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SUMMARY IN SWEDISH

Denna avhandling undersoker den fullstindiga transportprocessen av
niringsimnen fran land till hav, genom olika viktiga komponener,
inklusive  niringsbelastningens  karaktéristika, strémning- och
transportdynamik i havet och slutligen hur dessa faktorer fran land
(ndringsbelastningens karaktiristika) och hav (trasportdynamik och
nitverket for vattenkvalitet) tillsammans kontrollerar
néringstransporten och vattenkvaliteten 1 havet.

Niringskallorna lingsmed den svenska kusten identifierades och
separerades. De flesta avrinningsomraden domineras av kvardréjande,
dldre kallor av ndringsimnen och koncentrationsnivderna fran dessa
killor 6kar fran norr till s6der, eftersom bade andelen jordbruksmark
och befolkningstitheten ér storre 1 sodra, jaimfért med i norra Sverige.
I ett fatal avrinningsomraden domineras naringsbelastningen av aktiva
killor eller utgors av blandade killor och dir dr det mer troligt att
koncentrationsnivaerna sjunker med tiden, 4n i de avrinningsomraden
dir kvarvarande killor dominerar.

Sett till riktningen pa massflédet mellan de storre havsomradena har
Ostersjon en stabil stromningsstruktur, dven under varierande
hydrologi och klimat. Diremot paverkas storleksordningen pa
massflodet mellan havsomradena av klimat och hydrologi, och vinden
iar den drivande faktor som har storst paverkan. Losta amnen som
sprids frin tvd tydligt olika kustomriden i Ostersjon resulterar i
samma spridningsmonster och féroreningsgrad, trots att signifikanta
skillnader  finns 1  kustomradenas stromningsdynamik  och
transportmonster. Stromningsmoénstren i havet kan framférallt
kopplas till och kontrolleras av  ndringsbelastningens storlek.
Vattenkvaliteten i Himmerfjirden, en vik av Ostersjon, paverkas i
olika grad bade av landbaserade och havsbaserade processer. Kalla
och torra férhallanden leder till storst forbéttring av vattenkvaliteten,
vilket innebir forbdttrad eller oférindrad ekologisk status jamfort
med andra underokta forhallanden.
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SUMMARY IN ENGLISH

This thesis investigates the complete processes of nutrient loadings from
land to sea, through different important component processes, including the
nutrient loading characters from land, the flow and transport dynamics in
the sea, and finally how these factors from land (the nutrient loading
conditions) and the sea (transport dynamics and water quality network)
together determine the fate of nutrients and the water quality in the sea.

The source conditions of nutrient loads from the Swedish watersheds along
the coast are identified and distinguished. Most of the watersheds are
dominated by subsurface legacy sources, and the concentration levels from
subsurface legacy sources show an increase pattern from the northern parts
of Sweden to the southern parts where there is a larger agriculture land
share and greater population density. Some watersheds have dominant
current surface sources or mixed sources and are more likely to have
decrease trends in the concentration levels than the subsurface legacy
sources dominated watersheds.

The Baltic Sea has a stable flow structure under different hydro-climatic
conditions when considering the flux directions between marine basins.
However, regarding the flux magnitudes between the basins, wind is the
predominant driver that significantly influences the water flux. Solute
released from two distinct coast locations of the Baltic Sea results in similar
spreading patterns in the sea with the same released amounts, even though
their coastal dynamics and transport patterns are significantly different. The
spreading patterns of the solute concentration in the sea are mainly related
and determined by the released amounts of solute. Water quality in the
Himmerfjirden bay of the Baltic Sea is influenced by both land-based and
sea-based factors to different degrees. The dry-cold hydro-climatic
condition is the most favorable for improving water quality, as better or
equally good ecological statuses are reached for the water quality
components under the dry-cold condition



Yuanying Chen TRITA-ABE-DLT-204

vi



Land-Sea Interactions in the Coastal-Marine System of the Baltic Sea under Hydro-Climatic Variability

ACKNOWLEDGEMENTS

I would like to thank CSC (China Scholarship Council) for financing my
doctoral study for the first four years. I would also like to thank the funding
from the European Commission (project COASTAL 773782) and the
Swedish Research Council Formas (project 2016-02045 and 2014-43) for
support on the research.

I would like to thank my main supervisor Professor Vladimir Cvetkovic for
his support and encouragement over these years of my doctoral study. 1
would also like to thank Dr. Bijan Dargahi for providing data and
discussions at the beginning of the research and Dr. Carmen Prieto for her
support and interesting discussions of the study.

I would like to thank Professor Georgia Destouni who has guided me
through my research over the topic. I have been inspired by those
interesting discussions with her, and have learnt a lot about the way to think
and to do research.

I would like to thank all my friends and colleagues from KTH and SU, who
have created friendly environments for work. I would like to express my
gratitude to Guillaume, Wen, Romain, Minyu, Raul, Eazy and Anqi for
sharing a lot of pleasant moments with me in and out of the office. I am
also grateful to all the interesting discussions, kindness and support from
Arvid, Penghua, Xi, Martin, Liangchao, Ida, Mousong, Liwen, Anna, Ziyi,
Zipan, Yan, Shuang. I would like to specially thank Ida again for her
translating the summary of the doctoral thesis into Swedish. I would like to
thank Aira, Susanna, Britt and Kosta for their support over the
administrative issues at KTH and SU.

I would like to thank my parents who have been loving me for the past

thirty years. I would like to express my deepest appreciation to my husband,
Rong, for his patience and love.

Yuanying Chen

Stockholm, January 26, 2020.

vii



Yuanying Chen TRITA-ABE-DLT-204

viii



Land-Sea Interactions in the Coastal-Marine System of the Baltic Sea under Hydro-Climatic Variability

TABLE OF CONTENTS

Summary In SWedish.........ccooveiiiiii ii
Summary InENglish ..., v
ACKNOWIEAGEMENTS ..o vii
Table of CONtENIS........ccoiiieiiieccee e iX
LISt OF PAPEIS. oo Xi
List of abbreviations ...........ccccceeveiiiic i, Xiii
ADSIIACT ..o 1
1. INErOdUCTION.......oiiiiiiccie e 3
1.1. Nutrient loads from land into the Baltic Sea....... 3
1.2. Hydrodynamic and Transport processes in the
BaAltiC S ...t 4
1.3. Water quality studies of the Baltic Sea................ 5

2. AIM AN SCOPE......oeiiiiieie it 6
3. Materials and Methods ............cccoevvieiiieiie e, 6
3.1, STUAY CaSES....ceiiviiieiiieieeiieeee s 6
3.1.1.  The Swedish Coast ...........ccceviiiiiiieiic e, 6

3.1.2.  The BaltiC SEa.....ccccvviieeiciecce s 7

3.1.3.  The Kalmar County coast and the Vistula River coast...8

3.1.4.  The Himmerfi&den Bay.........cccocovvrirrienennieneiaenen, 10

3.2. Methods and simulation models...............c......... 11
3.2.1. Dominant sources classification .............ccccceveviiiiennnns 11

322, FVCOM MOUEL......coivireerreeeeeieeeeeeeee e 13

3.2.3.  Water quality model .........c.ccoeveiiiiiiirccece e 15

3.3. Cases classification and scenario settings.......... 15
3.3.1.  Three dominant cases for nutrient loadings.................. 15

3.3.2.  Three hydro-climatically distinct cases and management
scenarios for the water quality simulation..............cccccevvvcvvvnnnnne. 17

3.3.3.  Two coastal study cases and three release scenarios .... 19

4.  Results and DiSCUSSION .........cccvveevieeiieiiiee e 22
4.1. Nutrient concentration distribution from
different sources on land for the Swedish coast.......... 22

X



Yuanying Chen TRITA-ABE-DLT-204

6.
7.

4.2. Flow patterns and its predominant drivers in the

BaAltiC SBA ....eoviieeiiieee e 26
4.3. Solute transport pattern influenced by the land
aNd Sea fAaCtOrS.....ccvvei i 28
4.3.1. Land factors — three solute release scenarios................. 28
4.3.2.  Sea factors — two coastal cases with different coastal
flows and marine flOWS .........c.cccoeiiiiicie i 31
4.4. Water quality conditions influenced by the land-
based and sea-based factors...........cccoceeveveeeviveeciieeenen. 34
SUMMAATY ...ttt 35
FULUIE WOIK.....veeeiiciiee e 37
REFEIENCES .o 37



Land-Sea Interactions in the Coastal-Marine System of the Baltic Sea under Hydro-Climatic Variability

LIST OF PAPERS

L

II.

