danish national
DVROI0 system, and should be complimented with information
on land rise. For the planning of new flood gates and other
infrastructure sensitive to exceedance of a specific sea level height,
there was a request for a “gate index,” indicating the frequency
and duration of events where the sea level exceeds a given height.
Also, there was a need for an indicator of changes in ocean
currents relating to the distribution of seaweed deposition, and
thus recreation and tourism.

The municipalities generally related to present day situations
when discussing future climate change, and thus it will clearly
make communication of climate change information, e.g., a
future storm surge height indicator, easier, if it can be presented

in the same terms as used for present day storm surge
warnings and statistics.

The information should represent the region of Kege Bay
including the Danish and Swedish coast. The time scales in focus
varied between the municipalities, from mid-century (2050) to
end century, and 150 years ahead (Figure 2). Regarding data
formats, all municipalities are advanced users of GIS software and
would like to integrate the climate information into their present
systems, where many other layers of information are available.

The municipalities expect state of the art quality data, and
were generally aware of the need for uncertainty information.
They were ready to handle uncertainties in the form of
standard deviations, percentiles, or upper- and lower bounds.
The knowledge of ensembles was limited. Further, they would
like information on underlying assumptions and datasets
that goes into the calculations to be available, to assure a
transparent dataflow.

The primary needs were to have data to improve long term
planning in relation to climate adaptation, especially by giving
neighboring municipalities common information as a basis for
decision making; and to have the best possible foundation for
emergency preparedness. The needs for visualization and data
processing facilities were limited, as the municipalities in general
preferred to do this within their own GIS systems.

To ease the planning process and integration with other
products, there was a general request to have updates of the
information on regular intervals, to give a predictable data flow to
the decision making process. The preferred frequency for updates
varied between 6 months and a few years, with most requests for
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FIGURE 2 | (A) User interest in percentage of number of interviewed users. The interest areas are targeting: mean and extreme sea level for climate preparedness
and planning; precipitation and coinciding storm surge and heavy rain events; as well as waves and currents for climate assessments of ocean variability and
sediment transport in Kage Bay. The planned southern Copenhagen storm surge gate is in focus for one user, who has a large interest in a gate index indicating the
number of high water events that will require a closing of the gates. The frame indicates topics selected to be translated into climate change indicators within the
C3S_422_Lot2_Deltares CODEC contract; the selection was made based on a combination of the user requirements, the feasibility of deriving the indicators and the
coastal frame of the project. (B) lllustration of the two main time scales in focus for the interviewees: user applications for climate preparedness and risk assessment
(10-50 years), as well as long term strategic planning (50-200 years). The interviewed users require relatively low time resolution of the statistical products: monthly,
annual or even decadal, but they require very high spatial resolution of about 1 km on regional scale (200 km x 200 km) and roughly 100 m on local, coastal scale.

annual updates. Only indicators with significant changes or new
information should be updated.

All interviewed persons were willing to take part in the
further development of the service, potentially getting involved
in the project as a user-representative. They were generally happy
to be involved early in the process, and eager to follow the
development. They also indicated that the interview template
covered the topic well, and the procedure with an interview of
fixed duration was an efficient way for them to give input.

Derived Dedicated Coastal Climate
Indicators for the Region

Based on the interviews, the following indicators were selected.

e Mean Sea level change indicator: Mean sea level change of

selected reference periods, with, and without local land rise.

e Storm surge indicator: Storm surge height and
duration changes.
e Gate index: Number of threshold exceedances per

year and duration.

Sea State (Waves) indicator: Changes in wave height in a
future climate, both for average conditions and high-sea
level events, that is, the wave setup during storm surges.
Ocean current indicator: Strength of average currents
during normal and stormy conditions.

The indicators will be derived from regional hydrodynamic
and wave model simulations of the future climate.

DISCUSSION

The present study represents a cost efficient approach
to early user interaction, completed with six carefully
selected interviews of 1 h duration each. Yet, very detailed
information on user needs were obtained, in a format

that could relatively easily be translated into coastal
climate change indicators, as well as fed back to the
C3S User Requirement Database. Compared to larger

user investigations, the main risk of the approach is to
miss important user information from municipalities not
invited for interviews. Thus, a well-defined target group
and relatively high degree of pre-hand knowledge to
select representative is required. Also, the
degree of awareness of the topic was quite high among
the interviewees. Without this, one would risk to get
very little feedback. With these precautions in mind, the
interviews have allowed identification of climate change
indicators early in the contract, allowing understanding of
how the information is relevant to, and why it is requested
by the end user.

interviewees
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Methane (CHy) is the second-most important greenhouse gas in the atmosphere having
a significant effect on global climate. The ocean—particularly the coastal regions—have
been recognized to be a net source of CHy4, however, the constraints on temporal and
spatial resolution of CH, measurements have been the limiting factor to estimate the
total oceanic contributions. In this study, the viability of micrometeorological methods
for the analysis of CH4 fluxes in the marine environment was evaluated. We present
1 year of semi-continuous eddy covariance measurements of CH, atmospheric dry
mole fractions and air-sea CH,4 flux densities at the Ostergarnsholm station at the
east coast of the Gotland Island in the central Baltic Sea. The mean annual CHy4 flux
density was positive, indicating that the region off Gotland is a net source of CHy to
the atmosphere with monthly mean flux densities ranging between -0.1 and 36 nmol
m~—2s~'. Both the air—water concentration gradient and the wind speed were found
to be crucial parameters controlling the flux. The results were in good agreement with
other measurements in the Baltic Sea reported in the MEMENTO database. Our results
suggest that the eddy covariance technique is a useful tool for studying CH4 fluxes
and improving the understanding of air-sea gas exchange processes with high-temporal
resolution. Potentially, the high resolution of micrometeorological data can increase the
understanding of the temporal variability and forcing processes of CH, flux.

Keywords: air-sea gas exchange, Baltic Sea, eddy covariance, CH, fluxes, micrometeorological methods

1. INTRODUCTION

Methane (CHg) is an atmospheric trace gas considered to be the second-most important
greenhouse gas after carbon dioxide (CO,). The estimated warming potential per molecule of CHy4
is 28 times greater than CO, over a 100-years horizon, and 72 times greater over a 20-years horizon
(IPCC, 2013). The global average atmospheric concentration of CH,4 has more than doubled since
the pre-industrial era, reaching values of over 1,800 ppb (WDCGG, 2015). CHy is emitted to the
atmosphere by natural and anthropogenic sources, however, the rapid increase in the atmospheric
CH4 concentrations has been attributed to anthropogenic activities. Great uncertainties on the
temporal and spatial variability of the individual sources of CHj still exist.

The ocean is a net source of CHy to the atmosphere. Considering biogenic, geological and
hydrate sources, the global oceanic emissions have been estimated at 14 Tg yr~! (range 5-25) value
that represent about 1-3% of the total global sources of atmospheric CHy (Saunois et al., 2016).
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Out of the total oceanic contribution, the shelf areas and estuaries
account for up to 75%, being the major oceanic source (Bange
et al., 1994). However, these estimates are still uncertain due to
the limited availability of CH4 data in the marine environment.
The constrains on temporal and spatial resolution of CHy
measurements have been the limiting factor to account for the
diversity on the production and consumption mechanisms of
CHy, hindering our understanding of the oceanic contributions
at regional scales, thus, the capacity to constrain the global
emission estimates.

The Baltic Sea is a semi-enclosed basin at relatively high
latitudes (Meier et al, 2014), it presents great spatial and
temporal variability of surface CH4 concentrations in open sea
and in shallow coastal regions. Seasonal variations of water
temperature, wind speed, and availability of organic matter have
been identified to regulate CH4 emissions to the atmosphere
(Bange, 2006; Bange et al., 2010; Giilzow et al., 2013). A detailed
description of the CH4 budget at a basin scale in the Baltic Sea is
still missing, and the lack of constrained air-sea exchange values
is one of the major uncertainties.

Air-sea CHy fluxes (FCHy) derived from bulk
parameterizations and large-scale models based on surface
water measurements have led to great uncertainties in the
estimates of CHy global oceanic emissions (e.g., Bange et al,
1994; Rhee et al, 2009). Micrometeorological techniques, in
contrast, allow direct estimations of turbulent fluxes at a high
temporal resolution. The use of these techniques can significantly
contribute to long-term monitoring of CHy emissions in marine
environments to constrain the regional and global estimates.
The improvement in the temporal resolution offered by the
micrometeorological techniques can be specially important in
coastal systems, where rapid terrestrial inputs due to hydrological
events, upwelling events, and changes in the biogeochemical
properties induce a high temporal variability of the forcing
processes modulating FCHj.

Micrometeorological techniques, such as eddy covariance
(EC), have been widely used for estimation of momentum,
energy, and mass fluxes in terrestrial (Baldocchi et al,
2001, and references therein), coastal (Crawford et al., 1993;
Rutgersson and Smedman, 2010; Gutiérrez-Loza et al., 2018),
and oceanic environments (McGillis et al., 2001; Miller et al.,
2010). In marine applications, the EC method is commonly
used for CO, and water vapor flux calculations. However,
significantly less attention has been paid on FCHy with
only a few studies existing about CH4 measurements from
EC (Yang et al, 2016a,b, 2019). Other micrometeorological
techniques have been used—even to a lesser extent—for FCHy
calculations. De Wilde and Duyzer (1995) reported the first
FCHy4 estimates from micrometeorological measurements in the
marine environment using the gradient method (Fowler and
Duyzer, 1989). To our knowledge there are no available records
of long-term FCH4 from eddy covariance measurements or other
micrometeorological techniques in the Baltic Sea.

In this study, we used 1 year of EC measurements of CHy
at Ostergarnholm site in the Baltic Sea with the following aims:
(1) investigate the viability and quality of EC measurements
when studying air-sea FCH4 from a land-based station in a

marine environment, (2) estimate the annual FCH4 and the
seasonal variations in the region, and (3) explore the controlling
mechanisms on air-sea CHy exchange.

2. METHODOLOGY

2.1. Site Description

The Ostergarnsholm station (57°27'N, 18°59'E) is located on a
small and flat island 4 km off the eastern coast of Gotland in
the Baltic Sea (Figure 1). The station has a 30-m land-based
meteorological tower located on the southern tip of the island
where the ground rises only 1-2 m above the sea surface. The
station has being running semi-continuously since 1995 with
the aim of monitoring and studying the marine atmospheric
boundary layer and to assess the air-sea interaction processes
(e.g., Smedman et al., 1999; Hogstrom et al., 2008; Rutgersson
et al., 2008; Sahlée et al., 2008; Rutgersson and Smedman, 2010).
The station is part of the Integrated Carbon Observation System
(ICOS) infrastructure.

The measurements at Ostergarnsholm site represent open
sea or coastal conditions depending on the wind direction
(Rutgersson et al., 2008). For wind directions between 80° <
WD < 220° the measurements from the tower are considered
to be representative of open sea conditions as the wave field is
undisturbed by the bathymetry and the atmospheric turbulence
is not affected by coastal features (Hogstrom et al, 2008;
Rutgersson and Smedman, 2010). Processes characteristic of
coastal environments are recognized for wind directions between
50° <WD < 80° and 220° < WD < 295° when the physical,
biogeochemical, and hydrographical properties may be affected
by the shore. In contrast, the northerly sector is strongly
influenced by land, therefore data from 295° < WD < 50° are not
representative for sea conditions and should not be used for air—
sea interaction studies. Additionally, wind from 355° < WD <
5° is affected by the structure of the tower and should not be used
for any analysis (Rutgersson et al., 2008). For this study, open sea
and coastal conditions were included in the analysis (50° < WD
< 295°) (see Figure 1b).

2.2. Instrumentation and Measurements

The tower was instrumented with high-frequency (20 Hz) sensors
for EC measurements of FCHy at 9 m above the tower base.
From September 2017 to September 2018, atmospheric CHy dry
mole fractions were measured using a LI-7700 open-path gas
analyzer (LI-COR, Inc., Lincoln, NE, USA). Simultaneously, the
three wind-speed components were measured with a CSAT3
sonic anemometer (Campbell Scientific, Inc., Logan, UT, USA).
The LI-7700 was factory calibrated just before the installation.
According to the manufacturer, the factory calibration is
carried out making a series of automated measurements with
seven traceable reference gas concentrations under controlled
conditions using an environmental chamber. The reference tanks
are NIST (National Institute of Standards and Technology)
certified standard gas mixtures with mole fractions of CHy
ranging from 1 to 40 ppm (£1% accuracy). The calibration was
conducted under temperature conditions of -25, 25, and 40°C in
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FIGURE 1 | (a) Map of the Baltic Sea. The red mark in the central Baltic Sea indicates the location of the Ostergarnsholm station; the Gotland Basin is the area within
the black rectangle. (b) Location of Ostergarnsholm island situated ca 4 km off from the Gotland island. The red mark indicates the location of the tower; the colors
are the wind rose representing the distribution of wind speed and wind direction at the Ostergarnsholm station.

order to establish accurate relationships between the absorptance
and the actual concentration.

The EC system (Figure 2) was oriented facing South, the sonic
anemometer was placed on the tip of the boom and the gas
analyzer LI-7700 was 0.8 m behind the sonic anemometer. The
set-up of the instruments was such to minimize the air-flow
disturbances, with the larger instrument (LI-7700) closer to the
tower. A detailed description of the LI-7700, its functioning and
calibration is given by McDermitt et al. (2011); see Sahlée et al.
(2014) for the analysis of the instrument performance.

In addition to the tower measurements, water-side samplings
were performed in the vicinities of the Ostergarnsholm island to
measure CHy in the seawater. Discrete samplings were carried
out during the summers of 2016 and 2017. The samples were
taken from a boat at three different depths (1, 10, and 18
m) using a 3 L Ruttner collector, transferred to a 60 ml gas-
tight vial using a tubing and sealed with butyl rubber septa
(Apodan) and aluminum caps. The samples were poisoned with
1 ml of saturated aqueous solution of mercury chloride (HgCl,)
immediately after sampling to prevent any biological activity
prior to analysis. The samples were stored upside down in a
dark place at 4°C until the analysis. All samples were analyzed
in GEOMARSs trace gas laboratory within a few months after
collection, the analysis was carried out following the static
equilibration method of Bange et al. (2010). During the analysis,
each individual sample was injected with 10 mL of He (99.999%),
vibrated for 30 s and left to equilibrate for at least 2 h. A

FIGURE 2 | Photograph of the eddy covariance system set-up at level 1 (9 m)
at Ostergarnsholm station.

9 mL subsample from the headspace was taken from each
sample using a gas-tight syringe and manually injected into a gas
chromatographic (GC) system (Hewlett Packard 5890 Series II)
by using a 2 mL sample loop. The GC was equipped with a packed
column (molsieve 54), He (99.999%) was used as a carrier gas
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with a flow rate of 30 mL min~! and a temperature of 60°C. CH,
was detected using a flame ionization detector (FID).

A surface water CH4 mapping campaign was performed
for 2 days in late June 2018 during stable weather conditions
(clear days and low winds < 3 m s~!). A boat was equipped
with an Ultra-portable Greenhouse Gas Analyzer (UGGA, Los
Gatos Research, San Jose, CA, USA) connected to a pump-
based equilibrator system. Prior to the campaign, the UGGA was
calibrated using standard gases (2 ppm and 50 ppm). During
boat travel (2 kn), seawater was pumped at a constant rate
through a polypropylene filter and led to a silicon membrane-
based equilibrator (PermSelect, Ann Arbor, USA). Seawater flows
outside the silicon hollow fibers in the equilibrator, while gas
penetrates the fibers toward the gas analyzer. See Paranaiba et al.
(2018) for further details about the equilibrator system. The
continuous water-side CH4 concentration data was measured
at 1 Hz (precision of <2 ppb according to the manufacturer)
and averaged over 15-s periods. Together with the geographic
coordinates from a GPS, the data was stored on a CR1000
Campbell data logger (Campbell Scientific, Inc., Logan, UT,
USA). With an estimated response time of 5 min, each data point
represents a moving average integrated over ca 300 m according
to the boat speed. The measurements were performed within the
footprint of the tower covering all relevant wind sectors. The
flux footprint area calculations—as reported by Hogstrom et al.
(2008)—indicates that for very stable conditions 60% of the fluxes
are originated between 1.7 and 22 km from the tower base, and
for very unstable conditions 60% of the fluxes originate between
75 and 300 m from the tower.

Water-side CHy values were reported in molar fraction
(ppb) in order to directly compare atmospheric and oceanic
measurements (see section 3.1.2 and Figure 7). Molar fractions
can be further converted to concentration values—as commonly
used—in nmol L™! or nmol kg~! using the solubility equation
given by Wiesenburg and Guinasso (1979).

2.3. MEMENTO Database

The MarinE MethanE and NiTrous Oxide Database
(MEMENTO,  https://memento.geomar.de/home)  collects
dissolved and corresponding atmospheric CHy data from in situ
measurements since 1986 (Table1). We used these data to
compare with the annual cycle observed from the EC results
and with the water-side samples in the Baltic Sea. For this
comparison, we selected data from the MEMENTO database
collected within the Gotland Basin in the Baltic Sea (see Table 1).
The Gotland Basin region was considered here from 54°N,
16.5°E to 58.5°N, 22°E. We defined a “coastal” sub-dataset which
included the reported values from measurement sites with water
depths lower than 25 m.

2.4. The Eddy Covariance Method

Air-sea FCH,4 were estimated using the EC method (Baldocchi
et al., 1988; Aubinet et al., 2012). The general equation for the
flux calculation is given by

(1)

F=p,wc,

TABLE 1 | Datasets included in the MEMENTO database with data from the Baltic
Sea.

Dataset Campaign Date PI (institution) References
name
Ds-80f HELCOM Feb 1992 Hermann W. Bange  Bange et al.,
92-02 (GEOMAR) 1994
DS-79t HELCOM May 1992  Hermann W. Bange  Bange et al.,
92-05 (GEOMAR) 1994
DS-117 Kiel Harbor 1992- Rolf Schmaljohann Schmaljohann,
Study 1993 (GEOMAR) 1996
DS-61 GOAP 0694 Jun-Jul Hermann W. Bange  Bange et al.,
1994 (GEOMAR) 1998
DS-62 GOAP 0996 Sep-Oct Hermann W. Bange  Bange et al.,
1996 (GEOMAR) 1998
DS-63 GOAP 1296 Dec 1996  Hermann W. Bange  Bange et al.,
(GEOMAR) 1998
DS-64 GOAP 0397 Mar 1997 Hermann W. Bange  Bange et al.,
(GEOMAR) 1998
DS-65 GOAP 0497 Apr 1997 Hermann W. Bange  Bange et al.,
(GEOMAR) 1998
Ds-78f MSM 08/03 Jun-Jul Oliver Schmale Schmale
2008 (IOwW) etal., 2010
DS-225T  P392- BALTIC  Dec 2009 Gregor Rehder, Gulzow et al.,
GAS Michael Glockzin 2014
(1oW)
DS-218"  ICOS-D Baltic ~ Feb-Dec Gregor Rehder, Gulzow et al.,
VOS Finnmade 2010 Michael Glockzin 2011
(1ow)
DS-207T AL 458 May 2015  Annette Kock, Unpublished

Hermann W. Bange
(GEOMAR)

T Datasets including data from the Gotland Basin.

where p, is the density of dry air, w is the vertical component
of the wind speed, and ¢ is the gas dry mole fraction. The
overbar represents the temporal average and the turbulent
fluctuations, indicated by the primes, are estimated from the
high-frequency (20 Hz) time series of each variable through a
Reynold’s decomposition:

x=x+x, (2)
where x is the measured signal, X represents the time-mean value,
and x" represents the fluctuating part.

EC is a straight-forward method to determine gas fluxes.
The method avoids the use of empirical constants, as the bulk
methods do, it does not rely on assumptions regarding the
behavior of the gas or its properties and, it does not require
approximations of the atmospheric boundary layer structure
(Wanninkhof et al.,, 2009). However, in order to fulfill the
method’s assumptions, a strict quality control must be applied to
the data (e.g., Foken, 2008).

2.5. Data Treatment and Quality Control

We used time series of wind speed and CHy4 atmospheric dry
mole fraction data obtained at the Ostergarnsholm site between
September 2017 and September 2018. The high-frequency raw
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measurements were used to calculate half-hourly values of FCH4
using the EC method (Equation 1). Prior to the flux calculations,
several selection criteria were applied to ensure high quality data
representative of air-sea CHy4 exchange within the footprint.

The raw high-frequency wind components were first
transformed to earth-system coordinates and the angles
were corrected using a double rotation method to avoid any
effects caused by the tilting of the sonic anemometer. Wind
speed and wind directions were computed from the corrected
wind components.

The LI-7700 gas analyzer automatically identifies CH4 data
with a -9999 flag when the sensor is not working properly. These
records were removed prior to the calculations. Afterwards,
a non-linear median filter algorithm was applied to the 20-
Hz data over 30-min periods to eliminate outliers from
the high-frequency time series (see Brock, 1986; Starkenburg
et al, 2016). Half-hour periods with more than 1% (360
data points) of outliers were discarded (Foken, 2008). The
turbulent fluctuations of each variable were calculated from
of the de-trended time series using a Reynold’s decomposition
(Equation 2) over 30-min periods. A linear fit was considered
for the de-trending procedure. The turbulent fluctuations were
used to calculate the variance and covariance, as well as,
other statistical moments used during the flux calculations and
statistical analysis. Half-hour averages of each variable were
then computed.

We set thresholds on some statistical parameters to ensure the
homogeneity of the data and to avoid outliers. Data was excluded
from the analysis when the standard deviation of the 30-min time
series of CHy4 dry mole fraction exceeded 35 ppb (Baldocchi et al.,
2012) and when its 4th-order moment was higher than 100 ppb*.
The skewness and kurtosis were set to range from -2 to 2 and
from 1 to 8, respectively. Values outside these ranges were filtered
out (Vickers and Mahrt, 1997).

The relative signal strength (RSSI) of the LI-7700 gas analyzer
is closely related to the state of the optical mirrors. The
mirrors are sensitive to water drops, dust, and—particularly
in marine environments—they are sensitive to salt. Therefore,
data was discarded when the RSSI was below 10%, this
threshold value has been previously used by Podgrajsek et al.
(2016). The instrument has a cleaning system for the lower
mirror which was set to automatically turn on for 20 s
every second-hour when RSSI < 50%. The automatic cleaning
was complemented with manual cleaning every 1-2 months.
During both, automatic and manual cleaning, the RSSI values
drop due to the presence of liquid on the mirrors, thus,
data was automatically excluded during those periods by the
minimum RSSI criterion.

Following Baldocchi et al. (2012), data was removed when the
half-hour average values of atmospheric CH4 dry mole fraction
were smaller than the background atmospheric values, here
considered as 1,800 ppb.

Only wind directions representing coastal and open sea
environments were considered in the flux analysis, therefore only
half-hour data corresponding to wind coming from 50° < WD
< 295° was used. Other wind directions (northerly winds) were
considered to be influenced by land or disturbed by the tower.

1 was also excluded from

Data with wind speeds lower than 1 m s~
the analysis.

Density corrections (Webb et al, 1980) were applied
during the FCHy calculations to account for the effect
of the temperature and water vapor fluctuations.
Additional corrections were included to account for the
spectroscopic  effects caused by water vapor, pressure,
and temperature on the spectroscopic properties of the
absorption line (McDermitt et al., 2011). The minimum
detection limit for the computed fluxes was considered
to be +4 nmol m 257!, thus, FCH; with magnitude
smaller than that threshold value were filtered out
(Detto et al., 2011; Baldocchi et al., 2012).

The data that fulfilled all quality control criteria were used
for further analysis. The high-quality dataset analyzed in this
study consists of 4,136 half-hour CH4 dry mole fraction values
and 1,660 half-hour FCH4 values over the period of 1 year from
October 2017 to October 2018. The data correspond to 23.7%
and 9.5% of the study period (17,456 half-hours), respectively.
The data covers 54% of the 366 days when considering CHy dry
mole fractions, and 45% for FCHy, including days with at least
one half-hour measurement.

3. RESULTS
3.1. The Annual Cycle

The annual cycle of FCHy and other characteristic parameters
were analyzed from measurements at Ostergarnsholm station
from October 1st, 2017 to September 30th, 2018 (Figure 3).
During the period of this study, the wind speed did not show
a clear seasonal pattern, however, higher wind-speed events
were observed during autumn and winter causing relatively
higher monthly means between September and March (ranging
from 6.6 to 8.2 m s~!) than those observed during summer
(4.2t0 6.1 ms~1). The maximum 30-min wind speed reached
19.5 m s~! while the maximum daily average was 16.7 m sL
both during the same high-wind speed event on January 2018.
The annual mean wind speed was 6.7 m s~ 1.