111

IV.

II.

Chen, Y., Vigouroux, G., Bring, A., Cvetkovic, V., & Destouni, G.,
2019. Dominant Hydro-Climatic Drivers of Water Temperature,
Salinity, and Flow Variability for the Large-Scale System of the
Baltic Coastal Wetlands. Water, 11(3), 552.
https://doi.org/10.3390/w11030552

Chen, Y., Cvetkovic, V., & Destouni, G., 2019. Scenarios of
Nutrient-Related Solute Loading and Transport Fate from
Different L.and Catchments and Coasts into the Baltic Sea. Water,
11(7), 1407. https://doi.org/10.3390/w11071407

Chen, Y., Pricto, C., Goldenberg, R., Cvetkovic, V., & Destouni,
G. Distinguishing nutrient contributions from legacy and active
sources along the Swedish coast. Submitted to Sustainability.

Vigouroux, G., Chen, Y., Jonsson, A., Cvetkovic, V., & Destouni,
G., Simulation of nutrient management and hydroclimatic effects
on coastal water quality and ecological status - The Baltic
Himmerfjirden Bay case. Submitted to Ocean and Coastal Management.

AUTHOR’S CONTRIBUTIONS TO PAPER I-IV

Chen, Y. contributes to study design, building up the model,
performing simulations, analyzing results, writing the original draft
and final version of the paper, reviewing the paper. Destouni, G.
contributes to study design, analysis approach and writing the final
version of the paper. Cvetkoive, V. contributes to model selection
and application, simulation set-up. Vigouroux, G. and Bring, A.
contribute to scenario selection and data compilations. All the
coauthors contribute to analyzing results and reviewing the paper.

Chen, Y. contributes to study design, setting up the model,
performing simulations, analyzing results, writing the original draft
of the paper and final version of the paper, reviewing the paper.
Destouni, G. and Cvetkovic, V. contribute to study design,
supervision, analyzing results, writing the final version of the paper
and reviewing the paper. Cvetkovic, V. contributes to model set up.

xi



Yuanying Chen TRITA-ABE-DLT-204

II1.

IV.

Chen, Y. contributes to study design, data processing, calculations,
data analysis, writing the original draft and final version of the
papet, reviewing the paper. Destouni, G. contributes to study
design, data analysis, writing the original draft and final version of
the paper, and reviewing the paper. Prieto, C. and Goldenberg, R.
contribute to data processing and reviewing the paper.

Chen, Y. contributes to the Baltic Sea hydrodynamic simulations,
the Himmerfjirden hydrodynamics model set up, data processing
and results analysis, and reviewing the paper. Destouni, G,
Vigouroux, G. and Cvetkovic, V. contribute to study design.
Destouni, G. and Vigouroux, G. contribute to results analysis and
writing the paper. Vigouroux, G. contributes to the coastal
hydrodynamic and water quality models setup, data processing and
simulations. Jénsson, A. contributes to the Himmerfjirden
hydrodynamics and water quality model setup. All co-authors
contribute to reviewing the paper.

xii



Land-Sea Interactions in the Coastal-Marine System of the Baltic Sea under Hydro-Climatic Variability

LIST OF ABBREVIATIONS

Chl_a Chlorophyll a

DIN Dissolved Inorganic Nitrogen

DIP Dissolved Inorganic Phosphorus
FVCOM  Finite-Volume Community Ocean Model
GCS Good Component Status

GOTM General Ocean Turbulence Model

SM Supplementary Materials
TN Total Nitrogen

TP Total Phosphorus

WF Water Formation

xiii



Yuanying Chen TRITA-ABE-DLT-204

Xiv



Land-Sea Interactions in the Coastal-Marine System of the Baltic Sea under Hydro-Climatic Variability

ABSTRACT

This thesis investigates a few important component processes for
understanding and quantifying eutrophication in the Baltic Sea, that include
characterization of nutrient loadings from land, water flow in the sea under
changing climate conditions and transport of solutes originating from
different locations along the coast. Furthermore, this study aims to improve
our understanding on how processes from land (the nutrient loading
conditions) and the sea (transport dynamics and water quality) couple to
determine the fate of nutrients in the sea and the water quality in a selected
localized coastal area, the Himmerfjirden Bay.

Comprehensive data are compiled as a basis for numerical simulations. An
open source tool for oceanographic studies FVCOM is used to simulate
flow and transport processes in the Baltic Sea. Hydrodynamic simulations
are verified in terms of temperature, salinity and water level for the year
2005. Results show that most of the investigated Swedish watersheds along
the coastline are dominated by subsurface legacy sources, the loads of which
are positively and linearly correlated with river discharges. Moreover,
subsurface legacy sources are less likely to decrease over time compatred
with the current surface sources. The Baltic Sea has a stable flow structure
considering flux directions between basins, while the flux magnitudes
between basins are mainly determined by different wind conditions. The
spreading patterns in the sea with solute released from different coastal
areas are similar when the released amounts are comparable, even though
different cases have different source input and water flow conditions. The
overall spreading patterns in the sea are generally dominated by the total
mass of released solute. Local transport dynamics and patterns around the
coast differ greatly for different cases and are determined by the local flow
conditions. Different water quality indicators are influenced by different
land-based or sea-based measures for water quality improvement. The dry-
cold hydro-climatic condition is the most favorable for improving the water
quality and elevating the ecological status in the Himmerfjirden Bay.

Based on this investigation, varying hydro-climatic factors impose important
influence on the different component processes of nutrient loading from
land to the sea. For example, the change of river discharges from land in the
future would influence the total load into the sea from subsurface legacy
sources, and finally influence the general spreading patterns of nutrients in
the sea. The change of wind conditions would affect the flow and transport
dynamics at local scale and flow fluxes magnitudes between marine basins at



Yuanying Chen TRITA-ABE-DLT-204

the sea scale. Change towards a dry-cold condition would be beneficial for
the water quality and lead to improvement of coastal water quality, while the
change towards a wet-warm condition will be generally unfavorable for
improving the water quality. Clearly more comprehensive studies are needed
based on the component processes considered in this thesis, for mapping
water quality and eutrophication long-term trends in the Baltic Sea with
confidence that is sufficient for effective mitigation measures and policies.

Key words: Baltic Sea, nutrient loads, hydro-climatic variability,
hydrodynamics, solute transport, water quality.
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1. INTRODUCTION

Eutrophication becomes a serious environmental issue in many water bodies
over the world (Nixon, 1995; Conley et al., 2009); it can lead to severe
environmental consequences by threatening ecosystems, such as hypoxia
zones (also called ‘dead zones’) in the sea (Meier et al, 2011). The
exponentially increase of hypoxia or dead zones in the costal oceans since
1960s has been observed, and such a spreading of dead zones have resulted
in serious ecosystem problems (Diaz and Rosenberg, 2008). Anthropogenic
nutrient loadings from land are important driving factors for hypoxia and
eutrophication in coastal areas and the sea (Meier et al., 2011, Diaz and
Rosenberg, 2008). This human impact is especially severe for semi-enclosed
sea areas, which receive relatively large amounts of nutrient loads from land
and at the same time have slow water renewal due to small water exchange
with outside (Vigouroux et al., 2019). The Baltic Sea, with its relatively small
water exchange with the North Sea through the narrow Danish Strait and
receiving considerable nutrient loads (HELCOM, 2011) from its large
surrounding catchment area of 1,739,400 km? (Hannerz and Destouni,
20006), is an example of a semi-eclosed water areas with considerable
hypoxia or anoxia zones (Conley et al., 2009, 2011) under stress from
anthropogenic nutrient loads (Conley et al., 2009).

1.1. Nutrient loads from land into the Baltic Sea

The Baltic Sea is an integral part of northern Europe and is an important
water environment for the surrounding countries. The total freshwater
discharge from its large surrounding catchment areas (Hannerz and
Destouni, 2006) is around 480 km3/year (HELCOM, 2011), which brings
notable nutrient loads from land into the sea. Of all the nutrient loads into
the Baltic Sea, around 75% of nitrogen and more than 95% of phosphorus
are waterborne input through river discharges, or direct discharges such as
municipal waste water treatment plants (HELCOM, 2011).