Air and water temperature presented a seasonal cycle with
lower values during the winter months (DJFM) and higher
temperatures during summer (JJAS). The air temperature
monthly means ranged between 0.6°C and 5.4°C during winter,
being February the coldest month. During summer, the monthly
mean air temperatures ranged between 16.2°C and 22.7°C, being
July the warmest month of the year. The water temperature
showed a very similar behavior with a minimum monthly mean
of 1.3°C in March and a maximum value of 19.3°C in July. The
minimum air and water temperatures were -7.5°C and 0.4°C,
respectively, and were both observed during late winter. The
maximum air and water temperatures reached values of 27.2°C
and 23.9°C, respectively. The mean annual air temperature was
10.2°C, while the mean annual water temperature was 9.4°C.

Higher values of the atmospheric CH4 dry mole fraction
were observed during winter compared to the values observed
during the rest of the year. The maximum monthly mean was
2,217.7 ppb observed during December and a second maximum
of 2,201.8 ppb occurred during March. Lower monthly values
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(~ 2,000 ppb) were found from April to November (Figure 3C).
For FCHy, positive monthly means were observed throughout
the year with values of 3.7-36.1 nmol m2s™! (excluding May)
indicating that the region was a net source of CHy. May was the
only month with a negative monthly mean value of -0.1 nmol
m~2s7!. A maximum monthly mean of 36.0 nmol m~2s~! was
observed during March. Additionally to this maximum value,
high FCH4 were observed both during winter and summer
with similar monthly values ranging from 13.1 to 18.8 nmol
m~2s7! and 12.9 to 14.9 nmol m~2s~1, respectively. Minimum
FCH4 were observed during the transition months between
summer and winter seasons, with near-zero fluxes during May
and October-November. The scatter of the individual 30-min
values was large ranging from -76 to 251.6 nmol m~2s™!, with
most of the negative values (163 out of 202 data points) observed
during late autumn and winter.

3.1.1. Methane Concentrations: A Comparison With
the MEMENTO Database

A comparison between the two datasets (Ostergarnsholm data
and MEMENTO) was carried out with the aim of understanding
and validating the seasonal behavior observed from the EC
measurements at Ostergarnsholm. Monthly mean atmospheric
CH,4 dry mole fraction observed from the EC measurements
at Ostergarnsholm during 2017-2018 ranged between 2,004.6
and 2,217.7 ppb, while the values previously reported in the
MEMENTO database for the Gotland Basin region ranged from
1,860 to 1,905 ppb (Figure 4). Atmospheric values from the
Gotland Basin included monthly averages over almost 30 years,
excepting January for which no data was reported during those
years. The long-term average showed a more clear seasonality,
but it masked shorter-term changes and the higher variability
observed in the 1-year record from Ostergarnsholm. For both
records, however, lower monthly CHy dry mole fractions were
observed during summer (JJAS) with minimum values during
August, 2,004.6 and 1,861.0 ppb, for Ostergarnsholm and the
Gotland Basin, respectively. Maximum values during November-
April were observed also for both records.

Similar to what was observed for the atmospheric
concentrations, the CH; mole fractions in the seawater
measured in the vicinities of the Ostergarnsholm site were
higher than the average values observed in the Gotland Basin
(Figure 5). The mean value of the seawater CH4 mole fraction
from the 2-day mapping campaign in late June 2018 was
3,897.1 ppb, and the mean value from the discrete samplings in
summer 2016 and 2017 was 8,794.1 ppb. On the contrary, the
annual mean value reported for the Gotland Basin was 2,676.3
ppb, with higher values from late June to October, reaching a
maximum monthly mean of 3,360.5 ppb in October. The mean
values from the coastal regions—as defined above as "coastal"
sub-dataset—reported in the MEMENTO database did not show
either such high values as those reported within this study. Even
so, individual values reaching magnitudes up to 15,000 ppb
were reported (Figure 5), showing that under certain conditions,
mostly during summer, high values of CHy in the seawater can
occur in the region. During winter, lower values were observed
from the MEMENTO data, the minimum value was found
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FIGURE 4 | Monthly means of atmospheric CH4 dry mole fraction from
(A) Ostergarnsholm station during 2017-2018 (this study), and (B) MEMENTO
database in the Gotland Basin obtained between 1986 and 2015.

during May with monthly mean of 1,923.7 ppb. No data was
reported during January.

A broader comparison using data from the whole Baltic Sea
(Table 1) also supports that the magnitude of the seawater CHy
mole fractions in the vicinities of the tower was much higher
than values previously reported for the Baltic Sea (Figure 6).
However, the measurements from the mapping campaign
were in good agreement with values reported for the coastal
regions. High-concentration events were observed for both the
Baltic Sea and the coastal Baltic Sea datasets with values as
high as 20,000 ppb.

3.1.2. Seasonality of the Air-Sea Concentration
Gradient

A clear seasonal pattern was observed in the air-sea
concentration gradient of CHy (AC) from atmospheric and
water-side CH4 mole fractions in the Gotland Basin (Figure 7A).
The gradient was, to a great extent, caused by changes in the
water-side mole fractions while atmospheric CH4 remained
fairly constant. The increase in the seawater mole fractions
led to higher positive AC that reached values higher than
1,000 ppb during summer and early autumn. The maximum
values were found in September and October when the AC
values were higher than 1,460 ppb. The FCHy values observed
from Ostergarnsholm data during the summer months were
consistent with the behavior of AC, showing an increase during
these months (Figure 7B). In the same way, the minimum AC
of 39.4 ppb during May was in agreement with the minimum
FCH4 when a near-zero flux was observed. During the winter
months AC was small, even so, we observed high FCHy,
suggesting that other processes might have modulated the
air-sea fluxes by enhancing the efficiency of the transport
through the surface.
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3.2. Wind Dependency

Slightly soluble gases tend to be more easily transported
across the air-sea interface under highly turbulent conditions
(bubble-mediated transport). Based on the mean values
(blue dots in Figure8) such correlation between FCHy
and the wind speed (U) was not noticeable. For high-
wind speed values (U > 14 m s ') a tendency of FCHy
to increase with wind speed was observed. However, these

values had been identified to belong to a single high-wind
speed event (see section 3.2.1) and further evidence is
required to validate the relationship between FCH4 under
high-wind speeds.

When comparing FCHy as a function of the wind speed,
several parameters affecting the flux were included in the
comparison. A more fair comparison would be to represent
the transfer velocity (k) as a function of U since FCHy is
not only influenced by the U but also by AC. Unfortunately,
we were not able to calculate k in this study due to the
lack of continuous measurements of CH; mole fractions
in the seawater.

3.2.1. High-Wind Speed Event

A high-wind speed event occurred in January 2018, the case is
here highlighted as it revealed a strong wind speed dependence
for FCHy4. This event is particularly interesting for further
analysis since it occurred during winter when AC is assumed to
be small, therefore, is unlikely the main driver of FCHj.

During the high-wind speed event, a constant increase of
the wind speed occurred over a 48-h period (Figure 9A). The
initial wind speed at the beginning of the event was 5.1 m
s7! and steadily increased until it reached its maximum at
19.4 m s~! almost 48 h later. The wind direction during the
event was from south-east, with mean wind direction of 154°.
South-east wind directions represent open sea conditions as
defined by Rutgersson et al. (2008). We observed an increase of
FCHy several hours after the event began (Figure 9B). During
the high-wind speed event, FCH4 increased exponentially from
an initial value of 4.0 nmol m™2 s~! to a maximum value
of 187.1 nmol m~2 s~!. Additional to the increase in FCHy,
an increment on the atmospheric CHy dry mole fraction was
observed from an initial value of 2,006.1 ppb to a maximum
value of 2,438.2 ppb.
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4. DISCUSSION

The annual cycle of atmospheric CHy4 dry mole fraction observed
at Ostergarnsholm station showed a good agreement with
the seasonal variability of the Gotland Basin from previously
reported data, lower atmospheric CHy values were observed

during summer and higher values during winter time. The
seasonal variability observed in both datasets might be explained
by the increased consumption rate of CHy in the atmosphere
due to OH radicals during summer (Khalil and Rasmussen,
1983). The magnitude of the monthly means observed during
2017-2018 at Ostergarnsholm were significantly higher than
the values presented for the Gotland Basin (Figure4). To
our knowledge there is no other continuous atmospheric CHy
measurements in the region to compare with, however, the
values from the Ostergarnsholm station seem to be consistent
with the global trends that indicate an increase of about 200
ppb in the global atmospheric CH4 concentration since 1985
(Figure 1 in Saunois et al.,, 2016). Additionally, higher air-sea
FCH,4 enhanced by coastal processes might also contribute to the
observed atmospheric values. Higher variability is observed in
the monthly means from the EC measurements of atmospheric
CHy. The variability is attributed to local processes which were
not perceptible from the long-term averages in the Gotland
Basin form the MEMENTO data. Even so, more data is
still necessary to validate the measurements presented here
and to explain the high variability on the atmospheric CHy
mole fraction.

The CH4 mole fractions in the seawater nearby the
Ostergarnsholm site were higher than both the mean and
median values from measurements reported in the MEMENTO
database for the Gotland Basin (Figure 5). However, similar
values have been observed in the region during summer time.
These results are consistent with the seasonal temperature cycle
which enhances the CH4 production rate under warmer water
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conditions (Bange et al., 1998). Additionally, Giilzow et al.
(2013) showed that upwelling events during the summer have a
significant effect on surface CHy on the Gotland area by bringing
CHy-rich water masses from deeper layer to the surface.

The water-side measurements at Ostergarnsholm were in
good agreement with values reported for the coastal Baltic
Sea regions (Figure 6), suggesting that coastal characteristics
such as shallow waters, high biological activity, and upwelling
events might have led to higher concentration values in the
vicinities of the tower. High water-side CH4 mole fractions have
been previously reported for physical- and biogeochemically
active areas such as coastal regions (Rhee et al., 2009; Borges
et al,, 2016) and lakes (Podgrajsek et al., 2014). Borges et al.
(2016) attributed the high CH4 concentrations observed in
a near-shore region in the North Sea—and the consequent
fluxes—to the shallow water-depth and the well-mixed water
column. Giilzow et al. (2013) concluded that for other
shallow areas in the Baltic Sea (i.e., Mecklenburg Bight and
Arkona Basin) the methane oversaturation conditions follow
the water temperature trend, with increasing concentrations
during summer time. This fact is particularly relevant as
2018 presented significantly higher water temperatures than
average years.

The monthly means of FCH4 from EC measurements at
Ostergarnsholm site indicated that the region was a net source of
CHy throughout the year. The role of the Baltic Sea as a source
of CH4 has been mentioned in previous studies, however, the
reported values present a great degree of variability in time and
space. On one hand, Bange et al. (1994) reported values ranging
from 0.11 to 0.17 nmol m~2s~! during a winter (February) and
from 1.17 to 13.9 nmol m~2s~! for the summer (July/August),
indicating larger flux during summer than during winter. On the
other hand, Giilzow et al. (2013) showed that the seasonality of
FCH4 depends on the characteristics of each region of the Baltic
Sea. The fluxes calculated by Giilzow et al. (2013) are significantly
smaller than those presented by Bange et al. (1994); for the same
months they found values of 0.151-0.08 nmol m~2s~! (February)
and 0.01-0.076 nmol m~2s~1 (July/August) for the Arkona Sea,
Bornholm Sea, and Gotland Sea. The highest monthly mean value
reported by Giilzow et al. (2013) was 1.145 nmol m~2s71 in the
Gulf of Finland during February. In both cases, the fluxes were
calculated based on bulk parameterizations.

The FCH4 monthly means presented in this study ranged
from -0.1 to 36.1 nmol m2s~! from EC measurements. These
values are—in general—higher than those previously reported for
the Baltic Sea. In a similar way, De Wilde and Duyzer (1995)
reported FCHy values from the ASGASEX experiment up to 6
times higher using micrometeorological techniques than those
calculated using Wanninkhof (1992) relationship. The authors
mentioned that in order to explain those discrepancies between
the two methods, more measurements are required using both
methods simultaneously.

Despite the positive mean fluxes throughout the year and
the general agreement of the Baltic Sea as a net source of
CHy, some negative FCH, values were observed from the 30-
min data during late autumn and winter (Figure 3D). These
values might have been caused by a temporary undersaturation

of the water-side CH4 with respect of the atmospheric values.
Giilzow et al. (2013) calculated saturation values of 96% and
94% during winter in 2010 and 2011, respectively, in the
Gotland Basin. The undersaturation was only reported for the
Goltand Basin region during December-April and might be
caused by the enhanced solubility of CHy due to low water
temperatures. Thus, this behavior is not noticeable from the
mole fraction time series (Figure 3C), however, it might cause
frequent changes in the direction of the net FCHy in the region.
In addition to the possibility of a temporary undersaturation
state, highly turbulent conditions due to increased wind speeds
during winter time may cause higher variability on the gas
exchange across the interface, the direction of FCHy is then
determined by the air-sea gradient. High temporal resolution
measurements, such as those presented here, are necessary to
detect this variability.

In the Gotland Basin, AC is mostly modulated by variations
of CHy mole fraction in the seawater, while the atmospheric
values remain relatively constant in comparison to the seawater
values. From the MEMENTO data, it was noticeable that higher
AC values are present during summer (Figure 7) due to the
large increase in the seawater mole fractions observed in the
warmer months. Similarly, Giilzow et al. (2013) observed a
continuous increase of CHy saturation in all basins of the Baltic
Sea from April to July due to the rise in water temperatures. The
MEMENTO data is useful for describing the average seasonal
behavior, however, sub-annual variability of AC for the particular
period of this study is hardly represented. In order to understand
the relationship between AC and the fluxes across the air-
sea interface, simultaneous measurements of atmospheric and
seawater concentrations are required, along with flux data.

In this study, FCHy values observed during the summer
months (JJAS) were consistent with the increase of AC as
observed from the MEMENTO data, suggesting that the
main driver of the exchange is the air-water concentration
difference. In this case, the effect of the strong stratification
and shallow mixed layer depth in the Gotland Basin (Giilzow
et al, 2013) during the summer due to the warming
of the surface layers is not sufficient to hinder FCHy,
at least in this particular region. In contrast, high FCH4
observed during winter were not explained solely by AC
that showed small values from October to May. During
winter, strong wind-speed events and higher mean wind
speed values were observed. Regardless of the relatively small
gradient, highly-turbulent conditions might have led to the
enhancement of the transport processes causing an increase in
positive FCHy.

Air-sea gas exchange is not only dependent on AC, it is
also modulated by environmental forcing factors that define
the efficiency of the transport (Wanninkhof et al., 2009). Wind
speed is considered to be one of the main parameters used
to describe the efficiency of the gas exchange across the air-
sea interface (Liss and Merlivat, 1986; Wanninkhof, 1992).
Thus, a high correlation between FCH4 and U was expected,
however, no correlation was observed between the calculated
FCH4 and U (Figure 8). We considered that using k would
be a more straightforward comparison. Giilzow et al. (2013)
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presented values of k for different regions of the Baltic Sea
calculated according to Wanninkhof et al. (2009) as a function
of the wind speed. They showed that for all regions (including
the Gotland Basin) the highest transfer coefficients occurred
from September to January. These results are consistent with
the increased wind speeds observed in this study during
the winter months, and can be an indication of the high
FCHy values observed during this period might be driven by
wind-induced turbulence.

The analysis of a high-wind speed event showed that under
certain conditions the wind speed might be a crucial parameter
in the gas transport across the air-sea interface causing an
increase in FCHy. In the Baltic Sea, CHy is primarily produced
in the sediments and then transported through the water
column, therefore, the physical characteristics on the water-
side (i.e., stratification, tides, mixed layer depth, etc.) are of
great importance for the distribution of CHy. However, high-
wind speed events—such as the one analyzed here—can cause
enough mixing to ventilate the water column enhancing the
transport of CHy to the atmosphere, resulting in larger positive
FCHy. The delay on the increasing behavior of FCH4 and
CHy dry mole fraction during the high-wind speed event,
suggests the existence of a threshold value below which the
wind does not generate enough mixing. Alternatively, this
behavior might be an indication of the need for a sufficiently-
long time over which the wind develops the mixing in the
ocean surface. Bell et al. (2017) showed that the effect of the
bubble-mediated transport at intermediate-high wind speeds
becomes significant after a threshold value that depends on
the wave-breaking characteristics. The threshold value was
found to be dependent on the characteristics of the gas.
Analysis of the effect of bubble-mediated transport on FCHy
is still missing. High-wind speed events are difficult to capture
both by water and atmospheric measurements since they are

sporadic and the strong weather conditions might limit the
possibility of sampling.

Based on the results presented in this study, we show
that high frequency measurements of CHy are a useful
tool for direct flux estimations in the marine environment
if the technical limitations are overcome. This technique
can supply information about the net transport of the gas
across the air-sea interface without using parameterizations.
However, strict quality control criteria are required to ensure
the good quality of the data and the fulfillment of the EC
requirements. Long-term CHy data from Ostergarnsholm
station could be wused along with other monitoring
infrastructures to establish the methane budgets in the
Baltic Sea.

5. CONCLUSIONS

Air-sea FCHy4 calculated in this study using the EC method are, to
our best knowledge, the first continuous measurements of FCHy
in the Baltic Sea. We present 1 year of direct FCH4 using EC
measurements from the land-based station at Ostergarnsholm
site. The annual cycle of FCH,4 seems to be controlled by the
seasonality of AC, which at the same time is mostly modulated by
the seawater concentrations. Further analysis of the impact of AC
on FCHj4 based on simultaneous measurements is still required.
Additionally, the wind seems to play an important role on the
CHy4 gas exchange under high wind speed conditions.

The results presented here support previous analyses
suggesting that the coastal regions are highly active areas that
can contribute to a great extent to the oceanic CH4 emissions.
Small availability of CH4 data in the marine environment is the
main restriction to better understand of the processes involved
on air-sea CHy exchange. Therefore, we suggest the use of EC
measurements for the estimation and monitoring of FCHy in the
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marine environment. EC measurements can contribute to the
analysis of the mechanisms controlling the air-sea gas exchange,
to establish regional carbon and methane budgets in the Baltic
Sea, and to improve parameterizations of the gas transfer velocity
in the region.
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A solution to the problem of determination of spatial variability of oceanographic fields,
which contained a fine structure resolution higher than what was possible previously
using towed scanning probes, was presented for the Baltic Sea. Another concurrently
solved problem consisted in obtaining data on the structure of waters in the bottom
layer, which was difficult to implement by way of application of previous methods.
Instead of scanning along inclined paths, a new measurement technique allows for a
quasi-free probe drop with a constant sink rate and which reaches the bottom at each
dive cycle along the route of the ship, independent of the pitch of the ship and optimal
for the applied probe. The new measurement technique is simpler and more efficient
than the previous one. In addition, the problem of measuring the velocity of both very
weak and strong currents in a thin bottom layer, including stagnant zones, slopes, sills,
and underwater channels, was suggested to be solved using clusters consisting of a
sufficiently large number of autonomous Tilt Current Meters (TCM) of original design.
The innovation benefits are illustrated by the results of a monitoring campaign that was
carried out in the southern Baltic Sea in 2016-2018. Among the new findings is the
highest ever recorded temperature, 14.3°C, in the halocline of the Bornholm Basin,
measured after a baroclinic inflow event in early Autumn 2018, and an extraordinarily
large current velocity of saltwater flow of more than 0.5 m/s, recorded by a TCM within
a 1 m thick bottom layer at the eastern slope of the Hoburg Channel during a period
when the northwesterly wind had intensified to a severe gale.

Keywords: measurements, profiling, Baltic Sea, inflows, bottom layer

INTRODUCTION

The Baltic Sea is under the influence of a large number of hazardous substances of technogenic
nature, polluting its waters, bottom sediments, and biota. A number of substances obviously
have a negative impact and are therefore objects of environmental monitoring coordinated by
HELCOM. However, unexploded chemical weapons (CW) with chemical warfare agents (CWA),
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which were dangerous to leave on the coast and therefore
dumped into the sea in the post-war years, turned out to be
outside the framework of general environmental monitoring
(Sanderson et al., 2010; Betdowski et al., 2018b). This problem,
albeit belatedly, nevertheless became the object of a special
and still ongoing monitoring project (DAIMON Project, 2019).
Experts were faced with the appearance of CWAs in the marine
environment for the first time and had to start studying their
behavior (release, decomposition, propagation) and effects on
biota. There is no complete clarity on these issues yet and the
research continues, but since the main sources of this type of
pollution are well known, the task of minimizing the threat
in one way or another has been set up. It is considered that
the destruction of CW shells and the release of CWA have
already begun. The released CWAs degrade due to hydrolysis
and oxidation and are also spread over long distances from the
dumpsites. However, the occurrence of concurrent adverse side
effects that require prior evaluation is unavoidable. Therefore,
to solve the problem, more complete information is required
about the marine environment and, first of all, about the bottom
layer, where all relevant transformations and movements occur.
The CWAs that have survived to the present are highly stable in
seawater; therefore, after the release, being sorbed by particles of
fine easily suspendable silty mud, they can be relocated elsewhere
and undergo chemical transformations along the way. From all
this it follows that the special monitoring cannot be reduced to
observations at a limited number of regular monitoring stations.
Taking into account the fact that the two largest CW dumpsites
are located in the center of the Bornholm Basin and in the
southern part of the Gotland Basin, i.e., on the path of inflow
currents, it can be concluded that, as part of a special monitoring
to assess the cumulative impact on dumped CW and to estimate
the distribution area of polluted resuspended silt, it is necessary
to carry out measurements along the entire path of spreading of
primary and transformed inflow waters.

Methods of special monitoring of physical processes in the
Baltic Sea are developed and successfully used in field studies
(Beldowski et al., 2018a). The main attention is paid to obtaining
data on the mesoscale structure of waters on transects, located
along the route of inflow currents and in the bottom currents.
The accumulated methodological experience of carrying out such
measurements is used. Measurements on transects, carried out
using towed undulating profilers, are well mastered (Piechura
and Beszczynska-Moller, 2004; Golenko et al., 2008; Rak, 2016).
They provide very valuable information, but there is not enough
data to describe the bottom conditions, since the undulating
fish carrying a probe does not always reach the bottom. At
the same time, reliable standard measurements at drift stations
show that in some places, in particular where the halocline is
at a small altitude above the bottom, the bottom stratification
is especially sharp, and the stratification parameters at the
bottom and a few meters above the bottom can differ greatly
in magnitude. Special measures are required to increase the
reliability of data on the bottom layer. The same applies to the
bottom current measurements. Down-looking acoustic profilers
do not provide information about the near-bottom motion
because the signal from the bottom layer interferes with the

sea bed reflection. Even up-looking bottom-mounted profilers
do not solve the problem since the device with an anchor and
acoustic release is elevated up to 1-2 m above the bottom. The
only type of the velocity gauge that meets our requirements is
an instrument designed for boundary layer measurements, for
instance, NORTEK VECTOR velocimeter', though its high price
might limit more extensive use. Therefore, we must to look
for alternative solutions, and in this regard attention should be
paid to the TCMs (Hansen et al, 2017), which are specially
designed for bottom current measurements with rather moderate
requirements to their metrological characteristics but have the
advantage of relative simplicity and low cost. However, these
devices also require an improvement.

Considering the problems outlined above, the objectives of
this study were formulated as follows: (a) to develop and
implement in practice of the field work in the Baltic Sea, a new
profiling technique capable of allowing a quasi-free probe drop
along the route of a ship with a constant sink rate, independent
of the pitch of the ship, which is optimal for the applied probe
and which reaches the bottom at each dive cycle, (b) to develop
and implement in practice a new technique to measure the
velocity of currents in a thin near-bottom layer consisting of
a sufficiently large number of autonomous TCMs of original
design, and (¢) to illustrate the innovation benefits on the results
of a monitoring campaign that was carried out in the southern
Baltic Sea in 2016-2018.

MATERIALS AND METHODS

Measurements on Extended Transects

The measurements on transects were carried out along a track
passing from the Arkona Deep to the Gdansk Deep through the
Bornholm Strait, the Bornholm Deep, and the Stupsk Furrow
repeatedly used during the last 20 years for CTD tow-yo
profiling (Rak and Wieczorek, 2012). There is also a repeated
measurement track in the Russian EEZ passing from the Gdansk
Deep to the Hoburg Channel (the entrance to the Gotland
Deep, see Figure 1).

The field work on the transects in the 2016-2018 cruises was
carried out taking into account the new requirements arising
from the tasks of special monitoring. Before 2018, in order
to obtain reliable information about the bottom parameters at
all points of the extended transect, instead of towed scanning
fish carrying the probe we had to return to measurements
with the vessel on drift. Because of the ship’s stops every
2 miles, the mean speed of passage of the transect decreased
twice relative to the towing speed with scanning. The modified
measurement technique that we used in 2016 and 2017 was
presented previously (Betdowski et al., 2018a).

The probe Idronaut OS3164- was used in quasi-free fall mode.
According to the manufacturer’s recommendations, the fall rate
was 1 m/s and the probe reached the bottom and was kept on the
seabed before recovery for at least 20 s, which made it possible
to eliminate the inertial error of the estimates of the bottom

'https://www.nortekgroup.com/ (accessed March 15, 2019).
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parameters. Doing so, the most inert sensor—a polarographic
oxygen sensor with the time constant of Tt = 3 s—provided the
correct result at the end of the stand. The proposed method
of correction is explained in Figure 2, which shows one of the

measurements by the OS316 + probe, performed in an area with
a large gradient in the bottom layer. A fragment of a record of
temperature T, salinity S, density og, and oxygen saturation O,
signals as functions of time is presented. The black vertical line
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saturation signal due to the oxygen sensor inertia. Note that the rest of the parameters, T and S, remained unchanged at this time.
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marks the moment of reaching the bottom. It can be seen that
during the stay of the probe on the bottom, the signals T, S, and
op practically did not change, whereas the O, signal regularly and
expectedly changed, asymptotically approaching the value that
differs from the initial one by 5% of saturation. Such a large error
seems to be unacceptable, especially in the areas of steady hypoxia
or oncoming hypoxia.

Further, we managed to carry out the final modernization of
the method of profiling from the moving ship and increased
its speed to the initial value of 4-6 knots. According to the
new method, a probe with a tether loosely coiled on the deck
was released from the stern and began to sink down vertically,
not perceiving the movement of the vessel. At the moment of
termination of the free fall, the tether was tensioned, and the
probe quickly rose to the surface. At this position, the recovery
began. For recovery, a mechanism, which is a modified version of
longline haulers designed for fishery, was used”. It coils the tether
on the deck instead of winding on the winch, and due to this
allows repeating the next cast without delay due to preliminary
preparation. Our mechanism provides a pulling force of about
50 kG, sufficient for recovery of the probe at a speed of about
1 m/s. For operation in this mode, the probe is placed between
the load weighing about 5 kg and the float with a lifting force of
about 2 kg, with the tether being fixed between the load and the
probe, as shown in Figure 3. The load is chosen in such a way that
the steady speed of fall is 1 m/s. When the bottom is reached, the
probe, held by the float at a predetermined small distance from
the bottom (40 cm), stops for a short time in the vertical position
with the sensors directed downward (see Figure 3a). At the time
of termination of the release, the tether is fixed on the deck, the
outboard part is tensioned, and the onboard part is inserted in a

Zhttp://www.charlieengineering.com/portfolio- items/fishing-line- rope- hauler-
winch/ (accessed March 15, 2019).

FIGURE 3 | Arrangement of the profiling system, consisting of (1) CTD48Mc
(Sea and Sun Technology), (2) load and (3) float, linked by pieces of rope. (a)
Configuration when CTD reaches the bottom, (b) configuration

during recovery.

hauler. Then, a recovery is implemented, ending when the probe
approaches the stern. The bundle configuration during recovery
is shown in Figure 3b. Unlike the towed probe, which rapidly
moves with the travel speed at small distances from the bottom
and with a high risk of scraping the bottom, the free-falling probe
does not move in the horizontal direction from the moment of
the beginning of free fall until the tether is fixed on the deck. Only
when the probe takes off and is at a safe distance from the bottom
does it perform horizontal movement. The loss of the probe with
this sensing method is possible only due to the break of the tether,
which is loaded with no more than 10% of the allowable tension.

The use of the new profiling technique does not obviate
the need to correct the dynamic error of the inertial oxygen
sensor. On the contrary, the problem is exacerbated because even
short-term retention of the probe at the bottom, during which
the rapid tether payout continues, results in a loss of time for the
slow recovery of the released tether. The solution for this problem
can only be a reduction of the inertia of the adopted oxygen
sensor. In our last cruise we used the CTD48Mc probe from Sea
& Sun Technology, equipped with a fast-response (~1 s) optical
sensor of dissolved oxygen saturation along with a standard set
of CTD sensors with a sampling rate of about 10. Within this
response time value remains an unintended pause, occurring after
the command “stop” is executed on the winch, which lasts for
at least 3-5 s. Therefore, working with CTD48Mc, we did not
resort to a special delay, and the analysis of continuous records of
signals confirmed the absence of an explicit dynamic error. The
memory capacity of the probe was sufficient for several hours of
continuous work.

The measurements using the new technique were carried out
in various regions of the southern and central Baltic in the
depth range from 45 to 120 m on a speed of about 5 knots
with a frequency of about 8 cycles per hour, which corresponds
to a spatial resolution of about 1 km. Approximately the same
horizontal resolution is provided by towed scanning probes,
but concerning the vertical resolution of the fine structure and
reliability of the data in the bottom layer, obtained during contact
with the bottom, the new method has an obvious advantage. It
can also be noted that the developed measurement method does
not require either powerful winches or cranes. Due to this, the
method can be implemented on small vessels, which makes it
promising for multiple uses.

Microstructure Measurements in the
Bottom Layer

For additional measurements in the most interesting areas at the
inflow pathway, a microstructure quasi-free (tethered) probe of
our own design, “Baklan,” was used (Paka et al., 2010, Paka et al.,
2013). The profiler was equipped with precision conductivity
and temperature sensors manufactured at our special request by
Idronaut S.r.l,, a fast-response temperature sensor (type FP07)
and an airfoil shear probe (type PNS06 from ISW). The sensors
were sampled at 480 Hz with 16 bit resolution. Measurements
in weakly turbulent regions showed that “Baklan” had a noise
level of the order &€ &~ 1072 W/kg, which is sufficiently small
to resolve dissipation rates in the turbulent boundary and shear
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layers. Sensors are protected from damage when they reach the
bottom. This measure allows for probing at a very close distance
from the bottom (~10 cm).

Soundings are conducted at drift stations from the
weatherboard or from the aft deck with the engine running
if due to the weather conditions the vessel cannot be in free
drift and is forced to move slowly upwind by bow trusters and a
variable pitch propeller. The commonly practiced measurement
technique, with the tether loosely slacked away from the deck
after sinking the probe, is impossible under heavy drift since the
tether lined up on the sea surface violates the vertical orientation
of the probe, which is unacceptable for normal functioning of
shear probes. Working from the aft deck when the vessel moves
upwind is fraught with the risk of losing the probe, since strong
wind gusts can force the vessel backward and the tether can get
under the working propeller. When the vessel goes only forward,
but not sufficiently slowly, then the same problem arises as
during operation with a strong drift: the tether pulled out behind
the vessel roll with the probe on its side and the turbulence
sensor signal becomes noisy. To investigate the turbulence in any
weather conditions, still allowing the vessel to work at sea, the
construction of “Baklan” provides protection from the tether’s
tension. Unlike other microstructure sounds (MSSs), “Baklan”
stores a necessary length of the tether inside its body. During
the fall, the tether freely leaves the magazine at the tail end of
the probe and does not affect the movement. A capron cord
has almost zero buoyancy in water; therefore, when the cord is
pulled out, the mass of the sinking body does not change. The
magazine holds up to 500 m of a thin (4 mm) cord, which makes
it possible to use the probe anywhere in the Baltic Sea even in
cases when the vessel moves away from the sensing point, with
a speed exceeding the speed of the falling probe (60 cm/s) when
using other probes is impossible or difficult.

Measurements of Current in the

Bottom Layer

To study the spatiotemporal variability of currents in a thin
bottom layer, autonomous instruments are necessary, which
can be located at a minimum distance from the bottom in a
sufficiently large number of points. Universal current meters, in
particular acoustic profilers, are of little use for this purpose,
because of the fundamental impossibility of measuring near the
surface, which reflects an acoustic signal, and because the cost of
multiple use is too high. Our choice fell on TCMs, the principle
of operation that is based on measuring the inclination of the
pendulum under the condition of equal forces of hydrodynamic
pressure and buoyancy. We have developed our own device
design, shown in Figure 4.

The device can be manufactured in two versions—with
positive or negative buoyancy. The second version is more
complicated than the first one, but its sensitivity has a wider
range and it can be used to measure strong currents, for
example those occurring in the coastal zone. Figure 4 shows
a TCM with positive buoyancy, designed to measure weak
and moderately strong currents in the open sea, for which
we were preparing. The body of the device has a cylindrical

FIGURE 4 | A photograph of the TCM. Its shape is formed by a cylindrical
perforated plastic pipe. Inside there are an instrument and buoyancy modules,
and the entire floating package is attached to a lead plate by a piece of chain.

shape. The main disadvantage of the cylindrical shape is the
formation of Karman vortices during a cross-flow and, as a result,
the occurrence of auto-oscillations, but this refers to a smooth
cylinder. A hard cylindrical perforated shroud is flown around
without the formation of coherent vortices and does not oscillate.
We utilized this property.

The shroud is made of a thin-walled plastic pipe with a
diameter of 110 mm, a length of 1 m, and is evenly perforated
with a perforation factor of about 50%, as can be seen in Figure 4.
The dimensions of the shroud are chosen taking into account
the dimensions of the instrument module and the thickness of
the layer under study. A watertight module with electronics is
placed in the lower part of the shroud at a minimum distance
from the pivot point so that the accelerometer that measures
the angle of inclination weakly reacts to linear accelerations
due to rapid transient responses. In the same module, there
are an electronic compass, which determines the direction of
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tilt of the cylinder, an electronic clock and other elements that
ensure continuous autonomous operation of the device with the
possibility of programming the ratio of recording time and pause.

A precision watch was provided with the monthly accuracy of
10 s, which in the first approximation can be considered sufficient
to perform synchronous measurements in a large number of
points (in perspective). The buoyancy of the instrument module
is close to neutral. To increase the buoyancy, a cylindrical float is
placed in the upper part of the shroud (see Figure 4). By shifting
it along the shroud, it is possible to change the moment of the
buoyancy force, adjusting the sensitivity of the device. Sensitivity
can be increased as long as acceptable stability of the signal
corresponding to zero flow velocity is maintained. Studying the
behavior of the device in standing water, it was determined that
the lower threshold of measured speeds can be considered 2 cm/s
with a relative accuracy of 25%. The full range of measured
speeds at a setting for maximum sensitivity is 2-30 cm/s, with a
maximum speed measurement error of about 3%. With a coarser
adjustment of the sensitivity, the measuring range remains the
same. Therefore, the increase of the maximum measured speed
up to 1 m/s and more comes on the expense of the accuracy of
measuring of weak currents.

We managed to achieve satisfactory quality of our products
and calibrated them in the towing tank just before the last
cruise. Field tests of new equipment were carried out in an area
located on the eastern slope of the Hoburg Channel, along which
saltwater flows into the Gotland Deep. Saltwater can come to the
Hoburg Channel either directly from the Stupsk Furrow or in a
roundabout way through the Gulf of Gdansk, and the choice of
the route is probably controlled by the wind field over the water
area. On a fragment of the bathymetric map (Gelumbauskaite
etal., 1999) presented in Figure 5, the arrow shows a small gully
along which saltwater can move from the Gulf of Gdansk in
the direction of the arrow. In particular, this site was chosen for
testing of TCMs. A group of 10 instruments were tested, and they
were identically configured to measure currents with speeds of up
to 60 cm/s (the float was placed in the upper part of the shroud,
as can be seen in Figure 4). All instruments were deployed as a

558
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FIGURE 5 | Bottom relief and position of TCMs’ group (diamond) at the test
area. Lines mark boundaries of Exclusive Economic Zones of the Baltic
States. Arrow points to the gully.

compact group so that they would be at equal conditions and
show similar results. The tests were successful. All ten 5-day
records turned out to be similar in terms of both slow and fast
changes in flow. Based on this, we can use the data to describe
the characteristics of the bottom current in the selected area (see
section “Near-Bottom Currents”).

RESULTS

Results of Measurements on the

Extended Transects

The transects demonstrate the water structure from the surface
to the bottom, but changes in the surface’s mixed and cold
intermediate layers (CIL) are not a matter for analysis within the
frame of our task. Each of these layers was formed in the process
of the heat and momentum exchange with the atmosphere
and is practically insensitive to the inflows, so they are not of
particular interest for analyzing changes of water structure below
the permanent halocline. The only parameter that depends on the
intensity of the saltwater inflows is the depth and topography
of the lower boundary of the CIL, since it corresponds to the
upper boundary of the halocline. The halocline depth in the
Bornholm Deep relative to the Stupsk Sill depth characterizes the
ability of saltwater to spread eastward in the form of near-bottom
gravity current.

Except for the periods of sufficiently powerful inflows that are
able to ventilate the deepest layer of the Bornholm and Gdansk
basins, the saltwater layer in the southern Baltic Sea can be
divided into two parts: the upper, variable part corresponding
to the interleaving zone of moderate and weak inflows, and
the lower, conservative part containing water with maximum
salinity and density where the moderate and weak inflows do not
penetrate. If the period of lack of sufficiently powerful inflows
lasts for a long time, then stagnation develops in the lower layer.
Additionally, there are rare events of the most powerful inflows
called the Major Baltic Inflows (MBIs) that can ventilate, apart
from the Bornholm and Gdansk deeps, the deepest Baltic basins
such as the Gotland Deep [see, e.g., Matthdus and Franck (1992)].
The last MBI took place in December 2014. The recent analysis
of MBI statistics showed that until today, climate change has
no obvious impact on the MBI-related oxygen supply to the
central Baltic Sea, and the increased eutrophication during the
last century is most probably responsible for temporal and spatial
spreading of suboxic and anoxic conditions in the deep layer of
the Baltic Sea (Mohrholz, 2018).

The first survey (Figure 6) was carried out at a time when
the surplus of saltwater in the Bornholm Basin due to MBI 14
overflowed the Stupsk Sill, as a result of which the halocline depth
in the Bornholm Basin decreased to the depth of the Stupsk Sill;
the same happened beyond the Stupsk Sill in the Stupsk Furrow,
where the halocline depth decreased to that at the exit from
the Stupsk Furrow. In the Gdansk Deep, the halocline level was
observed even deeper. In the Bornholm and Gdansk Deeps, the
oxygen content dropped to almost zero. At the same time, in the
Stupsk Furrow, through which the oxic water passes from the
intermediate layers of the Bornholm Basin, the oxygen saturation
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FIGURE 6 | Distributions of temperature T (°C), salinity S (psu), density o, and oxygen saturation O» (%) in the southern Baltic for the 1st survey (August 2016);

was 30%, but, as we see, this water did not reach the bottom
of the Gdansk Deep. There were no signs of active intra-basin
dynamics in any of the basins. At the Stupsk Sill, the salinity
contours of more than 9 psu had a gap, which can be considered
as an indication of the absence of a significant saltwater overflow.
However, water with salinity of about 14 psu was very close to the
top of the Sill, which indicates a high probability of resumption
of saltwater overflow, both as a result of a new, even weak, inflow
into the Bornholm Basin, or as a result of fluctuations of the
halocline level in the vicinity of the Stupsk Sill due to some
dynamical reasons.

The second survey (Figure 7), carried out 10 months after
the first one, showed a significant reduction in the volume of
the saltiest/densest water, with a salinity of above 17 psu in the

bottom layer of the Bornholm Deep and a simultaneous decrease
of the maximum salinity and density, but in the upper saltwater
layer the volume of less saline water (<17 psu) increased so
much that the halocline level appeared to be elevated several
meters above the Stupsk Sill depth. The conclusion is that during
the preceding 10 months, there was no inflow of water capable
of reaching the bottom, but there were likely some weak or
moderate inflows which formed the interleaving and led to a
rise of the halocline depth. The difference in halocline levels
on both sides of the Stupsk Sill, determined conventionally by
the isohaline of 9 psu, was 15 m, which indicates the formation
of a gravity current above the eastern slope of the sill. This
overflowing water was well oxygenated (60% of saturation), and
in the Stupsk Furrow the saturation never decreased below 20%.
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FIGURE 7 | Distributions of temperature T (°C), salinity S (psu), density g, and oxygen saturation Os (%) in the southern Baltic for the 2nd survey (June—July 2017);

bottom panels demonstrate graphs of the same parameters in the bottom layer.
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But the activity of water exchange through the Stupsk Sill did
not affect the stagnation in the Bornholm bottom layer, where
the anoxic zone at the bottom occupied 80 km along the line
of the transect between the isobaths 72 and 83 m. As for the
Gdansk Deep, the oxygen content there even slightly increased.
Apparently, the bottom layer here was partially ventilated by oxic
water flowing through the Stupsk Furrow.

The third survey (Figure 8) was made 4 months after the
second. In this short time, the topography of the halocline near
the Stupsk Sill was radically changed. The isohaline of 9 psu
denoting the upper border of the halocline was found at a depth
of 50 m, or 7 m above the Stupsk Sill depth, but the high level
of the halocline was also observed just beyond the sill, which
is not typical for this area and impedes the formation of a
gravity current beyond the Stupsk Sill. One may suppose that the
saltwater overflow stopped due to a surge of saline water toward
the Sill from the middle of the Stupsk Furrow, which was most
likely a consequence of the synoptic processes in the Southern

Baltic (Krauss and Briigge, 1991). As for the maximum salinity
in the bottom layer of the Bornholm Deep, Stupsk Furrow, and
Gdansk Deep, it continued decreasing, as can be seen from the
data presented in Table 1.

The fourth survey (Figure 9), carried out 1 year after the
third one, showed radical changes of the water structure in the
Arkona and Bornholm Basins. Nothing like that happened in
the Gdansk Deep. In the Stupsk Furrow and on the Stupsk Sill,
measurements were not taken due to the lack of permission to
work in Polish waters. Evidently, an inflow occurred, manifested
in the renewal of the bottom waters in the Bornholm Deep.
Together with the salty, dense and warm water, a large amount
of oxygen was supplied (see Table 1). Judging by the horizontal
heterogeneity of the density field, the inflow water has not yet
found its stable position in the deep. This is evidenced by the
signs of spreading of relatively warm, maximum saline/dense
and sufficiently oxic water from the core, located in the central
part of the deep with a slight shift to the east with the upper
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FIGURE 8 | Distributions of temperature T (°C), salinity S (psu), density o, and oxygen saturation Oz (%) in the southern Baltic for the 3rd survey (October 2017);
bottom panels demonstrate graphs of the same parameters in the bottom layer.

TABLE 1 | Maximum bottom temperature, salinity and minimum dissolved oxygen (DO) saturation at the transects through the southern Baltic basins.

Aug. 2016 June-July 2017 Oct. 2017 Oct. 2018
T, °C S, psu DO, % T,°C S, psu DO, % T, °C S, psu DO, % T, °C S, psu DO, %
Ark.B. - - - 9,5 13,2 58,9 13,8 13,6 11,5 15,4 19,1 471
Born.D. 7,0 18,8 2,5 7,0 18,3 -0,1 7,0 18,0 0,3 14,3 19,0 -1,6
Sl.Furr. 6,1 15,2 31,5 54 14,8 21,5 7,1 13,2 11,4 - - -
Gd.D. 71 13,8 2,2 75 13,6 -1,0 6,8 13,5 -0,1 6,7 11,7 -1,4

boundary conventionally determined by the 18 psu contour, at
a depth of 80 m. In the process of spreading, a layer stretching
to the west at a distance of about 20 km was formed so thin
that it could only be detected by the new method of measuring
the bottom parameters. In the western part of the deep in the
near-slope region, another large new water pool was observed

with T = 13°C and S = 18 psu, the upper boundary of which was
situated even higher—at a depth of 68 m. From this water body,
a thin layer of salty/dense water—even richer in oxygen than in
the central intrusion—spread to the east descending to greater
depths. In addition, large intrusions with a slightly lower salinity
of 14.5-15.5 psu reached a depth of 55-60 m, corresponding
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FIGURE 9 | Distributions of temperature T (°C), salinity S (psu), density o, and oxygen saturation Oz (%) in the southern Baltic for the 4th survey (October 2018);

to the depth of the Stupsk Sill. These intrusions, as well as the
bottom ones, also have a temperature of about 13°C, which is
higher than the temperature of the surrounding water by 3°C,
undoubtedly indicating its recent arrival from the Arkona Basin,
where the entire water column, with the exception of a thin layer
at the halocline border, has a temperature of about 12.5-13.5°N.
Warm water intrusions in the bottom and intermediate layers
below the permanent halocline in the Bornholm Deep (Figure 9)
indicate a strong baroclinic inflow event that took place in
autumn 2018 (Volker Mohrholz, personal communication). Note
that in the past, the highest ever recorded temperature of
13.9°C in the halocline of the Bornholm Basin was measured
in October 2002 after an exceptionally warm summer inflow

event (Mohrholz et al., 2006). In October 2018, this temperature
record was exceeded by 0.4°C: the maximum temperature in the
Bornholm Deep halocline rose to 14.3°C.

The maximum values of salinity and minimum values of
dissolved oxygen (DO) saturation at the bottom in the Bornholm
Deep and Stupsk Furrow recorded at the extended transects
(Table 1) are close to the IOW monitoring data obtained
using the standard method at stations TF0213 and TF0222 (see
Figure 1), respectively’. Some discrepancies can be explained by
the fact that our data were selected from the transects, while
the IOW data were obtained at single locations, and the main

3https://www.io-warnemuende.de/cruise-reports.html
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monitoring station in the Bornholm Deep (TF0213) was located
not at the maximum depth of the basin (approximately 95 m)
but at a depth of 88 m, where the bottom layer parameters could
not reach their limits. Note that some of the minimum values of
DO measured on the extended transects in the bottom layer of
the Bornholm and Gdansk deeps are negative (see Table 1). We
consider the negative DO values as an indicator of the presence
of hydrogen sulfide, not as an error of calibrating the oxygen
sensor. Our conclusion is qualitative, because we did not make a
special calibration of the sensor with the purpose of quantitative
determination of hydrogen sulfide content.

To provide more adequate comparison of our data with
the IOW monitoring measurements of the oceanographic
parameters at the bottom at stations TF0213 and TF0222, we
chose values of temperature, salinity, and oxygen recorded at
the same depth and as close as possible to the location and
time allowed by the transects available (Table 2). Note that
Table 2 does not contain the comparison for the October 2018
transect performed after the early Autumn 2018 baroclinic inflow
event because the corresponding data of the November 2018
IOW monitoring cruise are not yet available at https://www.io-
warnemuende.de/cruise-reports.html. According to Table 2, the
oceanographic parameters measured in the near-bottom layer by
the standard method in the IOW monitoring cruises correspond
well to the IO RAS data obtained at the extended transects
performed using the innovative measurement technique: the
mean/standard deviation of the difference between the IO
RAS and IOW data are —0.16/0.53°C, —0.17/0.38 psu, and
—0.28/6.18% for temperature, salinity, and oxygen saturation,
respectively. Since the time discrepancy between the IOW and
IO RAS measurements was as large as 2 months, such a small
discrepancy in the measured oceanographic parameters seems
quite acceptable.

Results of Microstructure Measurements

During the campaign, the microstructure measurements were
carried out mostly in cases when in the water structure there were
signs of a strong gravity current with a developed turbulence.

On CTD transects, segments of high probability of turbulent
motion in the bottom layer were distinguished as thin layers with
increased salinity, located above the sloping bottom. It is just
the way the gravitational current manifests in the thermohaline
structure. A targeted search for turbulent bottom currents was
performed over the Stupsk Sill, where this property was predicted
(Piechura et al, 1997) and found by direct measurements, as
reported by Mohrholz and Heene (2018) at the 2nd Baltic
Earth Conference in Helsingor, 2018. Favorable conditions were
observed in July-August 2017. In the next survey in October
2017 at the same site, there were no signs of a gravity current
in the bottom layer, but we decided to investigate this situation
anyway. This allowed us to evaluate and compare turbulence
for a situation, different from the strong eastward overflow,
when nevertheless a weaker flow occurs, and its interaction with
the obstacle can generate nonstationary turbulence with poorly
studied properties.

Examples of microstructure measurements performed in July
and October 2017 are presented in Figures 10, 11. All data
including the pressure signal are drawn as time functions, and
the time is replaced by number counts. To show a background
water structure, the microstructure plots are accompanied by the
temperature, salinity and density plots. A dashed line marks the
end of the probe’s motion when it reaches the seabed, and at this
moment the pressure signal becomes constant, while any changes
of other signals do not carry any information.

The vertical microstructure is closely related to the
background stratification, and the upper quasi homogeneous
layer can be distinguished. Within the upper mixed layer,
which is under the direct influence of wind and surface waves,
turbulence decreases with depth from a maximum value of
g~10"*-e~10"8 W/kg, approaching the thermocline at a close
but definite distance with a value of ¢ ~ 10~7 W/kg (Figure 10A).
The vessel’s weather station during the experiment recorded a
wind of 10-15 m/s from W-NW; its stress was not enough to
perform the mixing to the depth of the main thermocline, which
was apparently formed with a stronger wind. The distribution
of turbulence with depth within the mixed layer is uneven. It is

TABLE 2 | Comparison of the bottom oceanographic parameters at the IOW monitoring stations TF0213 and TF0222 with the corresponding data extracted from the 10

RAS extended transects.