To control the eutrophication process and protect the sea environment,
countries around the Baltic Sea have agreed on the Baltic Sea Action Plan,
which aims at international collaborations in nutrient load reductions to the
sea (HELCOM, 2007). In addition, the European Union also introduced the
Water Framework Directive (WFD) for protecting the water quality by an
integrated river basins management approach (European Commission,
2000). However, even after adopting the Baltic Action Plan and the first
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management cycle of EU Water Framework Directive, both of which aim at
reducing nutrient loads, the nutrient loads from land, such as those from the
large parts of the Swedish catchments which drain into the Baltic Sea
(Destouni et al., 2017), are still too high. Sweden is one of the countries with
the highest contribution of nutrient loads into the Baltic Sea, for both
nitrogen and phosphorus (HELCOM, 2011). The mitigation efforts are not
satisfying in nutrient loads for the Swedish catchments (Destouni et al.,
2017, Arheimer and Brandt, 2000), some of which may be dominated by
subsurface legacy sources (Destouni and Jarsjo, 2018). The subsurface
legacy sources, which slower the water quality response to the mitigation
efforts (Van Meter and Basu, 2015; McCrackin et al., 2018, Sharpley et al.,
2013), post a great challenge for appropriate management methods over
longer time (Haygarth et al, 2014; McCrackin et al., 2018). Therefore,
effective management approaches with practical and efficient mitigation
plans based on a more comprehensive understanding of the source
conditions and characteristics of the loads are greatly needed.

1.2. Hydrodynamic and Transport processes in the Baltic Sea

The Baltic Sea is a semi-enclosed shallow water body with relatively small
water exchange with the North Sea (Leppiranta and Myrberg, 2009) and
relative long exchange time of around 30 years (Stigebrandt, 2001). It can be
viewed as divided into different sub-basins according to its overall
topogtraphy characteristics (Leppiranta and Myrberg, 2009; Fonselius, 1996,
HELCOM, 2013).

Physical conditions and dynamics of the Baltic Sea system have been
extensively studied from different aspects (Lehmann and Hinrichsen, 2002;
Lehmann and Hinrichsen, 2000; Meier and Kauker, 2003). The Baltic Sea
has persistent circulation patterns over the long term period (Placke et
al.,2018; Meier, 2007; Lehmann et al., 2002). It is a highly stratified shallow
water system. Furthermore, some researches have discussed the variability
that is inherent in the Baltic Sea physical characteristics and the possible
mechanisms leading to those variabilities (Lehmann and Hinrichsen, 2002,
Meier and Kauker, 2003). The variability of fluxes between basins is
dominated by prevailing atmospheric conditions (Lehmann and Hinrichsen,
2002). Decadal variability of the salinity in the Baltic Sea is caused by
decadal variations of freshwater inflow and the wind (Meier and Kauker,
2003). However, in terms of the general flow patterns in the sea, more
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specific research is needed to quantify the variabilities brought by the
external forcings and identify their key drivers.

Pathways and transport patterns of nutrient loads released from different
parts of the coasts and the sea have also investigated (Pastuszak et al., 2005;
Radtke et al., 2012; Corell and D66s, 2013; Engqvist et al., 2006; D66s and
Engqvist, 2007; Delpeche-Ellmann and Soomere, 2013; Myrberg and
Andrejev, 2000). Water retention time and particle tracking methods have
been used for studying the local transport features of different areas (Corell
and D66s, 2013; Engqvist et al., 2006; D66s and Engqvist, 2007; Delpeche-
Ellmann and Soomere, 2013; Myrberg and Andrejev, 2006). However, few
studies cover the whole range of transport process from land though coastal
areas to the whole sea (Jénsson et al., 2004; Vigouroux et al., 2019).

1.3.  Water quality studies of the Baltic Sea

Water quality and biogeochemical processes in the Baltic Sea are widely
discussed (Conely et al., 2009, Zillén et al., 2008, Vigouroux et al., 2019)
from the aspects of nutrient budgets and cycles (Voss et al., 2005; Savchuk
and Wulff, 2009), as well as biogeochemical and ecosystem modelling of the
sea (Meier et al.,, 2012; Vahtera et al., 2007; Neumann, 2000; Vigouroux et
al.,, 2019).

Biogeochemical models are usually combined with hydrodynamic models
for better understanding of the water quality and biochemical processes of
the sea (Vigouroux et al, 2019, Neumann and Schernewski, 2008). Those
models are used to explain the eutrophication status and dynamics in the sea
(Neumann and Schernewski, 2008; Neumann et al.,, 2002). Mechanism for
ecosystem status and change is complicated in the Baltic Sea, not only
related to nutrient loads, but also driven by external forcings, such as wind
(Neumann and Schernewski, 2008).

Different nutrient load reduction scenarios have also been investigated in
order to quantify possible effects on improving the ecosystem status of the
Baltic Sea (Neumann et al., 2002; Kiirikki et al., 2001). These studies have
shown that the response of ecosystems to the load reductions is complex
and non-linear (Neumann et al,, 2002). However, for the coastal ateas,
better ecological status at the sea could be also important and effective on
coastal water quality improvement as the land mitigation effort on the
overall nutrient load.
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Therefore, for better understanding and managing the water quality and
ecological status of the Baltic Sea and its coastal areas, further discussion of
different mitigation efforts on the water quality and ecosystem status of the
sea are needed.

2. AIM AND SCOPE

This thesis investigates the processes related to nutrient loads and transport
in the Baltic Sea, specifically the characterization of nutrient loadings from
land, the flow and transport dynamics in the sea, and finally how these
factors from land (the nutrient loading conditions) and the sea (transport
dynamics and water quality network) are coupled to determine the fate of
nutrients in the sea and the water quality in the coastal areas of the sea.

In this thesis, the anthropogenic nutrient loads from land to the Baltic Sea
(from the Swedish coast side) and their sources are first analyzed and
distinguished (Paper I1I). The basic water flow patterns of the Baltic Sea and
their variability under different hydro-climatic conditions are then discusses
(Paper I). Next, examples of nutrient-related solute releases from two
different coast locations in the Baltic Sea are considered to study the
resulting transport patterns in the coastal areas and further into the Baltic
Sea (Paper II). Finally, one example of the water quality condition changes
under different land-based and sea-based management scenarios for the
Himmerfjirden Bay of the Baltic Sea is discussed (Paper IV).

3. MATERIALS AND METHODS
3.1. Study Cases
3.1.1. The Swedish Coast

The Swedish coast extends from north to south and bounds the west part of
the Baltic Sea. The Swedish rivers and small streams receive fresh water and
associated nutrient loads from the Swedish watersheds discharging them
into the Baltic Sea. Observation stations monitoring nutrient concentration
and water discharge are set into the rivers and streams. In our study, we
selected 37 coastal concentration stations along the Swedish coast from
Destouni et al. (2017). 19 of these stations have associated water discharge
measurements sufficiently close to the concentration measurements (red
circle, Figure 1a) and are denoted as the Load set of measurements. For the
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rest of the 18 stations (green triangle, Figure 1a) water discharge data was
obtained by estimating the discharge at the outlet from suitable upstream
measurements (blue star, Figure 1a) and are denoted as the Load-est set of
measurements.

3.1.2. The Baltic Sea

The Baltic Sea is an important water environment in the Northern Europe,
lying between 10° E - 30° E in longitude and 53° N - 66° N in latitude. It is
a brackish water system surrounded by 9 countries with the total catchment
area of 1,739,400 km? (Hannerz and Destouni, 2006). The total freshwater
discharge from its large surrounding catchment areas (Hannerz and
Destouni, 2006) is around 480 km3/year (HELCOM, 2011), which brings
notable nutrient loads from land into the sea. The nutrient loads are greatly
related with the discharge magnitude (Destouni et al., 2017) and its change
influenced by hydro-climatic factors (Bring et al., 2015).

Furthermore, the sea water exchange of the Baltic Sea and the North Sea
through the narrow Danish Straits is relatively small (Dargahi et al., 2017)
and hence the Baltic Sea has a long renewal time of around 30 years
(Stigebrandt, 2001). Due to the small exchange of sea water and relative
long renewal time, the freshwater discharges and waterborne nutrient loads
from land greatly influence water quality in the isolated Baltic Sea.
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Fignre 1. (a) Locations and (b) numbering of the most near-coastal stations from
Destouni et al. (2017) considered in the present source analysis. In (a), both nutrient
concentration and related water discharges are measured in the 1oad set of stations (red
circles), while only nutrient concentrations are measured directly at the stations included
in the Load-est set (green triangles). For the latter, a more upstream discharge station
(blue stars) is instead available and wused to estimate nutrient load (product of
concentration and discharge) (Paper I11).