Station TF0213 Station TF0222
Depth, m T, °C S, psu DO, % Depth, m T,°C S, psu DO, %
May (IOW), August (I0 RAS) 2016
IO RAS 88 6.56 18.54 9.9 90 6.03 14.98 33.6
oW 88 6.24 18.84 21 88 5.96 15.2 34
May (IOW), June (10 RAS) 2017
IO RAS 88 6.95 18.04 1.3 89 6.12 14.53 33.15
Iow 87 6.92 18.21 4 88 6.43 15.22 41
November (IOW), October (I0 RAS) 2017

IO RAS 87 6.92 17.76 0.35 88 7.32 12.37 42.4
oW 88.2 6.83 17.28 1.6 90.0 8.47 12.46 36
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FIGURE 10 | (A) Example of turbulent bottom layer on the Stupsk Sill, the profile was registered on 02.07.2017, 19:40 at the following position: 55° 13.167'N, 16°
33.423'E. A westerly wind of 5-15 m/s prevailed. On the left panel: temperature T, °C; salinity S, psu; density o¢, pressure P, dBar. On the next panels from left to
right: microstructure of temperature T’, °C/m and conductivity C’, (mSim/cm)/m; shear velocity fluctuations du/dz, 1/s; dissipation rate ¢, W/kg. Dashed line marks
the moment when the probe reaches the seabed and the pressure signal becomes constant. (B) Zoomed fragment of the profile shown in (A) presenting the fine-
and micro- structures of the salt/dense bottom layer. Horizontal solid lines show upper bounds of (a) high gradient sheet, (b) moderate gradient sublayer (entrainment
layer), (c) homogeneous sublayer; dashed line (d) marks the end of profiling. Ellipse marks a segment of developed conductivity microstructure. Crossing of the
salinity plot with vertical lines show where salinity increments AS1 = 4.68 psu and AS2 = 0.29 psu were evaluated.
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possible to allocate two sublayers, analyzing the microstructure
not only for the shear velocity du/dz, but also for temperature
T" and conductivity C, the last is a function of temperature
fluctuations because the salinity gradient is weak. The surface
sublayer is characterized by maximum dissipation rate and by
completely smooth scalar fields. In the next sublayer, there are a
noticeable scalar microstructure and decrease of dissipation rate.
It can be noted that this feature corresponds to the erosion of a
thermocline under the influence of turbulent entrainment.

The layer situated between the seasonal thermocline and
the permanent halocline is characterized by a well-developed
microstructure of scalar fields. The core of this layer is the cold
intermediate layer (CIL) with a temperature of 5.5°C at depths
of 40-45 m. Being in permanent interaction with overlaying
and underlying layers, CIL is subjected to continuous erosion,
reducing its thickness. The distribution of density in the upper
part of the intermediate layer is determined by temperature, while
in the bottom part is determined by salinity. The density gradient
is not as great as in the main halocline and, hence, it is not a
big hindrance to stirring. As a result of such stirring, a scalar
microstructure is formed, the intensity of which depends on the
temperature and salinity gradients in the presence of a weak
shear of the velocity originated by the independent motion of
the upper and bottom layers. However, the level of turbulence
here is small (¢ &~ 10~8 W/kg). Short sharp impulse on the plots
of shear signal du/dz and dissipation rate ¢ at the depth of the
thermocline is undoubtedly an artifact, the result of collision with
the extraneous object.

Similarity of the microstructure of the temperature and
conductivity fields is disturbed only near the halocline, which
indicates that from this depth the determining factor becomes the
distribution of salinity.

The bottom layer is easily distinguished by increased salinity
and density. In July 2017, there was a 6 m thick bottom layer
with a salinity/density increasing from 8.16 psu/6.55 o¢ at the
top of the layer to 13.16 psu/10.57 og at the bottom, with
the temperature only slightly changed. The distribution of all
parameters within the saltwater layer is not as homogeneous
as what might have been expected due to the fact that the
dissipation rate here reaches € = 107> W/kg. To show some
peculiar properties of the turbulent bottom layer, let us consider
its zoom in Figure 10B. There are three horizontal solid lines
which mark the following: (a) an upper boundary of high
gradient sheet that is 0.9 m thick and with a salinity increment
of AS1 = 4.68 psu; (b) a moderate gradient sublayer, or an
entrainment layer that is 2.5 m thick—the salinity increment
here is AS2 = 0.29 psu; (c) a homogeneous sublayer that is
2.8 m thick with zero salinity increment. Dashed line (d) marks
the end of profiling. The mentioned sheet and sublayers have
different microstructure. Within the highest gradient sheet, the
microstructure is not expected. The entrainment sublayer must
have the microstructure due to entrained water of lesser salinity,
and it is clearly seen in the conductivity signal. Temperature
pulsations are insignificant, as the temperature in the bottom
layer changes in narrow limits.

In October 2017 the bottom layer with increased salinity (up
to 11.4 psu) and density (up to 9.0 og) also existed, but its

properties changed as is clearly seen in Figure 11. There was no
sharp interface. Within the bottom boundary layer, the previously
mentioned homogeneity of the fields T, S, and og disappeared,
while the microstructure of scalar fields appeared. This occurred
due to the increasing of the density gradient and weakening of
the turbulence; the dissipation rate decreased to the value of
10~% W/kg, which was typical for the main part of the water
column below the upper mixed layer.

Thus, we obtained quantitative data characterizing
microstructure properties for two situations which could be
considered as typical for the Stupsk Sill when the period of
time passed from an MBI exceeds 1 year. The first situations
correspond to the moderate activity of salt water overflow, when
the elevation of the halocline in the Bornholm Deep with respect
to the Stupsk Sill exists but is not very high, while the halocline in
the Stupsk Furrow is situated deeper than the depth of the sill (see
Figure 7). The second situation corresponds to interruption of
the continuous overflow, when the difference of halocline depths
at the west and east edges of the Stupsk Sill disappears (Figure 8).
This occurs due to some kind of synoptic reasons, which are not
extraordinary, which is why we consider this situation as also
typical for the Stupsk Sill area.

Data of microstructure measurements performed in
July 2017 revealed a high turbulence dissipation spot
immediately beyond the sill in the near-bottom layer filled
with eastward spreading saltwater (Figure 10A). Assuming a
steady balance between the eastward advection of saltwater
and the turbulent entrainment of fresher water from the
above-lying layer, an approach was developed to quantitatively
estimate the role of a topographic obstacle like the Stupsk
Sill in mixing/transformation of saltwater based on direct
measurements of dissipation rate of turbulence kinetic energy
[see Zhurbas et al. (in press) for details].

Near-Bottom Currents

In the October 2018 cruise, the TCMs were planned to deploy in
the Stupsk Sill overflow, known as a mixing hot spot of eastward
spreading saline water, where an enhanced level of turbulence
dissipation was repeatedly observed (Mohrholz and Heene, 2018;
Zhurbas et al., in press). Unfortunately, the permission to work
on the Stupsk Sill in October 2018 was not obtained from Polish
authorities, so we had to search for “a proxy” for the mixing hot
spot in the Russian economic zone. To do that, we addressed the
results of modeling the bottom friction velocity u, in the Baltic
Sea (Zhurbas et al., 2018). The modeling showed that along the
inflow water pathway in the Baltic Sea, there are several local sites
where P(u, > 0.005 m/s), i.e., the probability to meet enhanced
value of the bottom friction velocity u, > 0.005 m/s for the
modeling period 2010-2016, exceeded 0.5:P(u, > 0.005 m/s) >
0.5. These local sites that can be supposedly treated as the mixing
hot spots of eastward/northward spreading saline waters, were
located in the Bornholm Strait, the Stupsk Sill and the Stupsk
Furrow outlet (a sill at the eastern end of the Stupsk Furrow),
as well as at the eastern slope of the Hoburg Channel in a
coordinate box (19.00-19.23°E, 55.73°-55.96°N) partially located
in the Russian economic zone [see Figure 11 of Zhurbas et al.
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(2018)]. Therefore, we decided to deploy the TCMs within the 1. Why was the near-bottom current exceptionally

latter coordinate box (see black asterisk in the map of Figure 1). unidirectional while its magnitude varied considerably
The current velocity 5-day long time series measured by the within a range of 0.15-0.56 m/s?

TSMs (see Figure 12) displays a number of striking features that 2. Why did the direction of the current remain unchanged

can be formulated in the form of the following questions. when the wind direction and force change?
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FIGURE 11 | Examples of non-turbulent bottom layer on the Stupsk Sill, the profile was registered on 18.10.2017, 14:03 at a position 55° 17.999'N, 16° 31.350'E.
A westerly wind of 5-10 m/s prevailed. The presented variables are the same as in Figure 10A.
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FIGURE 12 | The bottom current measured by TCM was installed on the eastern slope of the Hoburg Channel (see Figure 5) for the period 22—27.10.2018. (A)
wind vectors with a 6 h interval for the point (19°E, 56°N) from the ECMWF database (www.ecmwf.int), (B) current velocity vectors, (C) current velocity magnitude |V|
(red line is the instant current, black line is the 20 min running average value), (D) current direction ¥ relative to North and positive clockwise.
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FIGURE 13 | Distributions of temperature T (°C), salinity S (psu), density o, and oxygen saturation Os (%) in a transect across the eastern rim of the Hoburg
Channel passing through the TCMs deployment site. Position of the TCMs on the transect is marked by a small white bullet intersected by dashed lines. Bottom
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3. Why was the flow not affected by inertial oscillations?

4. Why did the velocity of the NE near-bottom current
increase largely (from 0.2 to 0.5 m/s) with the
strengthening of the NW wind to severe gale?

5. What makes the TCM location exceptional, so that at the
distance of only 0.5 m from the bottom, the flow velocity
can reach values greater than 0.5 m/s?

A closely spaced CTD transect passing though the TCMs
site (Figure 13) showed that TCMs were placed at the bottom
in the midpoint of the eastern rim of the Hoburg Channel at
a depth of 85 m, where the bottom tilt reaches a maximum
value of y = 0.0074 and the buoyancy frequency is as high as
N = 0.017 s~!. The flow near the sloping bottom in stratified

media is expected to be directed along the intersection of
isopycnal surfaces with the inclined seabed surface. Therefore, if
the isopycnal surfaces are horizontal, the near-bottom flow will
be exactly aligned to the sea depth contours (isobaths). In fact,
the isopycnal surfaces are not exactly horizontal, and, therefore,
the near-bottom currents are only approximately aligned to the
depth contours. Looking at the bathymetric map in Figure 1 (or
at the close-up in Figure 5) and the time series of the near-bottom
current vector in Figure 12, one can see that the near-bottom
flow was aligned to the sea depth contours, which does explain
approximate constancy of the flow direction.

Looking at the potential density vs. distance and depth on
the transect across the eastern rim of the Hoburg Channel
(Figure 13), one can observe that the isopycnals in the saltwater
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(halocline) layer are sloping down in the western direction,
implying northward geostrophic transport in the near-bottom
gravity current which is in accordance with the time series of the
measured near-bottom current vector shown in Figure 12. Note
that for geostrophic considerations in the near-bottom gravity
currents, the reference level of zero geostrophic velocity should
be adopted above the gravity current layer.

The inertial motion of a fluid particle with horizontal
component of velocity U in a rotating media with the Coriolis
parameter f implies anticyclonic (clockwise in the Northern
Hemisphere) rotation of the particle with the period 27/f, so the
diameter of the particle’s trajectory is D = 2U/f. If the particle
is at a height h above the inclined bottom with the slope v, the
inertial circular motion with diameter D will be possible only if
h/y > D or h > h; = 2yUlf, where h; is the height of bottom layer
in which the inertial oscillations are hampered by the presence of
the bottom slope. Having y = 0.0074, f = 1.21 x 10~* s (for
latitude 56°N), and U = 0.2-0.5 m/s we get h; = 24.4-61.0 m. The
time series of current velocity presented in Figure 12 is free of
inertial oscillations because it was measured at a distance of 0.5 m
from the bottom, which is much smaller than A;.

It can be seen from the bathymetric map (Figure 1) that in the
vicinity of the TCM deployment point, the 70 m depth contour,
which approximately depicts the lateral boundary of the saltwater
reservoir in the lower layer of the Baltic Proper, turns sharply
to the east, making the reservoir much wider. For this reason,
the TCMs happened to be deployed in the “bottle neck” on the
pathway of northward spreading saltwater. When the NW wind
has grown to severe gale, the low-salinity water in the upper layer
rushed to the southwest owing to the Ekman transport, causing
an intensification of the oppositely directed northeast flow of the
saltwater in the lower layer through the Hoburg Channel. The
situation is quite similar to that of the Stupsk Furrow, where
the northerly and easterly winds drive the westward transport
in the upper layer and intensify the eastward transport of the
saltwater in the lower layer of the Furrow, while the westerly
and southerly winds result in weakening and even blocking the
eastward transport of the saltwater through the Furrow (Krauss
and Briigge, 1991; Zhurbas et al., 2012).

Keeping in mind that the flow velocity at h = 0.5 m above
the bottom reached as large a value as U = 0.5 m/s, it seems
interesting to estimate the corresponding value of the bottom
friction velocity u, and also the rate of dissipation of kinetic
energy of turbulence € based on the celebrated formulas of von
Kérmadn’s “law of the wall” [e.g., Paka et al. (2013)]:

2 3
K u;,

2 2

e = Cal% Q= e T R

where Cgy is the drag coefficient, K = 0.4 is the von Karman’s
constant, and zp is the roughness parameter. The roughness
parameter value adjusted in (Zhurbas et al, 2018) to fit the
simulated and observed time series of bottom salinity, in
particular the arrival time of the 2014-2015 MBI to BY15 (i.e., to
the Gotland Deep), was zp = 0.002 m. Substituting U = 0.5 m/s
at h = 0.5 m to the above formulas, we get u, = 0.036 m/s,
£ =2.3 x 10~* W/kg. Such large values of bottom friction velocity

and dissipation undoubtedly indicate a high level of turbulence
in the gravity current of northward spreading saline water in
the Hoburg Channel.

SUMMARY AND CONCLUSION

By participating in experimental studies of the physical processes
and environmental conditions in the Baltic Sea and analyzing
published materials based on the results of the general
environmental monitoring, the authors concluded that the
volume and completeness of the information received do not
meet the requirements of the scientific community.

First, this refers to high-resolution data on mixing, ventilation
and circulation of deep waters, which, if obtained, are not
regular. To increase the volume and quality of such data, it is
necessary to carry out additional special monitoring that meets
these requirements.

According to the presented materials, we managed to solve a
number of innovative tasks necessary for the organization of a
special monitoring exercise in accordance with the decisions of
high-level international organizations and programs, establishing
and financing projects on the protection of the Baltic Sea
environment (European Commission, HELCOM, Interreg Baltic
Sea Region, The NATO Science for Peace and Security, et al.).

In particular:

- A new technology of field works on hydrographic
transects is developed that assumes the use of standard
multiparameter probes, and the repeated casts are
performed from the stern of the moving vessel. The
probe drops vertically, its loose tether does not spoil the
uniform sink but provides fast recovery using a rather
simple longline hauler. This technique is not inferior
to the previous “Tow-Yo CTD” method in technical
efficiency, but surpasses it in terms of the volume and
quality of information, including the characteristics of a
fine structure in the water column and especially in the
bottom layer, requiring neither powerful winches nor
specially equipped research vessels. The main requirement
to the vessel is not its size but its seaworthiness. In the near
future, the new method of work on the vessel could allow
carrying out special monitoring of the Baltic Sea and other
seas, optimal by the criterion of data price-quality.

- A possibility to carry out regular measurements of
microstructure without significant restrictions on weather
conditions is shown. The proposed method of working with
a quasi-free falling probe equipped with a magazine to store
the required amount of tether can allow measurements
in any areas of the Baltic Sea at any drift speed of
the vessel, as well as at slow speeds moving forward
against strong winds and sea swells. Field tests carried
out in the area of the Stupsk Sill showed that the
advanced system allows for the determination of the basic
characteristics of the microstructure and the background
thermohaline stratification but requires additional currents
measurements. We hope to find a solution to this task in
the near future.
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- A possibility to fill the gap of data on the bottom currents
is shown using an improved TCM model, the serial
production of which can be provided by any manufacturer
of oceanographic equipment, given the serially produced
main metrological components to measure the tilt and
orientation of the current meter—the 3D accelerometer and
electronic compass—are already commercially available.

Comparison with the reference data obtained in the IOW
monitoring cruises showed that the innovative technology of
field work on hydrographic transects, consuming less ship
time and fuel, is nevertheless able to provide measurements
of oceanographic parameters in the near-bottom layer of
the quality comparable with the quality obtained at the
standard drift stations.

Among the interesting findings received thanks to the
innovative measurement technology are the highest ever
recorded temperature of 14.3°C in the halocline of the Bornholm
Basin, measured after a baroclinic inflow event of early Autumn
2018, and the high rate of dissipation of turbulence kinetic energy
in the near-bottom layer filled with eastward-flowing saltwater
beyond the Stupsk Sill. But from our point of view, the most
interesting result was obtained using the TCM.

Our search for the site for TCM deployment was based on
the results of modeling of the bottom stress velocity in the Baltic
Sea (Zhurbas et al.,, 2018); we sought to find a location with
high probability to meet large bottom stress and, therefore, large
velocity of near-bottom currents. Our attention was caught by
a plot on the eastern rim of the Hoburg Channel which was in
accordance to the simulations (Zhurbas et al., 2018) whereby the
probability to meet u, > 0.005 m/s exceeded 0.5, and the plot
was located within the Russian Economic Zone. Our expectations
were not misplaced: the TSM deployed there for a relatively short
period of 5 days did record a current velocity of more than 0.5 m/s
within a 1 m above the bottom depth of 85 m, which corresponds
to large values of bottom friction velocity and a dissipation rate
of uy, = 0.036 m/s, ¢ = 2.3 x 10~* W/kg. Such a large value
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indicated a high level of turbulence in the gravity current of
northward-spreading saline water in the Hoburg Channel.
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In comparison to the global average, the climate in the Baltic Sea region, including
in Estonia, has warmed particularly fast. From synoptic climatology’s point of view,
a question can be posed: is this warming caused by changes in the frequency of
particular circulation types or has warmer weather started accompanying these types?
The main aim of the present study is to analyze the relationship between the increase of
air temperature and changes in atmospheric circulation during the period of 1966-2015.
Changes in the frequency of circulation types belonging to 12 classifications from the
COST733 data set and changes in accompanying air temperature were analyzed. The
circulation types were divided into “warm” and “cold” for a given season according to
daily temperature anomalies in three Estonian meteorological stations. On the basis of
the similar air flow direction, circulation types from different classifications were selected
for inter-comparison. Linear trend analysis showed that there were only a few statistically
significant (o < 0.05) changes in the frequency of circulation types. The major changes
occurred in spring — the frequency of eastern and northeastern flow types decreased,
and the frequency of types related to northwestern flow increased. However, the positive
temperature anomalies increased for practically all circulation types. Particularly strong
warming has taken place in winter “cold” types. In conclusion, the increase of Estonian
air temperature during the analyzed period is more likely associated with the changes of
temperature within circulation types than of their frequency.

Keywords: air temperature rise, atmospheric circulation, circulation types, Estonia, COST733

INTRODUCTION

Climate change, especially global warming is one of the major challenges of our time. The average
global air temperature of the last decades is already about 0.8°C above the 20th century average
of 13.9°C (IPCC, 2014; NOAA, 2018). However, the air temperature in the Baltic Sea basin is
warming even more rapidly. In the Northern part of the Baltic Sea basin (north of 60°N) the annual
mean temperature anomalies from 1871 to 2011 were 0.11°C per decade and in the Southern part
(south of 60°N) 0.08°C per decade (BACC Author Team, 2015). Studies on Estonia have shown
that the air temperature in Estonia has risen about 2°C during the last half century (Jaagus, 2006;
Jaagus et al., 2014).
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Estonia lies in the transition zone between maritime and
continental climate on the eastern coast of the Baltic Sea
(Figure 1). As the Baltic Sea and Estonia are situated in relatively
high latitudes, atmospheric circulation is one of the principal
factors that determines the climate variability here (Keevallik,
2003; Jaagus, 2006). The Baltic Sea region is mainly controlled
by the North Atlantic Oscillation (NAO) and the impact of
the NAO is most pronounced during the cold half-year from
November to March (Hurrell, 1995; Hurrell et al., 2003; Keevallik,
2003; Kysely and Huth, 2006; BACC Author Team, 2015).
There are numerous studies linking changes in NAO indexes
with changes in climate variables in Estonia (e.g., Keevallik,
2003; Jaagus, 2006; Jaagus et al., 2008; Jaagus and Suursaar,
2013). In general, rainy, and mild winters in Estonia, as well as
decrease of the Baltic Sea ice (Jevrejeva et al., 2004) or increased
storminess (Jaagus et al., 2008; Jaagus and Suursaar, 2013), can
be explained by the domination of the positive phase of the
NAO index. However, those connections are not persistent in
time and space (Jevrejeva et al, 2004; Lehmann et al., 2017;
Sepp et al., 2018) and contain some contradictions. For example,
it is known that the NAO index shows long-term variability,
but from the mid-1960s to the mid-1990s it was in a generally
positive phase (Hurrell, 1995; Hurrell et al., 2003). After the mid-
1990s, there was a trend toward more negative NAO index values
(Hurrell et al., 2003; Kysely and Huth, 2006), meaning that mild
winters should have been replaced by severe winters. But this
has not happened.

Various studies (Jaagus, 2006; Hoy et al., 2013; Cahynova and
Huth, 2016) suggest that the changes in air temperature over
the last decades have been due to the changes in atmospheric
circulation. From synoptic climatology’s point of view, air
temperature rise may either be caused by increased frequency
of particular “warm” circulation patterns or they started to bring
warmer air masses. As mentioned in the previous section, many
studies (e.g., Sepp and Jaagus, 2002; Jaagus, 2006; Hoy et al., 2013;
Cahynovd and Huth, 2016) indicate that warming in winter is
mainly caused because the frequency of westerly circulation types
that bring warm air from the ocean during winter have increased.

On the other hand, the internal variability of circulation
types - for example, whether the types themselves have warmed
up - has been rarely studied. Results from Beck et al. (2007) and
Cahynova and Huth (2016) indicate that the long-term variations
in climate and seasonal temperature trends can only partly be
explained by the changing frequency of circulation types. They
suggest that both frequency-related and within-type changes play
a certain role in the observed climatic trends. However, Cahynova
and Huth (2016) also emphasized that the observed climatic
trends are rather caused by changing climate within circulation
types in spring, summer and autumn.

The main objective of the present study is to analyze the
relationships between the air temperature rise and changes in
atmospheric circulation in Estonia during the period of 1966-
2015. The questions we pose are (1) whether the air temperature
change in Estonia is related to changes in the frequency of
circulation types, and (2) has the air temperature relative to
circulation types changed. In addition, we try to explain the
reasons under the trends that have emerged in our study.

DATA AND METHODS

Air Temperature Data

We used temperatures from three meteorological stations -
Vilsandi, Tiiri, and Johvi (Figure 1). Vilsandi is a coastal station
representing the maritime climate region of Estonia, while Tiiri
and Johvi are inland stations; the latter one represents a slightly
more continental climate (Jaagus and Truu, 2004). Due to the
non-homogeneity and missing data issues in earlier time series of
these three meteorological stations, our data set consisted of daily
average air temperature from the period of 1966-2015 obtained
from the Estonian Weather Service.

Circulation Classifications
The variety of methods and algorithms used to classify daily
circulation patterns is large (Yarnal, 1993; Huth et al., 2008).
COST Action 733 “Harmonization and Applications of Weather
Type Classifications for European Regions” gathered and
analyzed a set of 33 methods or algorithms that have been used
to classify daily circulation patterns (Philipp et al., 2016; Tveito
et al., 2016). This comprehensive set consists of well-known
manual classifications, where the expertise of meteorologists has
been applied up to methods that are used in data mining and
machine learning. A lack of inherent structure in the daily fields
of classified variables is the reason why there is no clear statistical
ground to prefer any of these known methods (Philipp et al,
2016). Huth et al. (2016) conclude that different classification
methods tend to perform differently, depending on number of
classes, season, climate variable, size of the domain and the
region. This means that for a certain purpose a variety of methods
should be assessed to obtain unbiased and generalizable results.
We selected seven circulation classification methods which
performed best with temperature in small domains (Huth
et al.,, 2016) from this COST733 data set (see Table 1). These
classifications belong to the following methodological groups:
threshold-based classifications, principal component analysis-
based and optimization methods. Threshold-based classifications
rely on the concept of subjectively pre-defined types, which
are assigned automatically by using threshold values for certain
indices. Most often the indices characterize the strength of large-
scale air flow meridional and zonal components and vorticity.
Principal component analysis-based classifications are grounded
in empirical orthogonal functions of various matrixes, either in
S- or T-mode [KRZ uses S-mode, i.e., grid points correspond
to rows of the data matrix and time realizations (days) to its
columns]. The idea of optimization methods is to arrange the
whole set of objects under study (the objects here are days
with different circulation patterns) into groups (circulation types)
in such a way that a certain function is optimized. In most
circulation classifications based on optimization methods, the
purpose of this optimization is to minimize the within-type
variability measured as the overall sum of the Euclidean distances
between the member objects of a type and the average of the type
(centroid). Here are represented k-means clustering algorithm
(CKM, CAP) as well as hierarchical clustering (HLC) (Philipp
et al., 2016; Tveito et al., 2016).

Frontiers in Earth Science | www.frontiersin.org

June 2019 | Volume 7 | Article 131


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Lakson et al.

Air Temperature Rise in Estonia

0°0'0" 10°0'0"E 20°0'0"E 30°0'0"E 40°0'0"E
70°0'0"N 70°0'0"N
Norwegian
Finland
60°0'0"N 60°0'0"N
Russia
North Sea
Lithuania
I
f Belarus
50°00"N j Czech Republic ) [ 50°0'0"N
Ukraine
France Switzerlan d L
Romania /%
i
N < ; i Black Sea
0°0'0" 10°0'0"E 20°0'0"E 30°0'0"E 40°0'0"E
FIGURE 1 | Study area. Dark line: the border of the domain. Black dot: the center of the domain. Triangles: positions of meteorological stations (1, Vilsandi; 2, Johvi;
3, Turi).

TABLE 1 | Classification methods applied in the present study, the list includes abbreviations used within this paper, commonly used names of the methods, the key

references of methods and the methodological group.

Abbrev. Classification name Implemented methods Key references Classification group

JCT Jenkinson—-Collison classification Automatized scheme for Lamb weather types Jenkinson and Collison, 1977 Threshold-based

GWT Grosswetter-types Correlation based, with raw or normalized Beck, 2000; Beck et al., 2007 Threshold-based
vorticity coefficients

LIT Litynski Thresholds on a single circulation field Litynski, 1969 Threshold-based

KRz Kruizinga P27 Principal component analysis-scheme, S-mode Kruizinga, 1979 Principal component

analysis based

CKM k-means (differing start partitions) Simple k-means algorithm with most different Enke and Spekat, 1997 Optimization algorithm
start partitions, skipping small clusters < 5%
population

CAP k-means (Ward’s start partition) 11-day low pass filtrated data, S-mode PCA, Yarnal, 1993 Optimization algorithm
ward-clustering, k-means

HCL Complete Linkage Hierarchical cluster analysis one of seven Murtagh, 1985 Optimization algorithm

different algorithms

For further details, (see Philipp et al., 2016; Tveito et al., 2016).

Daily fields of mean sea level pressure fields from
NCEP/NCAR reanalysis (Kalnay et al, 1996) are classified
into circulation types for the period 1948-2015. As we need to
use a rather large sample of methods that are applied in the
same way to the same data set, then we used a cost733class

software (Philipp et al., 2016). Cost733class is an open source
software package that has been developed especially for creating,
comparing and evaluating classifications in various versions
(Philipp et al., 2016). All methods from the COST733 data set
have been programmed there as subroutines in order to apply
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it to the same input data. This software enables people to use
their own data files, to vary the number of types, to classify the
whole year or only by season, etc. If the same parameters are used
for all the methods, then the differences among classification
results may be ascribed to the classification algorithm itself and
not to the different ways they are used (Philipp et al., 2016).
We used the nine type versions of classifications only. However,
several classifications have two versions, either with 8 and 10
(GWT) or 9 and 10 types (CKM, CAP, HCL), thus altogether 12
classifications (Table 1) were compared here.

The calculations produced catalogs of classifications, where
each day is specified by one certain circulation type from every

classification. As we used only Estonian air temperature point
measurements, and the types characterize circulation best in
the center of the domain, we calculated classifications for the
domain 5° E - 45° E and 45°N - 70° N, centered in 25°
E and 57.5° N (Figure 1). Our domain size is remarkably
smaller than the area that is characteristic for the NAO
type of atmospheric teleconnections, which are known not to
influence local weather in summer. However, we can assume that
circulation types, created specifically for a small domain, reflect
local specificities as well.

The maps of GWT10 circulation types for our domain are
shown in Figure 2. Presented are eight main directional types
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FIGURE 2 | Mean sea level pressure values for GWT10 weather types estimated from daily values for 1948-2015. Directional types W, SW, NW, N, NE, E, SE, S,
and C - cyclonic and AC — anticyclonic type.
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plus the cyclonic (C) and anticyclonic types (AC). The size of the
domain suits the synoptic scale: the positions of one cyclone and
anticyclone determine the geostrophic air flow over the domain.
The circulation types are derived by calculating correlations with
prototype fields of zonal flow, meridional flow and cyclone in
the center of the domain (Beck et al., 2007). Types are easily
interpretable and the days belong to the same types regardless of
whether a different period is used for classification.

Methods

All the analysis is carried out using the common seasons —
spring (MAM), summer (JJA), autumn (SON), and winter (DJF).
December belongs to the preceding year and because of that,
the winter time series is shorter by 1 year (1967-2015). Annual
averages were not used here as the same circulation type can cause
warm weather in summer and extreme cold in winter.

As a first step we defined “warm” and “cold” circulation
types - i.e., types that are accompanied by either positive (warm)
or negative (cold) air temperature anomalies during the given
season. For that we calculated the daily long-term average
temperatures for the period of 1966-2015; the 29 of February
was left out. As the daily average air temperature varies highly
between years (especially in winter), some random extreme
values can significantly bias circulation types’ long-term average
temperatures. Thus, we approximated annual air temperature by
cosine function (Figure 3). The Excel function “Solver” was used
to find the optimal parameters for the function.

Thus, the temperature anomaly is a deviation from the ideali-
zed air temperature curve. As a next step we sorted out daily
temperature anomalies for each given circulation type. If the
long-term average temperature anomaly for a season was positive,
the circulation type was considered as “warm” - if negative,
then “cold.”

We wanted to intercompare the circulation types from
various classifications from the side of airflow direction that
is considered, in our minds, to represent either cold or warm
advection. We calculated a catalog of circulation types that in
most cases are somewhat anonymous, i.e., the name of the
type is just a number. The task of circulation classifications
is to describe the highly variable atmospheric circulation by
dividing the daily airflow patterns into a quite small number of
characteristic classes/types. In this study we used classifications
with nine types. It is reasonable to assume that if these kinds of
discrete states really exist, then all classifications should contain
types with similar flow patterns according to the positions of
low- and high-pressure areas. In order to understand which
types represent similar circulation conditions we, at first, visually
intercompared mean sea level maps of all circulation types from
all classifications. We classified the circulation types according to
the similarity of air flow directions and used GWTI0 types as
the reference due to the straightforward interpretation of its ten
circulation types (Cahynova and Huth, 2016).

As the numbers of types in classifications were the same
and the majority of patterns in different classifications were
visually very similar, an overlap analysis was conducted. The
main aim of this analysis was to understand whether the types
of similar airflow from different classifications occur at the
same day. We compared GWT10 types with other classifications’
similar circulation types and counted in how many days similar
types co-occurred.

Linear trend analysis (p < 0.05) was used to describe changes
in time series of circulation types and air temperature in the
period of 1966-2015 as well as in the sub-periods 1966-1991
and 1992-2015. In addition, we analyzed trends for 30-year sub-
periods to show how sensitive the sign and magnitude of the trend
are depending on the starting and ending point.

Air temperature (°C)

01/01
01/05 A
01/06 1

temperature X was calculated using the following equation:
X =-11.429.c0s (0.017098 - t + (—2.40077)), (1)

where t is the day of year.

——Average e=m=ldealized

FIGURE 3 | The modeled (idealized) daily average temperature of Tlri station for the period 1966-2015 and the daily long-term average temperature of the same
period. The correlation coefficient R was found between the model and the average temperature for each calendar day averaged over all years. Turi idealized
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RESULTS AND DISCUSSION

Although the Tiri, Vilsandi, and Johvi meteorological stations
represent different microclimatic regions of Estonia, no
substantial differences occurred in the results of these three
stations. Thus, here we demonstrate only the results of Tiiri
station as it represents the majority of air temperature variations
on the Estonian mainland.

The overlap analyses showed somewhat controversial results.
On one hand the patterns of circulation types of different
classifications are visually very similar with each other and well
compatible with the corresponding patterns of the GWT10 types.
Still, some classifications do not contain certain patterns and
some patterns are not comparable with GWT10 patterns. The
percentage of co-occurrence of similar circulation type with a
corresponding GWT10 type is also relatively low (Table 2). These
results suggest that although the averaged maps of circulation
types may look similar, the sets consist of actually quite variable
circulation conditions. This supports the understanding (Philipp
etal., 2016; Tveito et al.,, 2016) of why so many different methods
are needed to classify circulation patterns, and there is not just
one best classification that exists. Philipp et al. (2016) found
that even the same group classification methods show often
low similarity. This is also the reason why the following results
are presented in a generalized mode, and analysis of any exact
circulation type is avoided if possible.

Defining “warm” and “cold” types gave rather expected
results (Table 3). Air temperature anomalies showed clearly
the advection of relatively cold or warm air masses. Thus,
Northern types (N) are accompanied by negative temperature
anomalies in every season and South-Western types (SW) are
“warm” types all year around. Western types (W) represent the
advection of maritime air masses from the North Atlantic that are
relatively warm in winter but cold in summer. In general, Eastern
types (E, NE, and SE) can be associated with the advection of

TABLE 2 | Visually similar circulation types and percentage of co-occurrence. First
column: names of classifications.

GWT10 W SW Nw N NE E SE S C AC
JCT10 1/44 8/45 2/46 3/54 4/42 5/37 6/49 7/55 9/71 10/82
HCL10 2/32 5/18 8/23 10/72 - 9/91 4/37 1/35 3/67 -
HCLO9 2/32 5/18 8/23 3/89 - 9/91 4/37 1/36 - -
CKM10 6/21 4/31 8/38 - 1/53 3/60 - 7/43 - 5/29
CKMO9 4/24 2/30 1/41 - 3/78 - - 7/51 - 5/51
CAP10 2/29 5/26 8/46 10/91 - 9/92 4/66 ©6/37 3/61 1/52
CAPO9 2/28 5/26 8/47 3/93 - 9/94 4/68 ©6/36 - 1/61
LITO9 7/39 6/45 8/47 1/47 2/75 3/66 4/72 5/36 - 9/26
GWTO08 1/100 2/100 3/100 4/100 5/100 6/100 7/100 8/100 - -
KRZ08 - 1/45 3/37 7/54 8/52 - 5/50 - - -
KRzZ09 2/37 1/59 3/47 - 9/71 8/80 7/86 4/59 - 5/28

For details, (see Philipp et al., 2016). Header of columns show the air flow diirections
by the nomenclature of GWT10 types: W is west, SW is southwest, etc., C is
cyclonic, AC is anticyclonic type. First number in cells represents the name of the
type, second is the percentage of co-occurrence of the type with corresponding
GWT10 type. In bold: percentages higher than 50.

TABLE 3| “Warm” and “cold” types.

Type DJF SD MAM SD JJA SD SON SD
N -1.9 0.8 -1.9 0.3 -0.9 0.2 —2.6 0.3
NE —4.5 0.9 -1.7 0.7 0.3 0.5 —2.6 0.4
E -5.8 0.8 -0.6 0.3 1.7 0.3 —-2.3 0.3
SE —4.2 0.5 1 0.8 2.7 0.7 -1.2 0.4
S -0.9 0.8 14 0.3 15 0.5 0.5 0.4
SW 2.3 1.6 1.2 0.5 0.7 0.5 1.7 0.8
w 3.6 0.5 0.6 0.2 -0.6 0.3 1.2 0.4
NW 1.8 1.1 -0.3 0.5 1.4 0.6 -0.8 0.5
AC -29 1.1 —0.1 0.4 13 0.8 —-1.4 0.7
C -1 1.3 —0.6 0.7 -0.4 0.5 —-11 0.5

Average air temperature anomalies (in °C) of all types in winter (DJF), spring (MAM),
summer (JJA), and autumn (SON), and standard deviation (SD, in °C), based on
data of Turi station. Positive anomalies (“warm” types) are in bold.

continental air masses being extra cold in winter and extra warm
in summer. In the case of the AC, a high pressure area is located in
the middle of the domain, taking along radiative cooling in winter
and warming in summer.

Values of air temperature anomalies shown in Table 3 are
averages of long-term mean anomalies of all classifications. The
relatively high standard deviation suggests again that similar
types represent slightly different circulation conditions and may
cause somewhat different weather. For example, CKM10 type
SW is accompanied by a temperature anomaly of —0.6°C and
the same SW type of CAP10, CAP09, and LIT09 by +3.8°C
in winter. However, in general, there are only a few types
whose “cold” or “warm” status would differ from the one
presented in Table 3.

As several circulation types showed opposite air temperature
anomalies in winter and summer, we analyzed trends in
frequency and air temperature anomalies by seasons.

Winter

Based on the literature, the most drastic climate changes in
Estonia have occurred in winter. For example, the long-term
average air temperature has increased by 4°C in January during
the last half century (Jaagus, 2006; Jaagus et al., 2017). All those
changes have been reported both in Estonia (Tomingas, 2002;
Jaagus, 2006; Jaagus et al., 2008) and in Europe (Kysely and Huth,
2006; Cahynova and Huth, 2010, 2016; Kiittel et al., 2011; Hoy
et al., 2013; Kucerova et al., 2017) to be concurrent with the
increase in the frequency and magnitude of western circulation.
The increase in the frequency of the Western type has been
explained by the NAO positive phase after the 1960s (Hurrell,
1995; Jaagus, 2006). Jaagus et al. (2008) found that the Western
type became more frequent in winter at the expense of the cold
eastern type. However, our analysis showed no such tendencies.
Statistically significant changes in the frequencies of circulation
types occurred only in a few classifications during the period of
1967-2015. Virtually no changes occurred in Western types (SW,
W, NW, Table 4).

When looking at the temperature anomalies associated with
circulation types at Tiiri station, the majority of analyzed time
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TABLE 4 | Long-term average (1966-2015) frequency of circulation types (in days) and changes by trend line in days per the period in winter [DJF (A)
average air temperature anomalies (in °C) at TUri station associated with particular circulation types and changes by trend line in °C in winter [DJF (B)

] and long-term

DJF (A) w SW NwW N NE E SE S Cc AC
GWT10 28/2 18/1 11/0 41 2/1 3/0 5/2 9/-4 4/-1 8/-3
JCT10 14/5 14/5 9/—1 5/1 3/0 3/0 6/-2 11/-6 12/-1 14/-4
HCL10 29/2 9/4 5/2 8/0 - 101 5/-2 20/—-6 4/0 -
HCLO9 29/2 9/4 5/2 12/0 - 101 5/-2 20/—-6 - -
CKM10 26/8 10/2 21/-3 - 7/0 7/2 - 10/-5 - 11/-3
CKMO09 29/6 1072 21/-2 - 7/2 - - 10/-5 - 14/-3
CAP10 23/4 13/6 9/-1 6/1 - 6/0 8/—1 11/-2 6/-3 10/-4
CAP09 23/4 13/5 12/-3 6/1 - 6/1 9/0 11/-3 - 9/-5
LITO9 10/3 10/4 1211 10/-1 9/1 10/-3 11/-4 10/-1 - 9/-8
GWTO08 29/2 21/0 13/0 4/2 3/1 4/0 7/2 10/-5 - -
KRZ08 - 31/2 29/0 5/1 6/0 - 18/-3 - - -
KRZ09 11/0 19/-7 26/1 - 4/3 6/-2 10/0 10/-7 - 5/-1
DJF (B) w SW NwW N NE E SE S C AC
GWT10 3.3/3.3 1.5/3.8 1.2/21 —-2.1/6.2 —6.3/3.5 —6.7/3.2 —4.4/-0.5 -1.7/-0.3 0/4.4 —4.5/-0.4
JCT10 4.6/3.3 3/3.6 3.1/1.8 -0.7/4 —4.2/3.4 —6.6/2.3 -4.6/-1.8 —1.4/1.9 0.7/2.9 —3.2/0.1
HCL10 3.3/2.8 3.7/1.8 2.3/-1 -2/3.3 - —6/1.5 —4/-1.7 —0.9/1.8 —2.4/41 -
HCLO9 3.3/2.7 3.7/1.8 2.3/-1 -2.1/3.4 - —6/1.5 —4/-1.7 —0.9/1.8 - -
CKM10 4.2/2.3 -0.6/1.4 1/2.4 - —4/3 —4.5/-0.3 - -0.9/2.2 - —-3.5/0
CKMO09 4/2.7 —0.5/1.4 0.1/2.4 - —4.5/1.9 - - —-1.2/1.6 - —-3.7/-0.4
CAP10 3.7/3.2 3.8/1.6 1.6/-0.1 —2.8/4.5 - —6.3/0.8 —4.5/-2.1 0.1/0.9 —2.2/5.1 —2.3/0.6
CAP09 3.5/3 3.8/1.7 0.8/-0.7 -2.7/5.3 - -6.2/1.3 —-4.1/-1.8 0.1/0.9 - -3.3/3.7
LITO9 4/1.9 3.8/2 4.1/1.8 —-0.2/3.8 —3.8/3.6 —-4.2/1.4 —2.9/0.5 0.6/2.6 - —-0.7/3.2
GWTO08 3/3.4 1.1/3.5 0.8/2.3 -2.3/4.9 —5.6/2.6 —6.1/2 —4.7/-1.9 —2/0.8 - -
KRZ08 - 1.7/3.5 2.6/2.4 -2.3/5 —4.2/5.3 - —4/-1 - - -
KRZ09 3/3.4 2.4/2.6 2.2/2 - -38.5/1.7 —5.3/3.2 —4.4/-3.1 —1.56/1.4 - -2.1/4.6

Statistically significant changes (p < 0.05) are in bold.

series show drastic increasing trends (Table 4). It is important
to note that “cold” types have warmed up relatively more than
“warm” ones, especially N and NE types. In general, those two
types represent the advection of Arctic air masses. Some negative
trends occurred in types of NW group.

Spring

As the winters become warmer and shorter, the springs start
earlier and are warmer in Estonia (Keevallik, 2003; Ahas and
Aasa, 2006; Jaagus, 2006; Schwartz et al., 2006; Jaagus et al., 2017).
Our analysis showed that most of the statistically significant
changes in the frequency of circulation types occurred in spring.
Based on trends, we can observe certain shifts in atmospheric
circulation: the occurrence of E and SE types have decreased
while the frequency of extra cold N and cold NW types
have increased (Table 5). This suggests that springs must have
become cooler. However, the trends in the air temperature
time series indicate exactly the opposite (Table 5). Basically, all
circulation types have become significantly warmer during the
period 1966-2015.

Summer
No significant changes in Estonian summer climate have
been reported. The exception is the cooling tendency in June

(Jaagus, 2006). Also, there were only a few statistically significant
changes during 1966-2015 in our analysis. In general, we can
talk only of some decrease (by ca 6 days) of NE type frequency
and increasing tendencies of SE and S types frequencies
(by 3-4 days). Those mentioned above are all warm types. The
average temperature anomaly that accompanies the SE, S, and NE
types is +2.7°C, +1.5°C, and +0.3°C, respectively.

Changes in air temperature indicate that almost all “warm”
types have become cooler (except NE) and “cold” types warmer
(except C) by about 1.5°C.

Autumn

Similar to summer, signals of climate change in autumn are
reported to be somewhat vague (Jaagus, 2006). Our analysis
also revealed just a few statistically significant changes in the
frequency of types. Only the frequency of NW types has decreased
by up to 6 days. However, almost all circulation types show
positive trends in air temperature anomalies. In general, most
intensive warming is characteristic for “warm” autumn types
(S, SW, and W) which have become warmer by 1.7-2.9°C.

Plausible Reasons
The results of our trend analysis are somewhat contradictory.
On one hand, the general lack of trends in time series of
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TABLE 5 | Long-term average (1966-2015) frequency of circulation types (in days) and changes by trend line in days in spring [MAM (A)] and long-term average air

temperature anomalies associated with circulation types at Turi station and changes by trend line in °C in spring [MAM (B)].

MAM (A) w sSw NwW N NE E SE S C AC
GWT10 17/3 14/-2 9/7 5/3 6/—1 10/-6 8/-3 9/-2 5/0 10/1
JCT10 9/1 10/-8 8/6 7/2 6/—1 6/-3 6/-2 9/-3 11/-1 20/4
HCL10 14/5 2/—1 3/3 12/5 - 23/-6 5/-3 24/-3 101 -
HCLO9 14/5 2/-1 3/3 22/6 - 23/-6 5/-3 24/-3 - -
CKM10 9/-1 12/0 17/10 - 18/1 18/-8 - 12/0 - 6/-2
CKMO09 111 13/-2 22/12 - 23/-7 - - 14/—1 - 9/-8
CAP10 12/ 4/-2 5/5 11/7 - 18/-7 9/-5 7/-2 141 1211
CAP09 13/2 4/-2 8/6 12/7 - 18/-7 10/-4 7/-3 - 19/2
LITO9 9/2 11/0 11/8 10/3 9/0 11/-5 11/-8 11/-1 - 10/8
GWTO08 18/3 17/-8 11/9 6/3 8/—1 11/-6 10/-8 10/-2 - -
KRZ08 - 20/-5 18/9 11/2 13/3 - 30/-16 - - -
KRZ09 9/-1 9/-2 17/10 - 10/4 14/-3 14/-7 11/-2 - 101
MAM (B) w sw NwW N NE E SE S C AC
GWT10 0.5/1.9 1.6/1.3 -1/2.3 -2/1.8 —-2.2/2.4 -0.8/2.8 1.4/2.2 1.7/2 -1.1/2 —0.2/2.6
JCT10 0.8/1.9 1.1/24 -0.4/1.5 -1.7/2.4 —-2.2/3 -0.5/3.3 1.6/0.3 1.7/1.8 -0.4/2.1 -0.1/1.5
HCL10 0.6/1.8 1.9/0 0.4/1.3 -1.8/1.8 - —-0.2/2.9 1.3/2.2 1/1.7 -1.3/2.1 -
HCLO9 0.6/1.8 1.9/0 0.4/1.3 -1.6/1.7 - -0.2/2.9 1.3/2.2 11.7 - -
CKM10 1/1.5 0.4/1.9 -0.4/1.3 - -1.2/2.3 0/1.6 - 1.6/1 - —0.7/2.6
CKMO09 0.8/1.6 0.3/1.8 —-0.8/1.3 - —-0.5/2.0 - - 1.6/1.1 - —-0.3/3.5
CAP10 0.6/3.2 1.9/0 —0.3/1.8 -2.2/1.7 - -1/2.3 1.4/2.5 1.5/1.1 0.4/1.9 0.4/1.7
CAPO9 0.4/2.9 1.8/0.1 -0.1/11 -2.3/1.6 - —0.9/2.6 —1.4/2.1 1.3/0.6 - 0.6/1.8
LITO9 0.4/1.9 1.5/1.9 0.1/1.7 -1.5/2 -2.3/2.4 -0.9/2.7 1.2/1.8 1.71.2 - -0.3/1.8
GwWT08 0.4/2 0.9/1.5 -1/21 -1.8/1.8 -2.1/2.3 —-0.7/3 1.2/2.4 1.3/1.8 - -
KRZ08 - 0.8/1.5 0/1.5 -2.1/1.5 -1.1/2.4 - 0.8/2.5 - . -
KRZ09 0.4/2.3 1.3/1.7 —0.3/1.6 - —2.3/2.6 -0.6/2.4 1.3/2.7 1.3/1.8 - —0.4/2.3

Statistically significant changes (p < 0.05) are in bold.

circulation types of COST733 classifications is concurrent with
similar findings from Cahynovd and Huth (2010, 2016) and
Kucerovéa et al. (2017). At the same time, the lack of trends,
especially in Western types in winter and the abundance of
changes in spring, somewhat contradict the results of Kucerova
et al. (2017) and many other works (e.g., Tomingas, 2002;
Kysely and Huth, 2006; Jaagus et al., 2008; Cahynovéa and Huth,
2010, 2016; Kiittel et al., 2011; Keevallik, 2011; Hoy et al,
2013). Differences in the winter are so fundamental that they
cannot be explained by differences in domain location or in the
input database. For example, Kucerova et al. (2017) used air
pressure data from ERA40 (Uppala et al., 2005) and domain 05
by COST733 Action (8°E - 34°E; 53°N - 68N), although the
usage of different databases can cause substantial differences in
classifications (Stryhal and Huth, 2017).