3.1.3. The Kalmar County coast and the Vistula River coast

The Kalmar County coast is at the western part of the Baltic Sea and the
Vistula River coast is at the southern Baltic Sea. They are selected for
comparison because of their different hydro-climatic, geomorphological and
hydrodynamic characteristics.

The freshwater discharges distributed along the Kalmar County coast are
relatively small and diffuse. Furthermore, a narrow strait (the Kalmar Strait)
is framed parallel to the coast by the island of Oland to its east, which
blocks the interaction of the local coastal flow and the main currents in the
sea.
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The Vistula River, with its estuary in northern Poland, discharges a large
amount of water as the second largest river of the Baltic Sea. It has a more
open coastal area facing the Gulf of Gdansk compared with the Kalmar
County coast.

16°E 20°E 24°E 28°E 32°E

Torneslven

Kalixslven

1) Oskarshamn Harbor

Kemijoki

66°N| Lulesiven-

F

Umestven
64°N,

Angermansiven

Indalsslven

L 6N ¢ RUSSIA

2) Vistula River Outlet

58°N|

Gulf of
56°N,

p /!

A 54°N’6kE POLAND Vistula

Figure 2. Main marine basins of the Baltic Sea, with the discharge points of 13 main
rivers along the Baltic coast (red filled circles) and two local rivers at the Kalmar County
coast (bine filled circles), and illustration of the two simulated coastlines and respective
solute source release locations (purple filled circles) (modified from Paper I and Paper 11).

The two cases also have different hydro-climatic conditions on land. The
Kalmar County belongs to the district of Southern Baltic Proper in the
Swedish water management district classification, which has an average
annual precipitation of around 744 mm/year and runoff (discharge per
catchment area) of 242 mm/year. By comparison, the Vistula River
catchment has an annual average precipitation of 550-650 mm/year for the
most parts of the associated catchments. Additionally, it has an average
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runoff of around 167 mm/year. Hence on average the Vistula River
originates from drier areas.

3.1.4. The Himmerfiirden Bay

The Himmerfjirden Bay is situated in the west coast of the Baltic Sea in
Sweden. There are two main freshwater discharges accounting for 68% of
all the freshwater discharges into the bay: One is from the Sédertilje canal,
flowing from the lake Milaren to the Igelstaviken water formation and the
other is the Trosa river to the Trosafjirden water formation. Of all the
nutrient loadings from point source, riverine source and air deposition into
the bay, over 50% are from freshwater runoff; and around 40% are from
point sources (Paper IV). The Himmerfjirdsverken wastewater treatment
plant (WWTP) is the major contributor to the point source loadings.

59.2°N|

Monitoring
stations

WF with point
B8 urce loading

59°N]

Figure 3: Left: Delimitation of different Water Formations (WEs) in the Himmerfjarden
Bay; Right: The Himmerfjarden Bay location in the Baltic Sea and its marine basin
Northern Baltic Proper (NBP) that forms the coastal boundary to the gpen sea. The right
panel also ontlines the other main marine basins (with associated acronyms) of the Baltic

Sea (Paper I17).
The bay connects with the open sea at its southern part. The retention time

for the bay, which is usually over 50 days, is relatively long (Engqvist, 1996).
With the nutrient loadings from land and the relatively long retention time,
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there is a need to study and better understand the water quality dynamics in
the Himmerfjirden bay.

3.2. Methods and simulation models

3.2.1. Dominant sources classification

Nutrient sources are classified based on the theoretical model developed by
Destouni and Jarsjé (2018). The lineat relationship of the total load L. and
water discharge O are further developed and investigated in this study based
on the model of Destouni and Jarsjo (2018), and used as a critetia to
distinguish the different sources for the nutrient loads based on available
data sets. Detailed derivations and equations are given in Paper 111.

Case 1: Dominant subsurface lesacy sources

Based the quantification of legacy source contributions Cy.. of each
watershed by Destouni and Jarsjé (2018), the total coastal load L, with
dominant subsurface legacy sources can be expressed as:

Lom = Lol = Com—L Qﬂﬂf za;Qam (1)

a in the above equation represents the subsurface legacy source
concentration. In terms of a general linear function, the relation (1) can be
expressed as L,,=A Q. + B, with slope A= aand B=0, thus

Loat = A ,,Qomf: atht (2)

The linear relationship of the nutrient load L. and water discharge QO is
shown in Figure 4 (brown line). All the watersheds with similar I.-Q
relations are considered to have dominant subsurface legacy sources.

On the other hand, when the above linear relationship between nutrient
loads L and water discharge Q exists only after an activation discharge Qy, .
the watersheds with sources resulting in such a L-Q relationship are
considered as Case Ib, which is a special case of Case la, with the linear
relationship between L. and (Q-Qy), as shown in Figure 4 (blue line). The
existence of Case Ib watersheds based on available observed data shows the
need of further considering other processes such as biogeochemical
processes and the mass transfer and transport processes in the present
model.

11
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Case 1I: Dominant current surface sources

According to Destouni and Jarsjé (2018), loads dominated by current
surface sources can be expressed as

Lom‘ = Louwc = Com—C (,Qout = ,5 (3)

f in the above equation is introduced to represent the loads contributed by
current surface sources.

In terms of a general line function of L, =4 Q.. + B, we have the slope
A=0 and intercept B=p:

Low ~ Lou-C = B = ﬂ (4)
Therefore, according to equation (3), watersheds with a similar I-Q linear
pattern where the slope is close to zero (green line, Figure 4) are considered

to have dominated current surface sources of nutrients.

Case I1I: Mixed subsurface legacy and current surface sources

According to Destouni and Jarsjé (2018), the loads contributed by mixed
subsurface legacy and current surface sources can be expressed as

Loat: ( 1 '}/) Loat—L+yLaul—Cz (7 -}/) aQoul+y,6 :AQO%[+B (5)

i.e., the total load L, is a linear function of water discharge Q,., with slope
A = (1-p)a and intercept B =pp. p is a dimensionless contribution fraction
quantifying the relative contributions of loads from current surface sources
to the total load L, it varies between 0 and 1. Watersheds with a linear L-Q
relationship with positive intercepts are considered to have mixed
subsurface legacy and current surface sources (purple line, Figure 4).

12
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Nutrient Load
3

Intercept

B>0
B=0 - >

- - Water Discharge
B<o |-~

Figure 4. Schematic illustration of the principal regression line cases for the temporal data
of nutrient load versus water discharge in each watershed to indicate: dominant subsnrface
legacy sonrces (Case La) with solute release at all discharge values, and Case 1b with solute
release activated at discharges greater than some threshold value Qo; dominant currently
active sutface sources (Case 11); or a mixture of contributing legacy and currently active

sources (Case I11) (Paper I11).

3.2.2. FIVCOM model

The three-dimensional model Finite-Volume Community Ocean Model
FVCOM (Chen et al., 2003), which is based on the primitive equations of
momentum for free-surface water motion simulation, was used to simulate
the hydrodynamic and transport processes of the Baltic Sea and its coastal
areas.

Mellor and Yamada turbulence closure model (Mellor and Yamada, 1982;
Galperin et al., 1988) is used in the model for vertical turbulence calculation
and Smagorinsky eddy parameterization method is used for the horizontal
turbulence mixing (Chen et al., 2003).

Finite volume method is used in the model for discretization to ensure mass

conservation. In the horizontal direction, an unstructured triangular grid is
used for better descriptions of complicated coastlines, and in the vertical

13
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direction, sigma layers are used to better capture the shapely changing
bathymetry in the sea.

A wide range of coastal and ocean water cases use FVCOM model for
simulation and have gained a great success in application (Chen et al., 2009;
Chen et al., 2011; Beardsley et al., 2013; Wei et al., 2014). In the thesis work,
we built up the FVCOM model for the Baltic Sea. Specifically, it uses
triangular grid horizontally with a resolution of 10 km and has 20 uniform
sigma layers vertically. The open boundary is set at Skanor (orange boundary
line, Figure 2) for the simulation domain, connected to Kattegat and the
North Sea.

Available observation-based data for external forcings are used to drive the
Batlci Sea model. More specifically, we use water level, water temperature
flux, and water salinity flux at/through the open boundary at Skanor
(SMHI, 2016a and 2016b). We also select the 13 largest rivers, which
contribute to approximately 65% of the total discharge from rivers into our
Baltic Sea simulation domain (SMHI, 2012; GRDC, 2015). We apply wind
and heat flux data over the sea (ECMWF, 2016; WHOI, 2016; ISCCP,
2016).