The search for the root cause of differences would be a
separate topic for research and goes beyond the scope of the
present paper. However, some conclusions can already be drawn
by looking at trends in the frequency of types for the sub-
periods 1966-1991 and 1992-2015. There are altogether only
five statistically significant trends in the frequency of circulation
types in the winters of 1967-2015 (Table 4), but 29 in the
period of 1967-1991 and 52 in the period of 1992-2015. The
most drastic changes occurred in the SE and especially in S

types in the first half period. The frequency of those types
decreased by up to 14 days (classifications HCL09, KRZ09,
and HCL10). At the same time, the frequency of W types
increased by up to 15 days (CAP09). In the second sub-period,
however, the trends are opposite - i.e., the occurrence of E,
SE, and S types have drastically increased (up to 19 days;
KRZ08 E type) and the frequency of W, NW, and N types
have steeply decreased (up to 21 days, W type of HCL09,
and HCL10). All in all, the opposite tendencies of sub-periods
tend to cancel trends of whole period (Figures 4, 5). The
trends in the W type from the CAP09 classification calculated
for 30-year running periods show clearly a strong rise up to
the year 2000, while the trends from the 1980s are negative
(Figure 5). A similar mismatch is between periods in other
seasons. For example, the decrease of E and SE types in spring
are mostly caused by negative trends in 1966-1991. However, the
drastic increase of NW types (Table 5) is noticeable only in the
period 1992-2015.

To some extent, the mentioned changes can be addressed
as a sign of strengthening and an eastward shift of the NAO,
and a north-eastward shift of storm tracks, reported in recent
years (Jung et al, 2003; Pokorna and Huth, 2015; Kucerova
et al., 2017). However, the issue of NAO interconnections with
regional circulation patterns as well as with temperature is a

Frontiers in Earth Science | www.frontiersin.org

69

June 2019 | Volume 7 | Article 131


https://www.frontiersin.org/journals/earth-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

Lakson et al.

Air Temperature Rise in Estonia

60
50
n
£
340 """""
o 1
-
$30 [ A R f e - A «f--F T AR W G ey | S
=L - =~/
B - — - -
° e _ - - =mAETFA-4-\ - T " W TVA
w 20 O S R o ottt SRR - A==\ -
’— &
10
O B T TS R SR S L T S S S A T (M [ N N R T T 1 1 { I A
~ o~ ~ o ~ (2 r~ o~ ~ o~
© ~ ~ 0 ) o)} o)} o o =
)] o)) ) o) &)} )] )] =] <] o
i b 2 i i i i i o~ o~ o~

FIGURE 4 | Frequency (in days) of CAPQ9 classification circulation type W and change by trend line in days in winter (1967-2015). Long trend line is for the whole
period 1967-2015. Two shorter ones are for 1967-1991 and 1992-2015. Both short trend lines are statistically significant (p < 0.05), the long one is not.
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complex subject that needs to be studied in more depth. One of
the reasons for incomplete understanding is the non-stationarity
of the NAO spatial pattern and the temporal correlations
(Lehmann et al., 2011, 2017).

The increase in air temperature anomalies has been virtually
univocal. Nevertheless, we may say that the warming in Estonia
is only partly explainable by the changes in the frequency
of circulation types. The other possibility is that the types
themselves have become warmer either due to the changes in
larger territory, meaning that the air advected here is already
warmer, or due to the changes in other properties like cloudiness
or humidity, which modify the energy budget and the heating
takes place locally. It is a rather critical issue for synoptic
climatology as the variation within types is rarely studied, because
circulation types themselves are usually considered to be constant
(Yarnal, 1993).

As mentioned, most drastic changes occurred in case of coldest
types representing advection of Arctic air masses (N and NE)
in winter and spring. Although still “cold” by long-term average
anomalies, some Northern types can nowadays already be
considered as “warm” (Figure 6). These positive temperature
anomalies are found in years when this “cold” type has lower than
average frequency, giving hints that lower persistence may mean
warmer “cold” types.

This kind of change may reflect, at least in some extent, the
drastic warming and changes in the atmospheric circulation over
the Arctic Basin, reported by numerous authors (e.g., Serreze
et al., 2000; Bekryaev et al., 2010; Vihma, 2014; Walsh, 2014;
Screen et al., 2018). At the same time, Kiittel et al. (2011) argued
that 70% of the variation in winter temperature in Europe can
be explained by changes within types. But if, for example, the
NE type has become warm in winter (Figure 6), it refers either
to changes in the source domains of temperature advection or
changes in pattern of the type. On the one hand it means that
the territorial distribution of temperature in winter has changed
in the larger European region. The airflow from this direction is
now warm in this time of year. On the other hand, it can refer
to the changes of positions of low- and high-pressure systems,
defining the circulation type. Spatial fluctuation of those systems
by several hundred kilometers does not necessarily redefine a type
but can cause redirection of advection (Yarnal, 1993).

CONCLUSION

In order to examine how the rise in Estonian air temperature
is associated with the changes in atmospheric circulation,
circulation types from different classification methods were
used. All the classifications vary to a degree and have
their own specifics, so to understand if apparently similar
types represent similar circulation conditions an overlap
analysis was carried out. Analysis shows that north, northeast
and eastern types are in the best overlapping, which in
turn indicates that they describe atmospheric circulation
situations, when a high-pressure system sets for several days.
Western types are in the worst overlapping, from which
we can conclude that each classification describes a slightly

different circulation situation. This, however, means that
the classifications are difficult to compare, and a relatively
large number of different classifications must be used to
obtain robust results.

Trends in circulation types’ frequency were studied by seasons
and only few statistically significant trends can be observed
during the whole period of 1966-2015. Most of the statistically
significant changes in the frequency of circulation types occurred
in spring. It contradicts with earlier studies, which have found
an increase in the frequency and intensity of Western circulation
types in winter and have explained with it the general tendency
of winter warming in the Baltic Sea region. While analyzing the
sub-periods 1967-1991 and 1992-2015 separately, we get trends
with different directions. The frequency of Western types has
increased rapidly (ca 12 days by trend line) in the period of 1967-
1991, but since 1992, the frequency has decreased (—14 days).
Altogether no statistically significant changes were given during
1967-2015 in winter.

We analyzed the changes in the mean air temperature of
Johvi, Vilsandi, and Tiiri stations in 1966-2015. The average
annual temperature rise in the three stations is in the range
of 2-2.2°C. According to the trend line, the air temperature
has risen most in winter, about 2.8°C. In spring, summer and
autumn, the temperature rise is in the range of 1.5-1.9°C.
However, it must be noticed that most drastic air temperature rise
(up to 6°C by trend line) has occurred in the case of “cold” types
(N and NE) in winter.

The general conclusion is that the warming in Estonia is only
partly explained by the changes in the frequency of circulation
types. Basically, the change in temperature is caused by the
changes in the types itself. This, however, contradicts to the
axiom of synoptic climatology and suggests the possibility that
circulation types are not really constant.
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Sediment cores from three sites along the east-coast of Sweden, north-western
Baltic Proper, have been studied with respect to lithologies, geochemistry, and diatom
assemblages to trace and date early human impact with emphasis on nutrient discharge.
The three sites Braviken, Himmerfijarden, and ,&dfjérden, have been impacted to various
degree during the last millennia by multiple stressors like excessive nutrient discharge
and hazardous substances, leading to coastal hypoxia, eutrophication, and pollution.
These stressors are mainly caused by drivers in the drainage area as increased human
population, changed land use, and point sources as industries and a sewage treatment
plant. Even though their detailed history differs, the results show similar general patterns
for all three sites. We find no evidence in our data from the coastal zone supporting
the hypothesis that the extensive areal distribution of hypoxia in the open Baltic Sea
during the Medieval Climate Anomaly was caused by human impact. Timing of the
onset of man-made eutrophication, as identified from 8'°N and changes in diatom
composition, differs between the three sites, reflecting the site specific geography and
local environmental histories of these areas. The onset of eutrophication dates to ~1800
CE in Braviken and Himmerfjarden areas, and to ~1900 CE in the less urban area
of /&dfjérden. We conclude that the recorded environmental changes during the last
centuries are unique in a thousand year perspective.

Keywords: diatom stratigraphy, stable nitrogen isotopes, hypoxia, Medieval Climate Anomaly, NW Baltic proper,
nutrient discharge

INTRODUCTION

The Baltic Sea is a brackish water basin with a large and densely populated catchment area.
Strong salinity gradients, both vertically and horizontally, set the preconditions for all life in this
sea. Since the Baltic Sea is semi-enclosed and has a water residence time of about 30-40 years
it is especially sensitive to stressors like chemical pollution, nutrient discharge, and overfishing
(Snoeijs and Andrén, 2017). The ca 85 million people living in the drainage area are causing a
severe pressure on the ecosystem resulting in environmental deterioration and one of the most
polluted seas in the world (Leppéranta and Myrberg, 2009). Increased anthropogenic nutrient loads
during the twentieth century have led to eutrophication of the Baltic Sea manifested in e.g., altered
species composition, more intense cyanobacterial blooms, decreased secchi-depth, and increased
sea bottom hypoxia in the open parts of the Baltic Sea (Elmgren, 2001; Gustafsson et al., 2012).
Since the 1950s, hypoxia has also increased in the Baltic Sea coastal zones (Persson and Jonsson,
2000; Conley et al., 2011).
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Some of the recorded changes resulting from present
eutrophication are not new phenomena for the Baltic Sea.
Pigment analyses in sediments have shown cyanobacteria blooms
to be natural features of the open Baltic Sea for the last ca 8000
years (Bianchi et al., 2000). A compilation of laminated sediment
sequences used as proxy for hypoxia show evidence for three time
periods with extensive areal distribution of hypoxia in the open
Baltic Sea; 8000-4000 years before present (BP), 2000-800 years
BP, and from 1800 CE to present (Zillén et al., 2008).

The hypoxic event 2000-800 years BP coincide with a climatic
event named the Medieval Climate Anomaly, MCA, including
the Roman Warm Period, and has been suggested to be caused
by an increase in human population and large scale changes in
land use in the drainage area at this time (Zillén and Conley,
2010). Around the turn of the last millennium a series of
technological innovations, including the iron plow, promoted
an expansion of agricultural land (Myrdal, 1999). The favorable
climate conditions during the MCA, with temperatures similar to
those of today, also enabled a demographic expansion (Myrdal
and Morell, 2011; Ljungqvist et al, 2012). It has also been
suggested (Kabel et al., 2012) that the warmer climate during
this time caused intensified cyanobacterial blooms and stronger
stratification resulting in hypoxia. The following oxygenation of
the bottom waters in the open Baltic Sea has been explained
both by the onset of the Little Ice Age, LIA, (Kabel et al., 2012),
and by the drastic decrease in population due to the plague
(Zillén and Conley, 2010). Throughout the present paper, when
we refer to the climatic events Medieval Climate Anomaly and
Little Ice Age, we use the definitions by Mann et al. (2009), which
means the MCA = 950-1250 Common Era (CE), and the LIA =
1400-1700 CE.

There is a need to improve our understanding of the natural
variability of the Baltic Sea and its response to climate, as well
as human induced forcing. Paleoecology can fill the gap when
long term data is lacking, and provide us with a scientific base on
past environmental conditions (Willis and Birks, 2006; Renberg
et al.,, 2009; Saunders and Taffs, 2009). Whilst the open Baltic
Sea has been extensively studied with respect to Holocene natural
climate variability and environmental change (e.g., Andrén et al.,
2000a,b; Bianchi et al., 2000), this is not the case in the coastal
zone, where studies on long-term trends in hypoxia and its
causes have not been performed (Conley et al,, 2011). Land use
changes will most likely influence the coastal zone before possible
effects are registered in the open Baltic Sea, and these areas
should consequently be more carefully studied. There are several
studies from the Baltic Sea coastal zones focusing on changes
in eutrophication and nutrient reconstructions the last century,
for example in the Oder estuary (Andrén, 1999), the Roskilde
fjord in Denmark (Clarke et al., 2006) and from the Gulf of
Finland (Weckstrom, 2006). Recently, Ning et al. (2018) reported
from a coastal site at the Swedish east-coast that the onset of
eutrophication can be traced back to the nineteenth century,
identifying intensified land use as the main driver. A multiproxy
study from the Archipelago Sea, northern Baltic Proper, indicates
an onset of eutrophication at ca 1900 CE (Jokinen et al., 2018).

A long-term perspective concerning how environmental
changes affect the marine system will provide us with a deeper

knowledge of possible future scenarios, highly important for the
management of the Baltic Sea (Kotilainen et al., 2014). In this
paper we present a multiproxy study using diatom stratigraphies
and geochemistry data from three carefully selected coastal sites
in the northwestern Baltic Proper. The aim of the study is to
investigate and date long-term environmental changes in these
coastal regions. Our results will be discussed both in a local
and a regional perspective and we aim to put the present severe
environmental situation in the Baltic Sea, in terms of nutrient
loads and external forcing, in a thousand year perspective.

STUDY SITES

The three sites chosen for this study are located along the Swedish
east-coast, north-western Baltic Proper (Figure 1, Table 1). This
area has been, and still is, affected by the last glaciation, resulting
in an isostatic rebound of ca 3-4 mm/year (Harff and Meyer,
2011). None of the cored sites have thresholds shallow enough
for the isostatic rebound to have affected the water circulation in
the basins during the time covered by this study. The seafloor at
all three sites consists of glacial and postglacial clays, with large
areas of gaseous sediments (Swedish Geological Survey, 2018).

Braviken

Braviken (N58°38.828', E16°23.630') is a long, ca 50 km, and
narrow bay of 130 km?, with a threshold depth of 16m.
There are several small streams that drains into Braviken, but
by far the largest input comes from the river Motala strom.
The mean discharge between years 1991-2018 was 93 m?3/s
(Swedish Metrological Hydrological Institute, 2018). In the inner,
southern part of Bréaviken, the city of Norrkoping is located,
for which Braviken is recipient. Salinity in bottom waters of
Bréaviken is ca 6-6.5. Surface waters salinity fluctuates a lot,
fresher during winter months (ca 1-3) and more saline during
summer and autumn months (ca 4-5). The drainage area is large
and covers 15,480 km?, most of which consists of cultivated
glacial and postglacial clays (Swedish Geological Survey, 2018).
The northern shore of Braviken consists of a fault, which also
constitutes the rim of the drainage area. The shoreline on this side
is steep and the vegetation is dominated by coniferous forest. The
water depth along the northern shore is ca 30 m, with a maximum
depth of 36 m. The southern side of Braviken is flat and shallow
(<5m) and the adjacent land is used for agriculture. In these
shallow parts the seafloor vegetation is dominated by green
algae, mostly Cladophora and Ulva spp., and seaweed such as
Potamogeton perfoliatus, Zostera marina, Zannichellia palustris,
Stuckenia pectinate, and Myriophyllum spicatum. The deeper
parts are dominated by the thalloid red algae Hildenbrandia and
an extensive distribution of barnacle, Amphibalanus improvisus.
Epiphytic filamentous brown algae like Ectocarpus and Pylaiella
spp. are common in Bréviken, both in shallow and deeper parts
(Swedish Metrological Hydrological Institute, 2018).

According to the Swedish Maritime Administration, 2800
commercial ships passes through Braviken, to the harbor in
Norrkdping, every year. To enable this there has been extensive
dredging of the seafloor and dumping of sediments about 8 km
from our sampling site. We consider 8km to be enough of
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number 2 is Lake Méalaren.

FIGURE 1 | Maps showing the location of the three investigated sites Bréviken, Himmerfjarden, and Adfj'arden in the Baltic Sea. Number 1 is Motala strém and

TABLE 1 | Retrieved sediment cores from Bréviken, Himmerfjarden, and ,&dfjérden.

Site Core label Date Equipment Water depth (m) Core length (m) Lat Long

Braviken GC1212 June 2012 Gravity corer 23.9 0.70 N58°38.834 E16°23.636'
Braviken PC1205 June 2012 Piston corer 24 4.5 N58°38.832 E16°23.664'
Himmerfiarden GC1219 June 2012 Gravity corer 45 0.77 N58°59.629" E17°43.291
Himmerfjarden PC1208 June 2012 Piston corer 441 5 N58°59.616" E17°43.295
Adfjarden UPPBA June 2014 Piston corer 28 ca3 N59°00.573' E18°02.282
Adfjarden UPP6C June 2014 Gravity corer 28 0.67 N59°00.570" E18°02.279
Adfjérden UPP6D June 2014 Gravity corer 28 0.72 N59°00.570/ E18°02.289

a buffer zone not to disturb our cored site. Norrképing has
a long history of industries, starting with iron and weapon
manufactories in the seventeenth century. During the eighteenth
century the metal industry was declining due to the peace,
while the textile and paper industries were on the rise (Gejvall-
Seger, 1978). These two industries dominated the area during
the nineteenth century, with several paper mills located in
Norrkdping and its surroundings (Sjunnesson and Wahlberg,
2003). Norrkoping has continued to be an important industrial
city during the twentieth century. Today, the ecological status
of the outer part of Braviken is moderate, while the inner parts
are considered having poor ecological status (Vatteninformation
Sverige, 2018), and hence heavily affected by eutrophication.

Himmerfjarden

Himmerfjirden (N58°59.616, E17°43.295') is an estuary of ca
30 km?, located ca 40km south of Stockholm. The bathymetry
of Himmerfjirden is steep since the estuary is the result
of a tectonically induced fault in the bedrock. Threshold
depth at the inlet is ca 15m, and the maximum and mean
water depths are 45 and 17 m, respectively. Salinity is ca 6-
7 in the surface, with slightly more saline bottom waters. In

2011, macrophyte cover was investigated at several sites in
Himmerfjarden (Swedish Metrological Hydrological Institute,
2018). At 2 meters depth Cladophora spp. were dominating, and
below 3 meters filamentous brown algae (Ectocarpus/Pylaiella
spp.), attached to Fucus vesiculus were covering the seafloor.

The third largest lake in Sweden, Lake Mailaren, has its
main outlet in Stockholm, but is also drained through a lock
in Sodertilje, into the Himmerfjirden estuary (Elmgren and
Larsson, 1997). The lock opened in 1819, and was rebuild in
1924 (Nordstrom, 1968). Prior to the opening of the lock, Lake
Milaren was isolated from the Baltic Sea since around 1200 CE
(Douglas Price et al., 2018). The drainage area for Himmerfjirden
is 1,286 km?, of which ca 20% is arable land (Elmgren and
Larsson, 1997). Sodertdlje is the major urban area, located
upstream from Himmerfjirden estuary. During the nineteenth
century several industries were established in Sodertélje and they
expanded and became more numerous in the early twentieth
century. This enabled population growth in Sodertélje and the
vicinities, especially during the 1940s (Nordstrom, 1968). Today
Sodertilje has a population of ca 70,000 residents. According to
the Swedish Maritime Administration, 2700 commercial ships
and 9000 leisure boats passes through Himmerfjiarden, in and out
of Lake Milaren, every year.
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In 1974 the sewage treatment plant, Himmerfjardsverket,
opened with ca 90,000 people connected, using the
Himmerfjirden estuary as recipient. Since the opening, there has
been several full-scale experiments with nutrient discharge in the
bay, and the water quality in Himmerfjirden has been closely
studied in the environmental monitoring of the recipient, with
respect to e.g., nutrient levels, redox conditions of bottom waters,
and phytoplankton biomass (Elmgren and Larsson, 1997; Savage
et al., 2002). Today the sewage treatment plant serves ca 314,000
people and most of the wastewater from the southern suburbs
of Stockholm end up here (Winnfors, 2009). Himmerfjarden is
at present affected by eutrophication and is classified as having
moderate ecological status (Vatteninformation Sverige, 2018).

Adfjarden

Adfjirden (N59°00.573', E18°02.282’) is located in the southern
part of Stockholm archipelago, ca 30 km south of Stockholm. This
water basin has an area of ca 5 km?, a maximum water depth
of 30m, and thresholds in the north and south are 12 and 19 m,
respectively. Salinity in the basin is ca 6, with more freshwater
surface waters during winter and spring months. The national
environmental monitoring program has no site in Adfjarden,
and therefore there is almost no such data available for this site.
Epibenthos was investigated once in 2011 on the eastern side of
Adfjirden. At 7 meters depth Blue mussels, Mytilus edulis, and
the red algae Coccotylus truncatus were dominating the seafloor
(Swedish Metrological Hydrological Institute, 2018).

Adfjirden is surrounded by mainland and islands, which
are characterized by a thin soil cover and bare bedrock. The
vegetation is typical for the archipelago with sparse, mixed forests
and some, not extensive, agricultural land. There are no urban
areas within the drainage area nor fairway through Adfjarden,
which means it is relatively unaffected by boat traffic. This
site is sheltered with about 10km of archipelago separating it
from the open Baltic Sea. Also Adfjirden is classified as having
moderate ecological status and is thus affected by eutrophication
(Vatteninformation Sverige, 2018).

MATERIALS AND METHODS
Sediment Coring and Handling

The geographic locations of the sites were selected based on
the bathymetry of the basins i.e., the deepest part of a basin
is assumed to have recorded the most expanded and complete
sediment sequence. All sites cored were positioned by the ships
(R/V Skagerak and M/S Fyrbyggaren) GPS position system
(Table 1). The long cores from each site (PC1205, PC1208, and
UPP6A) were retrieved by a 3 or 5-meters long piston corer (PC)
using 20 to 30 kg of lead weights and a freefall of 0.5 meter. PVC
liners with an inner diameter 4.6 cm were used. After retrieval
the cores were cut into 1 m (respective 1.25m) long sections,
sealed with end caps, marked and stored cold for later analyses
in the laboratory.

To also recover the topmost soft and unconsolidated
sediments the long piston cores were supplemented using a
short, 1 m long, gravity corer (GC) with an inner diameter of
8cm (GCl1212, GC1219, UPP6C, and UPP6D, Table1). The

GC’s were sliced into 1cm slices, marked and stored in plastic
Ziploc bags. For Adfjirden, a second short core (UPP6D) was
collected and pushed out on deck, where it was documented by
photography. The number of laminas were estimated by counting
of the laminas visual to the naked eye.

All sediment core sections were stored in the cold room before
opening. In the laboratory, the piston core liner sections were
opened by cutting them lengthwise. One half of the core was
placed into a core tray for visual inspection and documentation,
both as written core description and by photography. This core
section was then put back into the cold room and stored as
a reference half. The other half of each core section was used
for sub-sampling for radiocarbon dating, diatom stratigraphy,
and geochemistry.

Dating, Core Correlation, and

Age-Depth Modeling

Sediment samples were sieved using a mesh size of 250 pm for
datable macrofossils. Found macrofossils were examined under a
stereo microscope when needed, determined to species, or genus
level when possible and dried in an oven at 40°C before dating.
A total of 13 macrofossil samples, both terrestrial and marine,
have been dated by radiocarbon accelerator mass spectrometry
(AMS) at the Radiocarbon Dating Laboratory, Lund University,
Sweden and at Beta Analytical, USA. The results are summarized
in Table 2. Sample LuS11138 from Braviken was excluded from
the age-depth modeling as it was impossible to calibrate due to
its young age.

The age-depth modelings were performed using the age-
modeling software CLAM version 2.2 (Blaauw, 2010) by the
means of applying a smooth spline curve between dated levels
with 10,000 iterations. The marine samples were calibrated
using a custom-built calibration curve with a AR of —135 +
40 to compensate for the regional offset from the Marinel3
calibration dataset (Reimer et al., 2013). The chosen AR
is a mean based on the values for AR for clams, both
suspension and deposit feeders, in three study sites relatively
close to Braviken, Himmerfjirden, and Adfjirden as reported
in the Marine Reservoir Correction Database (http://calib.org/
marine/), Map No 1710, 1717, and 1718 (Lougheed et al., 2013).
In the case of Braviken and Himmerfjarden with both marine
and terrestrial macrofossils in the dataset, radiocarbon ages
derived from terrestrial macrofossils were calibrated separately
using CLAM and the IntCall3 calibration dataset (Reimer
et al,, 2013) and entered as calendar years at the age-depth
modeling. Adfjirden contained only terrestrial macrofossils
and was therefore age-depth modeled using the IntCall3
calibration dataset.

Gamma Dating Center, Institute of Geography, University
of Copenhagen has analyzed the short gravity cores for
the activity of 2!°Pb and !'¥’Cs via gamma spectrometry.
The measurements were carried out on Canberra ultralow-
background Ge-well-detector. '37Cs measurements of cores
UPP6A, PC1205, and PC1208 were carried out at the Leibniz
Institute for Baltic Sea Research Warnemiinde (IOW) using
Canberra detectors (GCW4021-7500SL-RDC-6-ULB).
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TABLE 2 | Dating results.