The model was validated against observed water temperature, water salinity
variations with depth and from a time series for 3 stations distributed from
south to north in the sea, and observed water elevation in time series for 2
stations at the south and the north of the sea, for the year 2005 (paper I,
Supplementary Materials SM). Moreover, the general flow patterns are
compared with previous hydrodynamic studies of the Baltic Sea (Lehmann
et al., 2002; Meier, 2007) and show consistency.

For the comparison study between tracer sources in Kalmar County coast
and Vistula River coast of paper 11, the horizontal resolution at the coastal
local zones of Kalmar Strait and Gulf of Gdansk is downscaled to 2 km, and
increases gradually to 10 km at the main Baltic Sea. Two main local rivers
for the Kalmar coast, whose discharges equal to around 0.5% of those of
the 13 largest rivers, are added to better capture the local hydrodynamics
and transport patterns.

For the Himmerfjirden Bay, an independent coastal hydrodynamic model is
set up with a horizontal resolution between 0.1 km? and 1 km? adapted to
its complicated coastlines and 11 uniform sigma layers in the vertical
direction. Open boundary is set at the south of the model domain and

14
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receives external forcings including water level, water temperature and water
salinity from the measured data (SMHI, 2016¢c and 2018). The FVCOM
model is further coupled with the General Ocean Turbulence Model
GOTM (Burchard et al., 1999, Chen et al.,, 2013) for calculating vertical
turbulence for the coastal hydrodynamics of the bay. The coastal model is
validated against two summer measurements of water salinity and water
temperature for each of the years 2008 and 2009 at six stations in the
Himmerfjirden Bay (paper 1V, SM).

3.2.3. Water quality model

The water quality analysis is based on a simple biogeochemical model based
on organic carbon mineralization to COz in the sediment process (Kiirikki et
al., 2001, 20006) applied on each marine basin and each layer (2 in that case)
(Vigouroux et al., 2019). The model consists of an ecosystem module and a
sediment module (Vigouroux et al., 2019). The ecosystem module takes into
account the biogeochemical processes/circulations for the following
variables: phytoplankton (the nitrogen-fixing cyanobacteria and the other
phytoplankton), dissolved inorganic nitrogen DIN, dissolved inorganic
phosphorus DIP, detritus nitrogen, detritus phosphorus and detritus carbon
(Kiirikki et al., 2001; Kiirikki 2006; Vigouroux et al.,2019), based on the
model of Tyrrell (1999). The sediment module considers nitrogen,
phosphorus and catbon, and Iron-bound phosphorous in volatile (easily
mobilized) sediments (Kiirikki 2006), but ignores the stabile pool that
cannot be mobilized (Vigouroux et al., 2019). The ecosystem variables
circulation among the basins is based on advective transport depending on
the simulated water velocities.

The coastal water quality model for the Himmerfjirden Bay also includes
anoxic areas and the iron-bound phosphorous variable is partitioned
between its oxic and anoxic state, and is calibrated for the period 2002-2009
against data for the year 2015 having higher temporal resolution (Paper IV
and its SM) and validated for four coastal water formations (WFs) for the
summers of years 2008 and 2009 (Paper IV).

3.3. Cases classification and scenario settings

3.3.1. Three dominant cases for nutrient loadings

Nutrient loads L. and water discharge @ at each watershed (station) atre
normalized with their mean values respectively. Linear I.-Q regressions are
fitted for the normalized I and (@ data for each watershed (station).
Watersheds with different source conditions are distinguished according to

15
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equations (1)-(5) and three approaches. The first approach takes into
consideration the normalized shortest distance from the origin point to the
fitted line; the second and third approaches consider the intercept of fitted
line with the L axis or with the () axis, respectively. Detailed information of
the three approaches and classification criteria are given in Paper 111 and its
Supplementary Materials.

Classification results are shown in Figure 5 and Figure 6 for watersheds with
different dominant sources. Of all the 37 watersheds, 33 watersheds are
identified to have dominant subsurface legacy sources (Case Ia and Case Ib)
for both TN and TP, respectively. Besides, 1 watershed has dominant
current surface source (Case II) and 3 have mixed subsurface legacy sources
and current surface sources (Case III) for TN; while for TP, the remaining 4
watersheds all have mixed sources (Case 111).
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Figure 5. Resulting source case classification according to Figure 4, based on the best fit
regression lines to the available data for normalized load (L, vertical axis) of total
nitrogen (TIN) versus normalized water discharge (Q, horigontal axis) at each station in
the Load and Load-est station sets (Fignre 1). The load L. and discharge Q values are
normalized with their respective mean values for each station (Paper ).
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Figure 6. Resulting source case classification according to Figure 4, based on the best fit
regression lines to the available data for normalized load (L, vertical axis) of total
nitrogen (I'P) versus normalized water discharge (Q, horizontal axis) of each station in
the Load and Load-est station sets (Figure 1). The load L. and discharge Q values are
normalized with their respective mean values for each station (Paper I11).

3.3.2. Three hydro-climatically distinct cases and management scenarios for the
water quality simulation

To understand the influence of different hydro-climatic conditions on the
hydrodynamics of the Baltic Sea (paper I), and further the hydrodynamics
and water quality conditions in the Himmerfjirden Bay (paper IV), three
different cases are chosen characterized by their river discharges into the sea
(R, m3/s) and net heat flux over the sea (denoted as T in Paper I and as H in
Paper IV, W/m?) based on the available data from 2000 to 2009, as
described in Table 1.

To categorize the cases, the river discharges and net heat fluxes of each case
are compared with the corresponding value that is averaged from 2000 to
2009. A case with larger/smaller river discharges than average is defined as
with wet/dry condition. Similarly, a case with larger/smaller net heat fluxes
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than average is defined as with warm/cold condition. As the
Himmerfjirden Bay is influenced by the Baltic Sea through the its open
boundary linking to the sea, the conditions defined for the bay consider
both the hydro-climatic conditions at the bay and also at the sea.

Table 1: Hydro-climatic condition-year classification based on hydrodynamic forcing
conditions for the Baltic Sea and the Himmerfjdrden Bay, using data for river discharges
(R) and net heat flux (denoted as T for the Baltic Sea and H for the Himmerfjdrden
Bay) (modified from Paper I and Paper IV).

Baltic Sea Himmerfjarden Bay
Cases R+,T- R+, T++ R--,T+ Period R-,H- R#+,H++ R--,H+ Period
average average
Year/Period 2005 2000 2003 2000-2009 2005 2000 2003 2000-2009
River Discharge 9842 10162 6159 8617 11.6 20.1 9.8 14.5
(m?/s)
Net heat flux -4.84 16.66 7.37 2.58 4.9 19.1 6.2 33
(W-m™)

It should be noticed that the wet/dry condition may not be consistent for
the cases with a same year but different region scales, which also holds for
the warm/cold condition. Take year 2005 as an example. The case
considering the total discharge in to the sea is a normal case. However,
when comparing the discharges of the 13 largest rivers to the 10-years
average value, it is a wet case. When comparing only the rivers discharging
into Himmerfjirden Bay, it is a dry case. Therefore, year 2005 is
characterizes as a wet case denoted by “R+” for the Baltic Sea scale and a
dry case denoted by “R-" for the Himmerfjirden Bay scale. Moreover, year
2005 is relatively cold for the Baltic Sea, therefore it is denoted as “T—". The
net heat flux at the local scale for the Himmerfjirden Bay is slightly higher
than average. However, the cold condition of the sea for the year 2005 has
relatively strong influence on the bay condition through the open boundary,
therefore year 2005 is denoted as a cold case “H-" for the Himmerfjirden
Bay.

The year of 2000 characterizes a wet and particularly warm case “R+,T++”
for the sea, and a particularly wet and particularly warm case “R++H++”
for the bay. Therefore, the year 2000 can be considered as a typical example
of wetter and warmer conditions, which might happen in the future, for
both the sea and the bay. Similatly, the year 2003 characterizes a particularly
dry and relatively warm case “R— — T+ for the sea, and a particularly dry
and warm case “R— —H+” case for the bay, which can be seen as the
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possible conditions of drier summer in the future. Hydrodynamic
simulations for the Baltic Sea are done with each of the hydro-climatic
settings for the three cases “R+T-7, “R+T++7, “R- -, T+” respectively
until they reached the quasi-steady state for case “R- -, T+”, “R+,T++”, or
the water temperature has gone below zero for case “R+,T-” (see further
description in Paper I).