Site Core Lab ID Depth Corrected Material dated 14c age Error Calibrated age Min Max
bsf (cm) depth bsf (cm) (years BP) (years BP) (years BP) (years BP)
Braviken PC1205  LuS11138 63-64 77-78 Clam (Macoma baltica) 355 40 126 -5 256
Braviken PC1205  LuS11139 150-152 164-166  Fragments of leafs 300 35 405 290 520
Braviken PC1205  LuS11588 248-250 262-264  Fragments of algae 1180 45 833 735 930
Braviken PC1205  LuS11589 329 343 Plant remnant (probably 1455 40 1351 1240 1462
Poaceae sp.)
Braviken PC1205  LuS11141 360-362 374-376  Fragments of algae 1825 70 1498 1315 1681
Himmerfjarden PC1208 Beta418048 139 165 Clam (Macoma baltica) 220 30 59 -5 123
Himmerfiarden PC1208  Beta418049 218 244 Clam (Macoma baltica) 560 30 361 282 440
Himmerfiarden PC1208  Beta418050 320 346 Shell fragments 1620 30 1273 1190 1355
Himmerfiarden PC1208 Beta418051 447 473 Plant remnant, seeds 3000 30 2865 2773 2957
Adfjarden UPPGBA LuS11132 90-91 124-125  Seeds (Betula sp.) 950 55 850 745 955
Adfjérden UPPGA LuS11133 110-112 144-146 Fragments of leafs 1155 35 1078 981 1175
,&dfjérden UPP6A LuS11135 160-162 194-196 Plant remnant 1715 35 1630 1,654 1,705
Adfjérden UPP6A LuS11137 280-282 314-316 Plant remnant 2440 70 2534 2354 2714

Dated material have when possible been identified to genus or species level.

Constant Rate of Supply (CRS) method was applied for the
upper parts of the cores using the modified method by Appleby
(2001). Apart from the *’Cs signal deriving from the Chernobyl
accident in 1986 CE we have also included the increase in
137Cs-curve attributed to the nuclear weapons testing dated
to ca 1960 CE in the age determination. The lower parts of
the cores were dated by a linear regression assuming constant
sediment accumulation.

For mercury measurements at the IOW we used a DMA-
80 analyzer from MLS Company. Data were calibrated against
CRM (BCR) 142R certified reference material and SRM 2709 soil
standard using 5 concentration steps covering a range from 5 to
500 ng Hg. Sample weights were between 20 and 100 mg. For
further analytical details and details regarding quality assurance
see Leipe et al. (2013).

Correlations and estimations of offsets between long and short
cores are based on matching of the mercury (Hg) and the 137Cs
profiles in both the short gravity cores and the long piston cores
(Figure 2). To further strengthen this correlation we used two
137Cs markers, 1960 CE and 1986 CE, as fix-points in addition
to the Hg-curve, an approach successfully applied to offshore
Baltic Sea sediments (Moros et al., 2017). It was then possible
to construct a complete splice sediment sequence for each site.
Based on this splice sequence the ages from the 2!°Pb dating were
added to the age dataset and entered into CLAM as calendar
years and thus been included in the age-depth models. Using
these 21°Pb ages it has been possible to determine the sediment
accumulation rate in the upper part of the sediment sequence
which is too young for the radiocarbon dating method, and to
achieve similar sedimentation rates in the overlapping intervals.
These correlations show that between 14 and 34 centimeters of
the very soft water saturated sediments were “lost” in the top of
the long piston cores. All ages discussed in the following refer to
calibrated ages in years CE.

Geochemical Analyses

For the analyses of organic carbon (Corg), nitrogen (N) and
stable isotopes 3'3C and 3'°N all samples were run twice to
detect carbonates in the sediment. However, no carbonates were
detected in any of the samples. A quantity of 7-8 mg of freeze-
dried, grinded, and homogenized sediment were put in tin and
silver capsules. The tin capsules were immediately sealed. In
the silver capsules, ca 100 pl of 2M HCI was added to remove
carbonates, and the samples were dried overnight at 60°C. The
silver capsules were then sealed the next day. The samples were
analyzed in a Finnigan DeltaV advantage mass spectrometer
connected to a CarloErba NC2500 elemental analyzer through a
ConfloIV open split interface. The carbon and nitrogen isotope
measurements were normalized to the Vienna PeeDee Belemnite
and atmospheric N according to (%o) = [(Rsample - Rstandard)
/ Rstandard] x 1,000. Accuracy of the Corg and N measurements
was 0.01%, and the precision was +/—0.09 and +/—0.02% for
Corg and N, respectively. Precision of the stable isotopes 8'*C and
81°N measurements was +/—0.15%o, and the accuracy was 0.04
and 0.05%o for 8!°C and 8!°N, respectively. The same methods
as well as similar instruments and pretreatment of samples have
previously been used for Baltic Sea sediments (e.g., Voss et al,,
2000; Jokinen et al., 2018; Ning et al., 2018). A total of 50
subsamples were analyzed from Braviken, 55 subsamples from
Himmerfjirden and 35 subsamples from Adfjirden.

The 3'3C values were corrected for the depletion in
atmospheric 3'3C since 1840 CE due to fossil-fuel burning, the
so called “Suess effect” (Keeling, 1979). We used the equation
from Verburg (2007) to calculate the modeled 8'3Cyp, for a given
year, which was then subtracted from the modeled 813Cyim for the
year 1840 CE. This time-dependent depletion of 813Cym was then
added to the measured 813C0rg of our samples. The geochemical
analyses were carried out at the Stable Isotope Lab, Department
of Geological Sciences at Stockholm University.
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Diatom Analysis

For each subsample, a quantity of ca 0.1 g freeze-dried sediment
was prepared according to standard procedures (Battarbee,
1986). After the last rinse 1 ml of a microsphere stock solution
with a concentration of 5.5603 x 10° microspheres/ml was
added. Diatoms were analyzed under light microscope using
differential interference contrast and magnification x 1,000
with oil immersion. Counting of diatom valves was carried out
according to the method described by Schrader and Gersonde
(1978). A minimum of 300 diatom valves were counted at each
level. Floras used for identification include Cleve-Euler (1951-
1955), Krammer and Lange-Bertalot (1986-1991), Snoeijs (1993-
1998), and Witkowski et al. (2000). Concentration of diatom
valves was calculated according to the method described by
Battarbee (1986). A total of 33 subsamples were prepared and
analyzed from Bréaviken, 24 subsamples from Himmerfjirden
and 33 subsamples from Adfjirden.

Due to a large amount of broken valves, Epithemia adnata,
Epithemia sorex, and Epithemia turgida were merged into
Epithemia aggregate. This will not affect the interpretation, since
all these Epithemia species have similar ecology in terms of life
form (epiphytic) and salinity tolerance (brackish to brackish-
freshwater) (Snoeijs, 1993-1998). Diatoma moniliformis and
Diatoma tenuis are both common in coastal waters of the
Baltic Sea. Diatoma moniliformis is an epiphyte, while Diatoma
tenuis constitutes a large part of the coastal plankton (Snoeijs
and Potapova, 1998). Our samples showed a gradual transition
between these two species and it was in many cases not possible
to assign the valves either as Diatoma moniliformis or Diatoma

tenuis. These taxa are also known to hybridize (Snoeijs and
Potapova, 1998), and many of the valves in our samples were
possible hybrids. We have chosen to present them as Diatoma
aggregate. Based on data from the environmental monitoring we
know that Diatoma tenuis is found in the plankton of Braviken,
and we have therefore chosen to interpret this species complex
as pelagic. This interpretation also fits well with the other results
since the increase in Diatoma aggregate is simultaneous to
increases in other pelagic taxa. Vegetative cells of Skeletonema
and Chaetoceros spp. were counted when possible but left out
from the base sum of diatom relative abundance because of mass
blooms in some levels and fluctuating preservation due to their
very thin frustules.

The diatom results were assembled and cluster analyses were
performed using the software Tilia and CONISS (Grimm, 1987).
To detect trends and compositional changes in the diatom dataset
over time, a Detrended Correspondence Analysis (DCA) was
performed on the relative abundance data for each core for taxa
with more than 3% in a single sample, using the rioja package
(Juggins, 2015) in R 3.5.1 (R Core Team, 2018). Species richness
was calculated using rarefaction analysis in the vegan package
(Birks and Line, 1992; Oksanen et al., 2015).

RESULTS
Age-Depth Modeling

It has been possible to construct calendar years age-depth models
based on the splice sediment sequences and by merging the
4C and the 2!°Pb ages together in the calibration dataset
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(Figure 3). No apparent hiatuses have been detected and the
splice records can therefore be considered having recorded a
continuous sedimentation throughout their respective time span.
The highest sedimentation rate, 15-20 mm/year, is recorded in
the upper part of the core from site Himmerfjarden but also
Bréviken displays a high (ca 10 mm/year) sediment accumulation
rate in the upper part. The recorded sediment accumulation rate
at site Adfjirden is lower, 6 mm/year. Downcore, from ca 50-
100 cm, the sediment accumulation rates decrease significantly
and varies between 1 and 3 mm at all sites.

Lithology

The lithologies of the sediment cores from Braviken,
Himmerfjirden, and Adfjirden are illustrated in Figure 4.
Braviken (PC1205) consists of mud, laminated the upper
ca 80cm below sea floor (bsf), and homogeneous down to
ca 210cm bsf. The rest of the core is laminated to sulfide
banded/stained. Himmerfjarden (PC1208) consists of distinctly
laminated mud in the upper ca 120 cm, the laminae thickness
varies between a few mm to 2cm. The following meter is
weakly/diffusely laminated (laminas on mm-scale). From ca
220 cm bsf the sediment is homogeneous with increased amount
of silt downcore. Adfjirden (UPP6A) consists of mud, distinctly
to weakly laminated the upper ca 80 cm bsf, and very weakly to
diffusely laminated further downcore. The 72 cm long parallel
gravity core sampled in Adfjirden (UPP6D) was laminated
throughout, and the laminas were visually counted to 120 = 10.

Geochemical Analyses

The results from the geochemical analyses (Corg, N, C/N ratio,
and stable isotopes 8!3C and 8!°N) are plotted vs. depth cm bsf
in Figure 4. Cog varies between 1 and 3% in all cores. Braviken
shows stable values of ca 2% throughout the core. Himmerfjarden
displays values of 1-2% in the bottom part of the core, and higher
values of ca 3% from 350 cm bsf. Adfjirden shows values of
3.5%, with lower values of ca 2.5% from ca 150 cm bsf. As for
nitrogen, Braviken shows stable values of 0.2% throughout the
core. Himmerfjirden displays values of ca 0.1% in the bottom
part of the core, and higher values of ca 0.3-0.4% from 350 cm
bsf. Adfjirden shows values of ca 0.5 %, with lower values of ca
0.4% from ca 150 cm bsf. C/N ratios in all cores ranges between
ca 7 and 11, with decreasing values toward the top in Braviken
and Adfjirden, from ca 9-10 to 7-8. Stable isotope 8!*C shows
relatively stable values in Braviken of ca —24%o, with slightly
lower values of ca —25%o from ca 150 cm bsf. In Himmerfjarden
there is an increasing trend throughout the core, from values of
ca —24 to —22%o in the top. Adfjirden shows values of ca —22%o,
and from ca 130 cm bsf lower values of ca —23%o. Stable isotope
815N shows the same pattern in all three cores with values of
ca 3%o in the bottom part of the core, and then an increasing
trend toward the top. In Bréaviken, the increasing trend starts
at ca 150 cm bsf with values of 6 to 7%o toward the top. In
Himmerfjirden, the increasing trend is visible from ca 200 cm
bsf with values of ca 6%o in the top. In Adfjirden this increasing
trend starts at 50 cm bsf and continues to values of ca 4%o.

The Diatom Records

In total 177 taxa were identified Braviken,
116 in  Himmerfjirden and 160 Adfjirden
(Supplementary Tables 1-3). The time resolution for diatom
samples varies between sites and with depths in the stratigraphies,
from <10 years to 100-200 years (244 years is the maximum
time between two samples). The taxa occurring with a relative
abundance of at least 5% in one level are divided into benthic
and pelagic taxa and plotted in order of first appearance in
Figures 5-7. Based on the cluster analyses and visual inspection
of the taxa in the diagrams, each stratigraphy is divided into two
local diatom assemblage zones (Bra 1-2, Him 1-2, and Ad 1-2).
Site by site these zones are described below.

in
in

Bréaviken

This site is dominated by benthic taxa up to about 120 cm bsf
(~ 1800 CE), where the diatom composition changes to being
dominated by pelagic taxa (Figure5). The concentration
of diatom valves show an increasing trend throughout
the stratigraphy.

Brd 1, 367-115cm bsf, ~500-1830 CE: This part of
the stratigraphy is dominated by benthic taxa, for example
Rhoicosphenia curvata, Epithemia aggregate, Opephora mutabilis,
and Amphora pediculus. The pelagic taxa are dominated by
Aulacoseira species; A. ambigua (which shows a decreasing
trend), A. islandica and A. subarctica. Pauliella taeniata is present
in this zone with two peaks at 360 and 270 cm bsf, followed by
a decline. Other pelagic taxa present in this zone include for
example Thalassiosira levanderi, Cyclotella choctawhatcheeana,
and Melosira arctica.

Brd 2, 115-0cm bsf, ~1830-2012 CE: This zone shows
a dramatic decrease in benthic taxa, simultaneously to an
increase in pelagic taxa, consisting mostly of Diatoma aggregate.
This species complex shows a maximum of 60% at ca 70 cm
bsf. Benthic taxa that decrease throughout this zone includes
for example R. curvata and Epithemia aggregate. In the
upper ca 70cm bsf small pelagic taxa such as Thalassiosira
proshkinae, Stephanodiscus medius, Stephanodiscus parvus, and
Stephanodiscus minutulus are increasing. Also, P. taeniata
increases to relative abundances similar to those before the
decrease in zone Brd 1. A. subarctica show higher relative
abundances toward the top of the stratigraphy.

Himmerfjarden

This site is dominated by pelagic taxa, with the exceptions in
three levels at 170-210cm bsf (~1520-1730 CE) (Figure 6).
The concentration of diatom valves shows an increasing trend
upwards throughout the stratigraphy.

Him 1A, 359-227cm bsf, ~400-1570 CE: P. taeniata
dominates this zone with relative abundances of ca 20-50%.
C. choctawhatcheeana is present with relative abundances of ca
15-20%. T. levanderi shows an increasing trend followed by a
decrease in this zone. T. proshkinae is also present in this zone
with relative abundances of ca 2-5%. Benthic taxa present in this
zone is for example Epithemia aggregate, R. curvata, Cocconeis
placentula, A. pediculus, and Planothidium delicatulum.
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Him 1B, 227-110cm bsf, ~1570-1950 CE: At the bottom
of this zone many benthic species show a maximum in their
relative abundance, for example Epithemia aggregate, R. curvata,
C. placentula, A. pediculus, and P. delicatulum. From the peak
of benthic taxa at ca 220 cm bsf, these taxa show a continuous
decrease throughout this zone, simultaneous with an increase in
pelagic taxa. The pelagic assemblage is dominated by the same

taxa as in Him 1A but with slightly higher relative abundances of
M. arctica, and Diatoma aggregate.

Him 1C, 110-53 cm bsf, ~1950-1984 CE: The decrease in
benthic taxa continues in this zone, while pelagic taxa such as
T. levanderi, T. proshkinae and Diatoma aggregate increases. The
ice associated species M. arctica has its maximum occurrence in
this zone.
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Him 2, 53-0cm bsf, ~1984-2012 CE: The topmost part of
the Himmerfjarden stratigraphy is characterized by a drastic
increase in C. choctawhatcheeana. The relative abundance of

P. taeniata co-varies with C. choctawhatceeana, and also shows
maximum values in this zone. Thalassiosira baltica, T. levanderi,
and T. proschkinae are present and show their maximum relative
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FIGURE 7 | Diatom diagram for the site ,&dfjérden. For details see legend to Figure 5.

abundances in Him 2, as well as Diatoma aggregate. All benthic
taxa are decreasing and/or disappearing in this zone.

Adfjarden

This site is dominated by benthic taxa up to Ad 2, which is then
instead dominated by pelagic taxa (Figure 7). The concentration
of diatom valves shows relatively stable values up to Ad 2, where
the concentration dramatically increases.

Ad 1A, 310-140 cm bsf, ~530 BCE —800 CE: This zone is
dominated by benthic taxa, for example Epithemia aggregate,
R. curvata, Cocconeis scutellum, C. placentula, and Tabularia
fasciculata. P. taeniata is present with relative abundances of ca
20-40%. T. levanderi shows an increase followed by a decrease
from ca 230 cm bsf. C. choctawhatcheeana is present in this zone
with relative abundances of ca 0-5%.

Ad 1B, 140-45cm bsf, ~800-1920 CE: In this zone
A. pediculus and O. mutabilis show their maximum
occurrence. Simultaneously C. scutellum and T. fasciculata
have decreased compared to zone Ad 1A. Toward the top
of this zone several pelagic taxa are increasing, e.g., T.
levanderi, C. choctawhatcheeana, and Diatoma aggregate.
C. choctawhatcheeana also shows a minor increase already at the
bottom of this zone.

Ad 2, 45-0 cm bsf, ~1920-2014 CE: The topmost part of the
Adfjirden stratigraphy is characterized by a drastic decrease in
benthic taxa, e.g., Epithemia aggregate and R. curvata. Up to
this level, benthic taxa have been dominating with percentages
of ca 50-70%. This now drops to values of ca 20-30%. The
pelagic taxa dominating this zone are P. taeniata, T. levanderi,

and C. choctawhatcheeana. This shift in the diatom assemblage is
simultaneous with the increase in concentration of diatom valves
in the sediment.

DISCUSSION

Geochemical Proxies and Lithologies

In the Baltic Sea stable nitrogen isotope (31°N) values at the
sediment surface are generally higher in coastal areas (5-13%o)
than in the open Baltic Sea (3-5%o0) (Voss et al., 2000, 2005).
The cause for the elevated values in coastal areas is suggested
to be anthropogenic nitrogen delivered by rivers and diffuse
runoff (Voss et al., 2005). Our results show that all three sites
have low values of ca 2-3%o until a point from which they
start to increase toward present day (Figures 4, 8). In Braviken
and Himmerfjirden an early slight increase is recorded already
from ca 1700 CE and 1600 CE, respectively. A more pronounced
increase starts ca 1800 CE at these two sites and continues to
values of ca 6%o toward present day. In Adfjarden an increase
in sedimentary 8'°N is visible from ca 1900 CE. However, at
this site the values never exceed 5%o, which suggests that this
site is to a lesser degree impacted by anthropogenic nitrogen.
Savage et al. (2010) have studied the drivers of eutrophication
in an embayment in the northern part of Himmerfjarden. Their
core dates back to ca 1800 CE, and records elevated 8'°N values
from early nineteenth century. The early changes in our record
from Himmerfjirden with respect to §!°N are not captured in
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and Harland et al. (2013).
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FIGURE 8 | Summary figure showing axis 1 sample scores from a Detrended Correspondence Analysis (DCA), the pelagic/benthic (P/B) ratio, diatom species
richness, and changes in the nitrogen stable isotope $15N. DCA axis 1 summarizes trends and compositional changes in the diatom dataset over time. Medieval
Climate Anomaly and Modern Warm Period are marked in red, and Little Ice Age in blue. These time periods are defined as by Mann et al. (2009)

their study, since the values from 1800 CE are interpreted as
background levels.

Due to the differences in carbon sources for phytoplankton
and land plants, they produce organic matter with different stable
carbon isotope (3'°C) values. Marine phytoplankton produce
organic matter with 3'3C values of —18 to —22%o, while land
plants show values of —25 to —28 %o (Kandasamy and Nagender
Nath, 2016 and references therein). The 33C values from
Braviken, Himmerfjarden, and Adfjirden (Figure 4) lie between
these two intervals with values of ca —22 to —25%o, indicating
that the origin of the organic material derives both from
terrestrial plants and marine phytoplankton. In Himmerfjarden
there is a decrease in §!°C toward the top, suggesting increased
primary production at this site. However, in a coastal and
brackish system where the primary producers are a mixture
of marine and freshwater algae, the interpretation of §*C
becomes more complicated. According to Lamb et al. (2006)
813C values of land plants and freshwater algae overlaps, land
plants displaying values of —21 to —32%o, and freshwater algae
—26 to —30%o. The C/N ratio can then aid in interpreting the
sources of organic matter. Since terrestrial plants consists to
a high degree of nitrogen-poor cellulose and lignin, the C/N
ratios are usually >12. In algae the C/N ratios are <10. The
C/N ratios from Braviken, Himmerfjirden, and Adfjirden are
all in the range of 6-10, suggesting that the origin of organic
material in these sediments mostly derives from algae, i.e.,
is produced in the basin (Lamb et al, 2006). Braviken and
Adfjarden display a decrease in C/N ratio in the topmost part
of the cores, which could indicate even less input from land,
or, more likely, higher primary production in these coastal
waters. However, Lamb et al. (2006) also points out that even
with the help of C/N ratio, it can be difficult to distinguish

the sources of organic material in coastal areas with high
algal production.

Laminated sediments have proven to be a useful proxy
for hypoxia in the open Baltic Sea (Zillén et al, 2008
and references therein). Absence of major benthic fauna
and bioturbation under hypoxic conditions facilitates the
preservation of laminas. However, the lithologies of the cores
from Braviken, Himmerfjirden, and Adfjirden are not as
easy to interpret as the ones from the open Baltic Sea.
Lithologies are shown in Figure4, but these are in some
measure uncertain in the identification of hypoxic intervals
because of presence of diffusely laminated sediments and sulfide
banding. Presumably these results can for example be explained
by seasonal hypoxia and the dynamic nature of the coastal
zone, with redox conditions shifting from oxic to hypoxic
and vice versa. Recolonization events of benthic fauna would
lead to bioturbation of laminated sequences, leaving them
weakly laminated.

Changes in the Diatom Assemblages

The diatom records in this study dates back to ca 400 CE in
Braviken and Himmerfjirden, and to 500 BCE in Adfjirden. We
consider these records to reflect pristine conditions of the sites. In
Braviken and Adfjirden the diatom assemblages are dominated
by benthic taxa, with a high share of epiphytes (diatoms living
attached to algae or submerged plants). These are for example
Epithemia spp., Rhoicosphenia curvata, Cocconeis spp., Amphora
pediculus and Opephora mutabilis. Also in Himmerfjarden these
taxa are present, although in this record, pelagic taxa are
dominating, except for in three levels, corresponding to ca
1520-1730 CE.
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At a certain point in time, all three diatom records start to
display major changes. These trends and compositional changes
over time are summarized in the DCA axis 1 (Figure 8). The
changes in life-form of the diatom taxa is reflected in the
Pelagic/Benthic (P/B) ratio where an increasing trend in the P/B
ratio reflects a decrease in benthic and epiphytic taxa, and a
simultaneous increase in pelagic taxa.

The increasing trend in the P/B ratios starts ca 1900 CE in
Braviken and Adfjirden, and ca 1950 CE in Himmerfjirden
and is likely caused by a deterioration in water transparency,
leading to a loss in benthic habitats, in particular macrophytes.
This interpretation is further supported by the decreases in
epiphytic taxa as illustrated in Figures 5-7. Similar patterns with
increased P/B ratios have been shown in several studies from
the Baltic Sea drainage area (Clarke et al., 2006; Ellegaard et al.,
2006; Weckstrom, 2006; Andrén et al.,, 2016; Ning et al., 2018),
and have been linked to agricultural expansion, industrialization
and urbanization. In addition, several of these studies report a
simultaneous decrease in species richness, also evident in our
study (Figure 8).

The change in P/B ratios is also a result of an increase
in the relative abundance of small centric diatom taxa which
has been recognized in several paleoecological studies from the
Baltic Sea as a response to eutrophic conditions (e.g., Andrén,
1999; Weckstrom, 2006; Tuovinen et al., 2010). In a dataset of
49 shallow embayments from the Gulf of Finland Weckstrom
and Juggins (2006) showed how these taxa clearly increase in
abundance with elevated nutrient levels (>600 pug-L™! for total
dissolved nitrogen and >60 pwg-L~! for total phosphorous).
In the records from Braviken, Himmerfjirden, and Adfjirden,
we register a pattern with increased relative abundances of
small centric diatom taxa toward present day. These taxa
include e.g., Stephanodiscus parvus, Thalassiosira proschkinae,
Thalassiosira levanderi, and Cyclotella choctawhatcheeana, and
this is interpreted as a result of eutrophication at these sites.

Small Stephanodiscus species (in particular S. parvus) are
freshwater species, typical of nutrient-rich lakes (Bradshaw and
Anderson, 2001; Renberg et al., 2001; Bradshaw et al., 2005). S.
parvus and S. medius have been recorded in high abundances
in the eutrophic and brackish Curonian Lagoon in the southeast
Baltic Proper (Snoeijs, 1993-1998). S. medius, S. minutulus, and
S. parvus have increased since the end of the nineteenth century
in Bréaviken, indicating enhanced eutrophic conditions.