Moreover, in the water quality simulations of the Himmerfjirden Bay,
different management scenarios are set representing different possible
mitigation approaches. Simulations are done under all the scenatios for 30
years with repeating the forcing data for each of the hydro-climatic cases
until the results have reached steady state. Consequently, the short-term
transient effects of the processes are removed. Thus, the steady state results
point out the directions, towards which the considered variables may change
in the future under the different corresponding management scenarios.

The management scenarios consist of a base case scenario (Sg), three
scenatios reflecting the possible mitigation efforts from land (Sps, Sr, and
Sps+r) (called land mitigation scenarios), one scenario (Sse.) reflecting
possible mitigation effort to attain good ecological status at the sea (called
sea mitigation scenario), and one scenario (Sps+r+sea) reflecting the combined
mitigation efforts from land and sea (called combined land and sea
mitigation scenario). For example, So represents the current management
conditions; Sps and Sr represent the cases of a reduction of total nitrogen
and total phosphorus loads by 50% of the loads from point sources, and
those reductions are made from point sources loads (Sps) or from riverine
loads (Sr), respectively. Sps+r represents the combined reductions from both
point sources Sps and riverine loads Sr. Ssea represents the situation with
good ecological status that are attained in the sea influencing the coastal
water quality condition in the bay through the coastal-marine boundary
conditions, and Sps+r+sea represents the combined mitigation efforts of Sps+r
and Ssca.

3.3.3. Two coastal study cases and three release scenarios

The Kalmar County coast and the Vistula River coast are selected for
comparisons because they have different hydro-climatic, geomorphological
and hydrodynamic characters.

The freshwater discharge from the Kalmar County coast to the sea is
relatively small and diffuse. To represent this type of loading along the
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Kalmar County coast, Oskarshamn Harbor at the north of the coast (Figure
2) is selected as an example location. In this Kalmar County coast case, the
small freshwater discharge from the coast first joins into a coastal flow that
move mainly towards the south along the Kalmar Strait (red arrow, coast 1
in Figure 7), and further into a main marine current moving mainly
southwestwards along the west coast of the Baltic Sea (blue arrow, coast 1 in
Figure 7).

Compared to the Kalmar County coast case, the freshwater discharge from
the Vistula River is large for the Vistula River coast case. The large river
input enters a more open coastal gulf (Gulf of Gdansk) and meets with a
circulating coastal flow (red arrow, coast 2 in Figure 7), and finally joins into
a main marine current that goes northwards (blue arrow, coast 2 in Figure

7).

Moreover, the Kalmar County belongs to the district of Southern Baltic
Proper in the Swedish water management district, which has an average
annual precipitation of around 744 mm/year and runoff (discharge per
catchment area) of 242 mm/year. Compared to the Kalmar County, the
Vistula River catchment has annual average precipitation of 550-650
mm/year in most of parts of it. In addition, its annual average runoff is
around 167mm/year, which is smaller than that of the Kalmar County.
Therefore, on average the Vistula River originates from drier areas.

Three scenarios are selected for comparison of the different transport
processes from different coast cases and also the influence of different
loading conditions from land.

In the solute transport simulations, a solute source that locates at
Oskarshamn Harbor for the Kalmar coast case is released over the whole
depth of the water. The concentration of the source is set to be constant,
normalized to be 1, and assumed to be dimensionless. For the sake of
comparison study, in the Vistula River coast case, different amounts of
solute are released as a mass flux from the boundary, such that the
proportions of the released amounts between the two cases are consistent
with the settings in different scenarios. The detailed explanations are as
follows.

In the equivalent release scenario, an equal amount of solute load is released
from the Vistula River outlet into the sea as the Kalmar County coast case.
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Regarding the total nutrient scenario, the total annual averaged nutrient
loads released into the sea ate considered. The total nutrient loads released
in the Vistula case are 35.6 times for TN and 55.1 times for TP greater than
those in the Kalmar case, respectively, based on the annual average total TN
and TP loads from these two cases (Kustvattenkommitten, 2001,
Linsstyrelsen i Kalmar lin, 2000; Stalnacke et al., 1999).

For the per-capita nutrient scenario, the annual averaged nutrient loads
contributed by per person in the area are considered. More specifically, the
average contributions per person are calculated by the population
(Statistiska Centralbyran, 2019; Nilsson, 2006) and the corresponding loads
released from the areas (Kustvattenkommitten, 2001; Linsstyrelsen i Kalmar
lin, 2000; Stilnacke et al., 1999). Based on the average contributions per
person, the released solute in the Vistula case is set such that the per-capita
TN is 4.3 times smaller than that of the Kalmar case. Similarly, the per-
capita TP in the Vistula case is 2.7 times smaller than that of the Kalmar
case.

16°E 20°E 24°E 28°E 32°E <

Tomesiven
Kemijoki

Kalixsiven

Visula
2) The Vistula River
Coast

Figure 7. The Baltic Sea locations of the (1) Kalmar County and (2) Vistula
River coastal cases are shown with the associated main coastal (red arrows) and
marine (blue arrows) water flows; orange dots show the locations of the 13 largest
river outlets along the whole Baltic coast and green dots show the outlet locations of
two relatively small local rivers at the Kalmar coast (modified from Paper 11).
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4. RESULTS AND DISCUSSION

4.1. Nutrient concentration distribution from different sources
on land for the Swedish coast

Spatial distributions of watersheds with different source types are shown in
Figure 8a for TN and Figure 9a for TP, according to the classification in
Figures 5 and 0, together with the corresponding subsurface legacy source
concentration @, cutrrent surface source concentration S/Q,s and
contribution fraction y for the watersheds of different cases (Figures 8 and

9.

The legacy source concentrations of both TN and TP show spatial patterns
of increasing from the north to the south, where the agriculture land share
and the population density are also larger.

Current surface source concentrations are calculated by the intercepts g in
Egs. (4) and (5) divided by the annual average water discharge of the
watersheds Q... Current surface source concentrations (Figures 8c and 9c)
are smaller compared with the subsurface legacy source concentrations
(Figures 8b and 9b), and the variations of concentration levels are much
smaller compared to those of the legacy source concentration.

Contribution fractions y for the mixed sources cases (Case I1I) are relatively
large (larger than 0.6) for both TN and TP (Figures 8d and 9d) indicating
the relatively large contribution from the current surface sources to the
mixed sources cases.

Change trends of concentration levels over the years differ among different
cases according to the statistics shown in Figure 10. For TN, the watershed
of Case II has the largest decreasing trend in percentage per year of all the
watersheds; all the 3 watersheds for Case III have a decreasing trend while
the trends of watersheds in Case I alter around 0 with more or less equal
proportions for increase or decrease. For TP, the medians of Case I and
Case III watersheds both have a slight decreasing trend (Figure 10b). If we
further count the proportion of the watersheds with a decreasing trend in
terms of concentration, the result shows 19 cases out of 33 for Case I
watersheds, while it is 3 cases out of 4 for Case III water sheds. It indicates
that the TP concentrations of watersheds in Case III are more inclined to
decrease compared with those of Case L.
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Figure 8. (a) Geographic distribution of the stations of different source cases according o
Fignre 4 with regard to total nitrogen (IIN; Figure 5). Calenlated TIN source
concentrations for (b) Case I and Case 111 subsurface legacy sources and (c) Case Il and

Case LI current surface sources, and (d) contribution fractions () for the latter in Case
I stations (Paper I11).
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Figure 9. (a) Geographic distribution of the stations of different source cases according to
Figure 4 with regard to total phosphorus (I'P; Figure 6). Calenlated TP source
concentrations for (b) Case I and Case 111 subsurface legacy sources and (c) Case 111

current surface sources, and (d) contribution fractions (y) for the latter in Case 111 stations
(Paper 111).
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Nutrient concentrations in Case [ watersheds, which have dominant
subsurface legacy sources, are more difficult to mitigate compared with the
concentration from current surface sources, as the concentrations of
subsurface legacy sources stay within the watersheds with continuously
mostly stable concentrations released into the water. These subsurface
sources cannot be easily removed by current mitigation efforts; instead, they
will have long-lasting effects on the water quality even though no new
nutrient loads are added to the watersheds (Van Meter et al., 2018). This
explains why Case I watersheds are less likely to have decreasing trends
compared with other cases. While the nutrient concentrations from Case 11
and Case III watersheds, with dominant current surface sources or mixed
sources, are considerably easier to mitigate with suitable mitigation methods.
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Figure 10. Statistics of change trends (percentage per year) at the stations of different
source cases (Figure 4) for (a) the concentration values of total nitrogen (TIN, left) and (b)
total phosphorus (TP, right) in the discharges to the coast over the study period 2003-
2013 (Paper 111). The boxplots show the median (line) and associated interguartile (hox;)
and total (whiskers) ranges, and the red + symbol in (b) shows an outlier value.
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4.2. Flow patterns and its predominant drivers in the Baltic
Sea

Hydrodynamic simulations were done with hydro-climatic settings of three
cases “R+,T-7, “R+,T++7, “R- -;T+” (see Section 3.3.2) until they reached
the quasi-steady state for case “R+T++7, “R- -T4+” or the water
temperature has gone below zero for case “R+,T-” (see further description
in Paper I).

Besides the difference of freshwater runoff and net heat flux characteristics
among the three cases, their wind directions are also different. Figure 11
shows the yearly average wind directions (the wind blows towards) at each
simulation cell for the three cases. Case “R+,T-” has similar directions
towards the northeast for most of the areas as Case “R+,T++”; while in
Case “R- -,T+”, winds in most of the area are blowing towards the east.
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Figure 11. Yearly average wind direction for the simulation cases: (a) “R+T-% (b)
‘R+,T++", (¢) “R- - T+"(Supplementary Materials, Paper I).

Circulation in the Baltic Sea is the basic factor to further determine the
nutrient spreading and transport, and hence influence the water quality and
biogeochemical process of the sea. With all the different hydro-climatic
drivers/factors, we would like to investigate which factors are the most
important for the basic flow structure in the Baltic Sea considering the
fluxes direction and magnitude between basins (panel a, Figure 12), and to
which extend the basic flow structure is influenced by these hydro-climatic
driver(s).

Simulation results show that the flow structure of the two wet cases “R+,T-

” and “R+,T++” have similar patterns. By comparison, the dry case “R- -
,I+7 is different with the fluxes through basin connections No.12 and
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No.11 much smaller than the other two cases, while the flux through some
other basin connections is larger, such as basins No.15 and No.8. However,
with respect to flux direction between basins, the circulation patterns are
quite stable among the three cases in spite of the relatively significant
differences in the hydro-climatic conditions. Flux directions are the same for
most of the basin connections with a large flux; some fluxes may alter their
directions across the hydro-climatic cases, such as the fluxes going in and
out of the Gulf of Riga (basins No. 10 and No. 13) which change directions
for Case “R+,T++".

Furthermore, an additional test was simulated to test how wind can
determine the flow structure of the Baltic Sea, with the basic hydro-climatic
settings of the dry case “R- -;T+” and changing the wind conditions to the
case “R+,T++"”. Results show that the flow structure of the wind-modified
dry case “R- -;T+" (purple line, Figure 12c) is significantly different from
the original dry case “R- -, T+” (yellow line, Figure 12c), while have more
similarity with the wet case “R+,T++” considering the magnitude of the
flux even though there is a great difference in the wetness between the
cases. This additional test, together with the effects of wind compared
above on the three cases, shows that the wind is the prevailing driver
controlling the flow field of the Baltic Sea. With regard to the flow
directions, the main flux directions are quite stable across all the cases,
whereas the flux magnitude is essentially controlled by the wind field.
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Figure 12. Yearly average flows between the marine basins of the Baltic Sea at a
quasi-steady state (end-of-simulation period for each case). (a) Basin connection
locations and flow directions for the simulation case “R+,1-". (b) Comparison of
the resulting cross-basin flows for the three simulation cases: “R+,1-" (blue),
R+, T++" (red), and “R- - T+ (yellow). ~ (c) Comparison of resulting cross-
basin flows for the simulation cases: “R+,T++" (red), “R- -’ T+ (yellow), and a
modified “R- - T+7 case with wind conditions from “R+T++" (purple).
Negative flows in panels b-c imply changed flow directions from the directions in
panel a, for the case “R+,T-"(Paper ).

4.3. Solute transport pattern influenced by the land and sea
factors

4.3.1. Land factors — three solute release scenarios

Two different coast locations are selected for comparison of the nutrient-
related solute spreading patterns, both locally along the coast and further
into the sea. The two cases, Kalmar County coast and Vistula River coast,
represent different hydro-climatic conditions on land with drier condition
for the Vistula River catchment. Moreover, they have different types of
discharge of freshwater into the sea. Specifically, the Kalmar County coast
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discharge is characterized by relatively small and diffuse sources, while the
Vistula River discharge is characterized by a large water river input.
Comparisons between the two cases are made with the equivalent loadings
from the two locations. Furthermore, nutrient-proportional loading
scenarios are simulated for the two cases, with the nutrient loadings from
the Vistula River coast proportional to those of the Kalmar County coast
regarding total nutrient loadings and per-capita loadings, respectively. These
scenarios are included for comparisons between the two cases, also for
comparison of the relationship between different amounts of loadings and
the transport patterns.

Results with equivalent release scenario are shown in Figure 13. The solute
first accumulates at the coastal areas for the two cases, and then spreads into
the sea, following the main current patterns of the Baltic Sea in Figures 7
and 12. Concentration levels are quite different at the coastal areas for the
two release cases due to their different freshwater and nutrient discharge
conditions. With the same loading, the Kalmar County coast with its
relatively small and diffuse release, has a much higher concentration at the
source and therefore higher concentration level in the coastal water. By
comparison, the Vistula River coast, with a large river water discharge and
thus lower associated concentration in order to maintain the same total
loading as the Kalmar County release, results in lower concentration in the
coastal water.

However, the global spreading patterns in the sea are quite similar between
the two cases even though there are great differences with source input
conditions from land and concentration levels at the local coastal areas. As
shown in Figure 13, the two cases, with solute released from different
locations, have similar spreading patterns with comparable concentration
levels at similar places or similar distances from the sources in the sea.

Different amounts of solute are released at the Vistula River coast
proportional to total average annual loads (Figure 14) and per capita
released loads (Figure 15) of TN and TP compared with the Kalmar county
case. In the total nutrient scenario, the TN and TP loads from the Vistula
catchment are 35.6 times and 55.1 times higher than from the Kalmar
County, and therefore have much higher and further spreading patterns into
the Baltic Sea (Figure 14b and 14c) compared with the Kalmar County
results as a baseline (Figure 14a). Converse results are obtained in the per
capita nutrient release scenario, in which the released loads from Vistula
catchment are 4.3 and 2.7 times lower for TN and TP respectively,
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compared to those from the Kalmar County. Therefore, the per capita
loadings from the Vistula River coast case have resulted in a much smaller
spreading and impact in the sea (Figure 15).

Irrespective of whether we compare the two cases within the same scenario,
or across the three scenarios for the Vistula River release case, it is obvious
that the total amount of loadings from land, has the dominant importance
for determining the concentration level and its spreading distance in the sea
from the source.
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Figure 13. Isolines of maximum solute concentration over the simulation
period in the equivalent release scenario. (a) Kalmar County coast case; (b)

Vistula River coast case (Paper 11).
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Figure 14. Isolines of maximum solute concentration over the simulation
period for the total nutrient release scenario. (a) Kalmar County coast case
with standard solute release; (b) Vistula River coast case with total nitrogen
(I'IN)-proportional 35.6 times higher solute release; (c) Vistula River coast
case with total phosphorus (TP)-proportional 55.1 times higher solute release

(Paper 1).
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Figure 15. Isolines of maximum solute concentration over the simulation
period for the per-capita nutrient release scenario. (a) Kalmar County coast
case with standard solute release; (b) Vistula River coast case with TIN-
proportional 4.3 times lower solute release; (c) 1 istula River coast case with
TP-proportional 2.7 times lower solute release(Paper I1).

4.3.2. Sea factors — two coastal cases with different coastal flows and marine

Sflows

The impact of sea factors on the two cases are discussed under the
equivalent release scenario. With the same release amount, the solute
concentrations show different patterns at the local coastal areas. Nine
observation points for each study case are selected (as shown in Figure 1c,
Paper 1I) to show the hydrodynamics and concentration patterns at the
coastal areas.