The small pelagic taxon Cyclotella choctawhatcheeana is
present in all three sites and is increasing toward present day
in Himmerfjirden and Adfjirden. This species blooms during
warm summer months and has been shown to be an indicator
of eutrophic conditions in the Baltic Sea (Andrén et al., 1999;
Weckstrom et al., 2004) and in Chesapeake Bay, USA (Cooper,
1995). In Himmerfjirden C. choctawhatcheeana shows stable
relative abundances of ca 15-20% until the 1970s—1980s when
this species increases to relative abundances of almost 80% at
some levels. This is attributed to the opening of the sewage
treatment plant in the 1970s. Also Thalassiosira proschkinae
has been found to indicate eutrophication in Chesapeake Bay
(Cooper, 1995), and in a training set from the Gulf of Finland
this species has been shown to respond to high phosphorus levels
(Weckstrom and Juggins, 2006). T. proschkinae is present in

Himmerfjirden from about 400 to 1500 CE when it disappears
and reappear ca 1960 CE. This species is also present in Braviken,
showing an increase toward the end of the twentieth century.

Thalassiosira levanderi has been reported to dominate the
spring bloom together with Pauliella taeniata and Chaetoceros
spp. after winters with extended sea ice and late ice-out
conditions in Himmerfjarden (Hajdu et al., 1997). However, T.
levanderi is hard to interpret since it also seems to respond
to elevated nutrient conditions (Hajdu et al., 1997). It has
also been suggested that this species is more common after
winters with weak or no ice cover (Tuovinen et al., 2010). T.
levanderi is present at all our three study sites, with higher
relative abundances toward the present day. This pattern has
also been reported from a sediment core from the Bornholm
basin (Andrén et al., 2000b). In Adﬁérden this species was more
common during two intervals, ca year 0 CE, and toward present
day. Since both ice extent and nutrient conditions play a role
for the distribution of this species these two events might not
represent comparable environmental conditions. However, these
time intervals correspond to Roman Warm Period and Modern
Warm Period (Wang et al., 2012; Harland et al., 2013), and
our results indicate that this species benefits from conditions
that prevail during warmer periods, e.g., with respect to salinity,
stronger stratification, or nutrient availability.

Pauliella taeniata is very common in the plankton of the Baltic
Sea (Snoeijs, 1993-1998). This species has also been shown to
live in and on sea ice (Hajdu et al., 1997). With the exception of
Himmerfjirden, this species shows an increasing trend toward
the present day. The same general pattern has been reported
from Gotland basin (Andrén et al., 2000a). P. taeniata shows
its lowest relative abundances ca 1250-1950 CE in Braviken, ca
1650 CE and from 2000 CE in Himmerfjirden, and ca 1850
CE in Adfjirden. Nothing in our data indicates that P. taeniata
reflects ice conditions, but this species probably responds to
some other environmental variables such as nutrient availability,
stratification or upwelling.

Aulacoseira islandica, Aulacoseira subarctica, and Aulacoseira
ambigua are freshwater species that are common in Braviken
throughout the stratigraphy. Aulacoseira spp. form colonies, the
frustules are heavily silicified and have a fast sinking rate (Lotter
etal., 2010). Due to this, Aulacoseira spp. are favored by nutrient
upwelling and turbulent waters (Wang et al., 2008). It has been
recorded from lakes in regions with pronounced warming during
the last century that heavily silicified Aulacoseira spp. decrease
in abundance (Riihland et al., 2008). However, it has also been
reported from a lake in the southern part of Kamchatka peninsula
that A. subarctica did not do well in years with ice cover. This
species need wind induced mixing and thrives during years when
thermal stratification was delayed by cold and windy weather
(Lepskaya et al., 2010). In Braviken the recorded pattern indicates
higher relative abundances of Aulacoseira spp. during the last 50
years and the MCA than during the LIA. This could be attributed
to changes in the extension and duration of sea ice, but also
to decreased river discharges during the LIA (Schimanke and
Meier, 2016). Low levels of river discharges affect the salinity,
but would also reduce the availability of silica in the Baltic
Sea, which could have a negative effect on the heavily silicified
Aulacoseira spp.
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Baltic Sea Environmental Deterioration in a

Long-Term Perspective

It has been suggested that the extensive areal distribution of
hypoxia in the open Baltic Sea during the MCA, and the following
re-oxygenation event was caused by fluctuations in land use,
as a result of demography changes in the drainage area (Zillén
and Conley, 2010). The results from Bréviken, Himmerfjirden,
and Adfjirden indicate that conditions in the coastal zone were
not severely altered during the MCA (Figure 8). Since land use
changes likely will influence the coastal zone first, before possible
effects are registered in the open Baltic Sea, our results indicate
that the changes in redox conditions in the open Baltic Sea during
the MCA and the LIA were not caused by human activities
on land. Land use changes during the last millennium might
have affected the coastal ecosystems slightly. However, as the
coastal areas were not heavily affected, it is unlikely that changes
in demography and land use would have had major effects
on development and persistence of hypoxia in the open Baltic
Sea. This interpretation is further supported by results from
Jokinen et al. (2018) and Ning et al. (2018). The extensive areal
distribution of hypoxia in the open Baltic Sea during the MCA
was more likely caused by the warmer climate. A warmer climate
enhances stratification, which sustains hypoxia and anoxia in
deep waters (Kabel et al., 2012).

In Braviken the first signs of eutrophication are recorded
ca 1800 CE. This is reflected in the increase in 3°N and
in changes in the diatom assemblages, as illustrated by DCA
axis 1 (Figure 8). Eutrophication of Braviken could have been
a direct result of the paper and textile industries and their
discharges, intensified agriculture in the large drainage area, or
an interaction of both causes. In Himmerfjirden the earliest sign
of eutrophication is the increase in §'°N, starting ca 1800 CE. The
eutrophication signals in Himmerfjdrden get more pronounced
from ca 1900 CE, with the decrease in diatom species richness,
and from ca 1950 CE the increase in P/B ratio is recorded
(Figure 8). This corresponds to the expansion of Sodertilje and
the industries in this area, during the 1940s. The opening of the
sewage water treatment plant in 1974 is distinct in the diatom
stratigraphy from Himmerfjarden, as reflected in DCA axis 1.
In Adfjirden the eutrophication signals are recorded from ca
1900 CE. This site is the most remote and “pristine” of the three
sites in this study, with no urban area or extensive agriculture in
its vicinity.

In a sediment record from the Swedish east coast dating
back to 900 CE Ning et al. (2018) interpreted more eutrophic
conditions from ca 1850 CE using the stable nitrogen isotope
record. The diatom data in this study shows an increase in the
P/B ratio starting ca 1900 CE. A study from the Archipelago Sea
traced hypoxia and eutrophication in a record covering more
than 1500 years (Jokinen et al., 2018). They report elevated
815N values from ca 1900 CE. Both these studies show similar
trends as those we have recorded in Bréviken, Himmerfjirden
and Adfjirden, although Braviken, and Himmerfjirden show
signs of eutrophication even earlier, around 1800 CE. Our results
highlight the importance of a longer time perspective than the
environmental monitoring can provide. Additional methods are
needed in order to determine reference conditions and our

studies of sediment cores have shown that this type of archives
have great potential to fill the current knowledge gaps.

CONCLUSIONS

e We find no evidence in our data supporting that the extensive
distribution of hypoxia in the open Baltic Sea during the
Medieval Climate Anomaly was caused by human activities
on land.

e The onset of eutrophication, as identified from stable nitrogen
isotopes and changes in diatom composition, dates to ca
1800 CE in Braviken and Himmerfjirden, and to ca 1900 CE
in Adfjarden.

e The ecosystem deterioration that have occurred in our three
investigated coastal sites during the last two centuries and that
have escalated during the twentieth century is unique in a
thousand year perspective.

e The onset of these ecosystem changes is site dependent and
reflects the local history and geography of the drainage areas.

e Our study highlights the importance of a long time perspective
in the management of the Baltic Sea.
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Stratification Has Strengthened in
the Baltic Sea — An Analysis of 35
Years of Observational Data

Taavi Liblik* and Urmas Lips

Department of Marine Systems, Tallinn University of Technology, Tallinn, Estonia

Stratification of the water column, consisting of the three layers (upper, intermediate,
and deep layer) separated by the seasonal thermocline and the permanent halocline,
respectively, is an important factor for the functioning of the brackish Baltic Sea. In
the present work, changes in the vertical structure of temperature and salinity, as well
as heat content, salt mass, and stratification conditions were estimated on the basis
of in situ and remote sensing data in 1982-2016. The seasonal thermocline and the
halocline have strengthened in most of the sea by a rate of 0.33-0.39 and 0.70-0.88 kg
m~3, respectively, during 35 years. The upper layer has warmed by 0.03-0.06°C year™
and sub-halocline deep layer 0.04-0.06°C year—" in most of the sea. The total warming
trend in the whole Baltic has been 1.07°C for 35 years, being approximately twice higher
compared to the upper 100 m in the Atlantic Ocean. Average upper layer warming of the
sea from May to September has been 0.07-0.08°C year—' while in winter, trends were
mostly statistically not significant. More rapid warming during summers has occurred in
shallower, closed-end areas of gulfs if compared to the rest of the sea. Possible reasons
for high warming there might be shallow depths and limited water exchange, stronger
stratification, and/or higher turbidity. Sea surface temperature trends estimated by in situ
and satellite data agree well. Trends of freshening (—0.005 to —0.014 g kg~ year—") of
the upper layer and increasing salinity (0.02 to 0.04 g kg~ year—") in the sub-halocline
deep layer were detected. Increased salinity in the deep layer is likely caused by the
increased lateral import of saltier water from the North Sea. Changes in the upper layer
salinity might not be related to the accumulated river runoff only, but decadal changes
of vertical salt flux might also contribute. The vertically distinct changes cancel each
other and no significant trend in the mean salinity of the Baltic Sea was detected. No
remarkable changes have occurred in the cold intermediate layer. In conclusion, different
dominating processes have caused distinct long-term trends in the three layers of the
Baltic Sea.

Keywords: Baltic Sea, salinity, heat content, stratification, climate change

INTRODUCTION

The Baltic Sea is a brackish, shallow sea with limited water exchange and enclosed character. The
sea has strong seasonality and stratification. In winter, the water column is mixed down to the
permanent halocline at depths of 40-80 m, while in summer, the seasonal thermocline and three-
layer structure develop in the sea: warm and fresher upper layer (UL), saltier cold intermediate
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layer (CIL), and saltiest and warmer deep layer (DL). Density
gradients between the three layers have great importance for
vertical fluxes and functioning of the sea in general (BACC
Author Team, 2015). Unlike to open ocean, the contribution
of vertical salinity gradient to the density stratification is as
important as temperature in the Baltic Sea.

Changes in air-sea heat fluxes (Large et al., 2012) have led to
an increase in the upper ocean heat content in recent decades
(Gouretski, 2018). Due to the small volume of the sea, changes
in atmospheric conditions impact the Baltic Sea quite rapidly.
The mean warming trend in the sea surface temperature (SST) of
0.04-0.05°C year~! has been detected in the Baltic Sea covering
1982-2012/13 (Stramska and Bialogrodzka, 2015; Heyer and
Karagali, 2016). There is an inter-annual variability in the SST
(Bradtke et al., 2010), which quite well follows the changes in
air temperature (Tronin, 2017). The warming signal has been
confirmed by in situ observations in coastal stations (Dailidiené
etal,, 2011; Laakso et al., 2018). Available remotely sensed salinity
product (Kao et al., 2018) is not capable of resolving dynamics
in the Baltic Sea. A decline in the SSS has been detected in the
Baltic (Girjatowicz and Swia,tek, 2016), which could have caused
a shift of the threshold salinity for freshwater and marine species
(Vuorinen et al., 2015). The Baltic Sea is very sensitive to wind
forcing. Therefore, long-term trends of sea surface properties
might also be caused by changes in the wind regime. Wind-
induced processes, such as upwellings, movement of fronts and
vertical mixing alter water properties considerably in the sea
(Astok et al., 1999; Lips et al., 2009; Haavisto et al., 2018).

Cold intermediate layer forms in winter due to mixing by
convection and wind stirring of the previous year intermediate
water and the upper layer (Stepanova et al., 2015). Erosion of the
halocline contributes to the formation of intermediate layer water
mass as well during storm events due to wind stirring (Lass et al.,
2003). Water column turn-overs caused by estuarine circulation
reversals (Liblik et al., 2013; Elken et al., 2014) during winters
also enhance diapycnal mixing through the halocline (Lips et al.,
2017). Inter-annual changes of temperature of the CIL depend on
the severity of winter and are well correlated with the NAO (Jones
et al., 1997) and BSI (Lehmann et al., 2002) indexes (Mohrholz
et al.,, 2006; Liblik and Lips, 2011).

Bottom waters of the Baltic Proper, the largest central basin
of the Baltic Sea, are renewed by sporadic barotropic (Fischer
and Matthdus, 1996) and baroclinic (Feistel et al.,, 2006) large
inflows, so-called Major Baltic Inflows (MBI) from the North
Sea. The strong MBIs have been quite rare, e.g., the major event
in 2003 was followed by the strong inflow in December 2014
(Mohrholz et al., 2015). The inflow events can be followed in
the deep layer properties as peaks in time-series. The variations
have a higher amplitude in the south-western Baltic (Rak, 2016;
Mohrholz, 2018) while in the north-eastern Baltic, the signal is
more damped. However, the impact of MBIs is detectable all the
way to the Gulf of Finland (Liblik et al., 2018). Temperature of
the deep layer depends on source water properties of the MBIs
that origin from the North Sea and on mixing with the ambient
water in the Baltic. For instance, after the 2003 MBI arrived
in the Gotland Deep, temperature was <4.5°C (Feistel et al.,
2006), while after the 2014 December and concurrent MBIs, it

was >7.5°C (Liblik et al., 2018). Positive temperature trend in
the deep waters of the Baltic can be expected as warming of
the SST was detected in the North Sea (Hoyer and Karagali,
2016). Reduction of MBIs has been reported since the early
1980s (Fischer and Matthdus, 1996). However, recently, it was
claimed that large volume changes did not decrease (Lehmann
and Post, 2015) and that there is no long term trend in MBI
occurrence (Mohrholz, 2018). Deep waters of the open Baltic
do not penetrate the Gulf of Riga and the Gulf of Bothnia,
which are separated by sills from the rest of the Baltic. Thus,
the permanent halocline does not exist in those basins, and the
direct impact of MBIs cannot be seen there (Hietala et al., 2007;
Skudra and Lips, 2017).

A linear trend is the most straightforward statistical parameter
to describe long-term changes in water characteristics. It misses
the dynamical properties of the time-series, but on the other
hand, it is a widely used standard method. Numerous studies have
shown linear SST trends based on remote sensing data (Bradtke
et al.,, 2010; Lehmann et al., 2011; BACC Author Team, 2015;
Stramska and Bialogrodzka, 2015; Hoyer and Karagali, 2016)
and coastal observations (Dailidiené et al., 2011; Laakso et al.,
2018) in the Baltic Sea. Future predictions are often presented
as differences to a reference period. For instance, a remarkable
increase in temperature (2-3°C) and a decrease in salinity
(1-2 gkg™!) through the three layers are predicted in the deeper
basins for 2069-2098 relative to the reference period 1978-2007
(BACC Author Team, 2015). The motivation of the present study
comes from the fact that most of the available water column trend
studies in the Baltic are dealing with the SST (BACC Author
Team, 2015). In the present study, we estimated the temperature
and salinity trends in the whole water column.

The main aim of the study was to analyze the changes in the
SST of the Baltic Sea on the basis of remote sensing products
and the changes in the water column properties in eight selected
locations around the Baltic Sea on the basis of in situ data in
1982-2016. This period was chosen to have the study period
covered by satellite-derived SST measurements. It allows us to
combine remotely sensed and in situ measurements. There were
four main objectives in this investigation: first, to estimate the
SST trends based on remote sensing and in situ observations
in selected open sea locations in the Baltic; secondly, to reveal
the vertical structure of temperature, salinity and density trends;
thirdly, to estimate the changes in heat and salt content of the sea,
and fourthly, to describe the changes in stratification conditions.

MATERIALS AND METHODS

In situ data from eight areas (red polygons in Figure 1)
around the Baltic Sea from years 1982-2016 were analyzed:
the Gulf of Finland, the Bothnian Bay, the Bothnian Sea, the
Northern Baltic Proper, the Eastern Gotland Basin, the Bornholm
Basin, the Arkona Basin, and the Gulf of Riga. Monitoring
data of Department of Marine Systems at TalTech and its
predecessors were used: data acquired by research vessels in
1982-2016, autonomous vertical profilers (Lips et al., 2016) in
2009-2016 and bottom-mounted devices (Liblik et al., 2013) in
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FIGURE 1 | Bathymetric map of the Baltic Sea with eight selected areas (red polygons) and the western edge of the study area (red dashed line). Color scale shows
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2010-2015. Likewise, available data from HELCOM (Helsinki
Commission) database’ and EU Copernicus Marine Service
Information?® product “Baltic in situ observations yearly delivery
in delayed mode” were used. Measurements, quality assurance
and data processing were in accordance with the HELCOM
Monitoring Manual®.

Two sources of remotely sensed SST were used: (1) EU
Copernicus Marine Service Information® product “Baltic Sea -
Sea surface temperature reprocessed” 1982-2011 and (2)
GHRSST Level 4 GISST Global Foundation Sea Surface
Temperature Analysis® data 2012-2016. The GHRSST data were
interpolated to the Copernicus data grid, which has a spatial
resolution of 0.03°.

Satellite SST data were checked against in situ data in the
upper 2 m layer. Data inside the eight polygons were used.
Satellite-derived SST was linearly interpolated to a location
of in situ measurements. Linear regression slope, correlation,
absolute average error, and bias for the whole satellite data set

lhttp:// ocean.ices.dk/helcom (accessed January 31, 2018).
2http://marine.copemicus.eu/ (accessed January 31, 2017).
Shttp://www.helcom.fi/action-areas/monitoring-and-assessment/manuals-and-

guidelines/salinity-and-temperature/ (Manual for Marine Monitoring in the
COMBINE Programme of HELCOM, 2017).

4http://marine.copernicus.eu/ (accessed October 1, 2018).

Shttps://podaac.jpl.nasa.gov/dataset/JPL_OUROCEAN-L4UHfnd- GLOB-G1SST
(accessed October 1, 2018).

and separately for the two products are shown in Table 1. Strong
correlation between satellite data and in situ data was found.
A smaller absolute average error was found for the Copernicus
data. The Copernicus satellite data had a bias of —0.28°C and
GHRSST data +-0.11°C. In order to avoid a jump between the two
datasets at 2011/2012, we shifted the GHRSST data by —0.39°C.
First, daily mean profiles with a vertical resolution of 10 m
(centered to the depths of 5, 15, 25 m, etc.) were calculated in
each area. Secondly, 10-day mean profiles were calculated, and
from those, the mean seasonal cycle was determined. Next, the
mean seasonal course was subtracted from daily profiles, and

TABLE 1 | Regression, correlation, absolute average error (°C), and bias (°C)
between in situ measurements and satellite-derived SST (°C).

All data Copernicus reprocessed GHRSST*
1982-2011 2012-2016

Regression slope 0.97 0.96 1.00
Correlation 0.98 0.98 0.97
Absolute average 0.68 0.62 0.91
error (°C)
Bias (°C) -0.28 -0.28 -0.28
Number of 13673 10799 2874
observations

*GHRSST data were shifted by —0.39°C after the first comparison with in situ data.
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monthly mean profiles were calculated from deviations. Finally,
yearly mean vertical profiles of deviations were calculated, and
linear trends were determined using these annual averages.
Same calculation steps were applied for each cell of the daily
satellite SST data.

Hypsographic curves for the heat and salt content calculations
were derived from the Baltic Sea Hydrographic Commission
(2013) database. Temperature and salinity trends in eight
areas were extrapolated in respective basins according to the
hypsographic curves with a vertical step of 1 m. For instance,
there is a salinity trend of +0.04 g kg~! y~! in the Eastern
Gotland Basin at 80 m depth. We assumed that this +0.04 g
kg=! y~! change took place in the whole basin at 80 m
depth. Finally, the eight sub-basins were integrated to get the
heat and salt content change profiles for the whole Baltic
Sea. The western edge of the study area in the present work
is shown in Figure 1.

Mean SST trends for the various classes of sea bottom depth,
mean Secchi depth and mean salinity were calculated in the three
areas: the Northern Bothnian Bay, the Eastern Gulf of Finland
and the Bornholm/Arkona area (see locations in Figure 3). Mean
Secchi depth data from March to October 2003-2012 (Stock,
2015) and mean surface salinity from April to October (Janssen
et al., 1999) were used.

Trend values in the present paper were calculated as linear
regressions, and trends were considered significant when the
p-value was <0.05.

It has to be noted that the Gulf of Riga, the Bothnian Bay, and
the Bothnian Sea had less in situ data available compared to other
areas (see Figure 2) and that might be one reason, why trends
there deviate from the rest of the basins.

RESULTS

Trends in Temperature, Salinity, Heat

Content, and Salt Mass

There is a significant positive trend in annual SST all over the
Baltic Sea (Figure 3). In 85.3% of the area, the trend is in the
range between 0.03 and 0.06°C year~!. A higher rate of warming
(>0.06°C year—!) has occurred in the shallower, closed-end areas
of the gulfs, e.g., the northern part of the Bothnian Bay, the
eastern part of the Gulf of Finland, the eastern part of the Gulf of
Riga, and the Curonian lagoon. Shallower areas with active water
exchange such as the Arkona Basin, the Irbe Strait or the Aland
Sill area, have not experienced such fast warming. The average
trend in the entire Baltic is stronger (>0.05°C year~!) from May
to October, and it is significant in most of the Baltic Sea in these
months (78-95% of the area) (inlays in Figure 3). A slight positive
temperature trend, although mostly not significant, can be found
in winter as well.

Temperature trend profiles are presented in Figure 4.
Diamond-markers in the figure represent satellite-based
estimates of trends. Warming trends based on in situ
measurements and remote sensing coincide well. Only in
the areas, where fewer measurements are available, some
discrepancies are evident: the in situ data estimated trend is

higher than the remote sensing estimated trend in the Gulf of
Riga and lower in the Bothnian area.

It is clear that the warming trend prevails in the water
column of the Baltic Sea (Figure 4). The warming signal is not
homogenous in the water column, but has a layered structure.
Most of the areas (Gulf of Finland, Eastern Gotland Basin,
Bornholm Basin, Northern Baltic Proper and Arkona Basin) have
significant positive temperature trend with a rate of 0.04-0.05°C
year~! in the upper layer. A slightly higher significant trend in
the upper layer can be found in the Gulf of Riga (0.06°C year™!)
and a lower trend in the Bothnian Bay (0.03°C year™!). An
insignificant positive trend of 0.02°C year~! is revealed in the
upper layer of the Bothnian Sea. The two locations in the central
Baltic (Eastern Gotland Basin and Northern Baltic Proper) have
significant warming trends in the two upper bins 5 and 15 m
depth. The warming has been higher in the sub-surface layer
of the Gulf of Finland at the 15-35 m depth. Such a vertical
maximum of warming trend can be found in the Bothnian Sea,
but in the depth range of 35-75 m.

There is a minimum in temperature trend profiles in the Gulf
of Finland, Northern Baltic Proper, Eastern Gotland Basin, and
Bornholm Basin at the depth around 50 m. A significant positive
trend of 0.03°C year™! can be found in the Gulf of Finland while
no trend exists or the trend is statistically insignificant in the
intermediate layer of the rest of the three basins. There is a clear
positive trend of 0.04-0.06°C year™! in the deeper layers of the
four basins. Significant temperature trends were not found in the
deep layers of the Bay of Bothnia, the Bothnian Sea and the Gulf
of Riga. There is, however, a strong warming signal in the Gulf of
Riga at the depth of 35 m. A closer look to data shows that it is
caused by warmer mixed layer during the decay of stratification
in autumn in recent years.

Most of the areas have had a significant negative surface
salinity trend of —0.005 to —0.014 g kg~! a year. Such a negative
trend reaches down to 40-50 m depth. The negative salinity
trend in the upper layer prevails in most of the areas in all
seasons. A significant positive salinity trend of 0.02-0.04 g kg™*
a year was detected in the deep layers of the Bornholm Basin, the
Eastern Gotland Basin, the Northern Baltic Proper, and the Gulf
of Finland. A similar trend, but not statistically significant, has
occurred in the Arkona Basin. A significant salinity trend was not
detected in the deep layer of the rest of the three areas.

There is no seasonality in temperature and salinity trend in
the deep layer in most of the areas. An exception is the deep
layer of the Gulf of Finland, where the warming trend is stronger
(0.06-0.08°C year‘l) from March to August and weaker (0.02-
0.04°C year~!) from September to February. A similar tendency
appears in salinity trend in the deep layer of the Gulf of Finland.
There is no significant trend from December to February (—0.02
to +0.01 g kg~! year™!) while in March to August, a significant
positive salinity trend (0.03 to —0.06 g kg ™! year™!) is evident.

Vertical profiles of the trends in the heat content and salt
mass in the whole Baltic Sea are shown in Figure 4. The water
column of the upper 50 m has contributed 65% of the total heat
content change while the layer deeper than 100 m 12% of the
change. The total heating trend in the Baltic has been 2.5 x 10'8
J year™!, reflecting the temperature tren<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>