As Figures 16a and 17a show, the two cases have very different coastal flow
fields: The Kalmar County coast case has a simple flow mainly towards the
south through the Kalmar Strait (Figure 16a), while the Vistula River coast
case has a more complicated flow circulating in the gulf with the flow
direction altering a few times (Figure 17a). This results in the greatly
different solute concentration distributions in the respective coastal waters.
In the Kalmar County coast case, the concentration is much higher at the
south than the north since the flow brings the solute towards the south;
moreover, a distance effect is obvious in this case of mainly southwards
flow with higher concentration at the closer distance to the source (Figure
16b). In the Vistula River coast case, with its circulating coastal flows, the
distance effect is not clear; here, the lowest concentration is at the middle
observation points and higher concentrations are observed at the fringe
(Figure 17b). This is because the water in the middle parts mixes with the
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main marine currents from the sea (Figure 7), receiving fresh water from
these currents which reduces the concentration. Further tests examined by
power spectral density PSD and Magnitude-squared coherence also show
that the two cases have different drivers and influence chains of their solute
transport patterns due to the different hydrodynamic conditions in the sea.

One thing to note is that the concentration level is much higher at the
Kalmar County case than the Vistula River case, which is due to the
different ways of solute discharge or release from the land as stated above in
section 4.3.1.

Power spectral density PSD and Magnitude-squared coherence results show
that the two cases have different influence chains of the solute transport
patterns at the coastal areas (see further details in paper II). For the Kalmar
county coast case, (negative) northwards wind drives the flow both in
northwards (negative) and eastwards directions, and finally determine the
solute transport patterns at the local areas. By comparison, for the Vistula
River coast case, solute transport patterns are influenced by the costal flow
in the areas that are dominated by the costal flow; whilst at the areas with
more interactions with the stable marine currents, such an influence from
the local wind or flow conditions on the solute transport patterns does not
exists or is very limited.

For the global spreading patterns in the sea, solutes in the two cases are
following different marine currents because of their different released
locations (Figure 7). Solute released at the Kalmar county coast are further
transported to the south part of the sea following the southwards marine
currents parallel to the coast and then northwards to the whole Baltic Sea,
after it passes the narrow strait (Figure 7). While for the Vistula River coast
case, solute mainly follows the northwards marine currents that meet with
the local circulating flow at the bay and spread northwards to the whole sea
from the south (Figure 7). However, from the global point of view
regarding the general spreading patterns in the sea, the two cases exhibit
similarity considering the comparable concentration levels at similar
locations in the sea.
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Figure 16. (a) Temporal average northwards velocity component (m/s). (b)
Temporal average solute concentration (normalized, dimensionless). Results are for

the Kalmar County coast and the symbol A in panel (b) indicating the solute source
location along this coastline (Paper 11).
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Figure 17. (a) Temporal average northwards velocity component (m/s). (b)
Temporal average solute concentration (normalized, dimensionless). Results are for

the Vistula River coast with the symbol A in panel (b) indicating the solute source
location along this coastline (Paper 11).
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4.4. Water quality conditions influenced by the land-based and
sea-based factors

Simulations of water quality at the Himmerfjirden Bay of the Baltic Sea with
different mitigation efforts of land-based, sea-based or combined land and
sea mitigation scenarios are compared to the base case scenario (So) with the
current mitigation condition under different hydro-climatic cases. This aims
to compare the effectiveness of different mitigation efforts from land and
from the sea, and also reflect on how and to which extend the land-based
and sea-based factors will influence the coastal water quality.

Figure 18 show the proportion of water formations (WFEs) that have reached
the Good Component Status (GCS) for DIN, DIP and summer Chl_a,
respectively. This proportion is used as an indicator to show how effective
the mitigation efforts are for the coastal water quality. Detailed information
about the calculation and classification of GCS are given in Paper IV.

As shown in Figure 18a, land-based mitigation efforts have more impact on
the DIN than the sea-based effort. The land-based scenario Sps+r and the
combined land and sea scenario Sps+r+sea have the most impact on
improving the water quality conditions, especially for the dry-cold hydro-
climatic case. By comparison, for the sea-based scenario the proportions of
WF with good DIN status are worse.

For DIP (Figure 18b), the sea-based effort is more effective and has more
impact on the water quality status, with more than 80% of all the WFs
reaching good status for all the hydro-climatic cases. Land-based factors also
have some influence on the water quality status, though not as much as the
sea-based factor. In the dry-cold hydro-climatic case, all the land-based
efforts result in an improvement over the DIP status.

For the summer Chl_a (Figure 18c), it is also the sea-based effort which
yields more impact on the water quality improvement compared with the
land-based efforts, and some improvements are also gained by the land-
based scenario Sps+r for the dry-warm and wet-warm hydro-climatic cases.

Opverall, for the DIN condition in the bay, land-based factors with load
reductions from land has the most impact on the coastal water; in contrast,
for the DIP and summer Chl_a conditions, a better ecological status in the
sea is more important for reaching a good water quality status in the coastal
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water. Combined land and sea mitigation efforts are effective for all those
three water quality components of DIN, DIP and Chl_a.

With all the different hydro-climatic settings, the dry and cold condition is
overall more favorable for improving water quality status for DIN, DIP and
Chl_a for most of the scenarios compared with the other two cases. Dry-
warm case comes the second, and the wet-warm case condition is generally
the most unfavorable for reaching good status for the three water quality
components.
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Figure 18: Proportion of coastal Water Formation area reaching Good Component
Status for (a) DIN, (b) DIP, and (c) Chl a under main investigated scenarios (So, Sps,
SR, Sps+R, S5ear SPs+R+500). (me0dified from Paper I17).

5. SUMMARY

This thesis focuses on the land and sea characteristics of the Baltic Sea
system, considering the different sources and patterns of riverine nutrient
loads from land and basic flow patterns in the sea under distinct hydro-
climatic conditions. Further discussion about the land-based and sea-based
effect on the transport patterns of the nutrient loadings at the local coastal
scale and global scale of the sea are made by two different coast cases and
three different scenarios. Moreover, impacts from the land and sea factors
on the coastal water quality status are simulated and compared under
different land-based and sea-based mitigation scenarios.
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The Baltic Sea receives nutrient loadings from the Swedish coast (the west
coast for the Baltic Sea), most of which are dominated by subsurface legacy
sources. The subsurface legacy source loads are characterized by the linear-
proportional relations of the total loads and the water discharge. Loads with
this type of source are more difficult to mitigate compared with those from
the current surface sources. The concentrations are quite stable for loads
dominated by subsurface legacy sources, while the total amount of loads will
change according to the volume of freshwater discharge.

The Baltic Sea has a quite stable flow structure considering the flux
directions between basins. Most of the directions of large fluxes between
marine basins will not change under distinct hydro-climatic cases, but the
magnitude of the fluxes will change a lot depending on the wind field.

Nutrient loads released from different coasts on land to the Baltic Sea show
different transport patterns in local coastal areas due to the site-specific
coastal hydrodynamic conditions, but result in similar spreading patterns in
the sea with comparable concentration levels at similar locations or distance
from the sources in the sea, even though they follow different pathways
transported by different marine currents. The global spreading patterns in
the sea appear to be more influenced and determined by the amount of
released loads from land than by the marine currents in the sea.

Water quality conditions at the coastal waters are influenced both by land-
based and sea-based factors. Load reduction from combined sources from
land has more impact on the DIN status than the improving sea
environment, while sea ecological status can change the DIP and Chl_a
status of the coastal water greatly. Dry-cold conditions are most favorable
for improving the water quality status while the wet-warm conditions are
generally most unfavorable.

The above investigation also shows that varying hydro-climatic factors have
important impacts on the different component processes of nutrient loading
from land to the sea. For example, the change of river discharges from land
would influence the total load that comes from subsurface legacy sources
into the sea, and eventually influences the spreading of nutrients in the sea;
the change of wind conditions would influence flow and transport dynamics
at local scale, and the flow fluxes between marine basins at the sea scale.
The change towards a dry-cold condition could benefit the water quality,
whilst the change towards a wet-warm condition will be generally
unfavorable for water quality improvements. More comprehensive studies
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are needed based on the component processes considered in this thesis, for
mapping water quality and eutrophication long-term trends in the Baltic Sea
with confidence that is sufficient for effective mitigation measures and
policies.

6. FUTURE WORK

Future work that builds on the results of this thesis could be done in the
following three directions to further improve our understanding of the
coastal-marine system of the Baltic Sea:

e to quantify the influence of loads from the Swedish coast to the
Baltic Sea, with comparison under different freshwater discharge
scenarios of climate change.

e to combine the tracer model with water quality model, considering
all relevant transformations of the nutrients along flow paths, rather
than using a passive tracer.

e to combine the hydrodynamic model, water quality model and the
ecological model for a more comprehensive ecological simulation
of different coastal areas in the Baltic Sea.
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