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Abstract

A modeling study of the impact of climate change on temperature and oxygen profiles
in three Swedish lakes
Ida Eriksson

Climate change is one the greatest environmental challenges of our time, both due to direct effects
such as global warming but also due to the potential of the climate acting as a driver for other
environmental problems. This thesis aims to evaluate the impact of climate change on thermal
properties and the content and distribution of dissolved oxygen in boreal lakes. By calibrating the
one-dimensional, process based model MyLake with data from three, long-time monitored lakes in
Sweden, vertical profiles of temperature and oxygen could be studied over time.

Changes in air temperature, precipitation and discharge showed to have a great impact on the
thermal properties of the lakes. Simulations 30 and 80 years in the future with high impact cli-
mate scenarios indicated an overall increase in lake water temperature and reduced duration of ice
cover. The increase in lake water temperature decreased with depth, indicating enhanced thermal
stratification.

Climate change also had a profound impact on the content and distribution of dissolved oxygen,
DO, in the lakes. Climate-induced increases in dissolved organic carbon, DOC, had an overall neg-
ative impact on the DO content in the water column. The impact of changes in air temperature,
precipitation and discharge however had an overall positive impact on lake water DO, most likely
due to increased oxygen supply during the winter months due to the shorter duration of ice cover.
The risk of summer anoxia increased due to the combined effect of increased air temperatures and
elevated DOC concentrations.

In conclusion, the impact of climate change will, directly or indirectly, have a profound impact
on both the thermal conditions and the content and distribution of oxygen in lakes. This may
drastically change future lake water quality as well as the living conditions for the aquatic life.

Keywords: climate change, lake modeling, MyLake, temperature, oxygen, boreal lakes, DOC,
water quality, anoxia
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Referat

En modelleringsstudie av klimatforidndringarnas paverkan pa temperatur- och syr-
gasprofiler i tre svenska sjoar
Ida Eriksson

De pagaende klimatfordndringarna ar ett av var tids mest utmanade miljéhot, dels pa grund av
direkta effekter sasom global uppviarmning men ocksa pa grund av klimatets potential att agera
som en drivande faktor i manga miljésammanhang. Malet med denna studie var att undersoka hur
klimatforandringarna paverkar temperatur- och syrgasgastorhallanden i sjoar. Genom att kalibrera
den en—dimensionella, processbaserade modellen MyLake, med data fran tre svenska sjoar, kunde
vertikala temperatur- och syrgasprofiler undersokas 6ver tid.

Forandringar i lufttemperatur, nederbord och fléde, baserade pa vedertagna klimatscenarier med
hog klimatpaverkan, visade sig ha en tydlig paverkan pa sjérnas temperaturforhallanden. Simu-
leringar 30 och 80 ar fram i tiden resulterade i férhojda vattentemperaturer i hela vattenkolumnen
samt forandringar i tidpunkt for isbildning och smaltning. Vattentemperaturen okade for samtliga
understkta djup, men 6kningshastigheten minskade med 6kat djup. Detta tyder pa starkare skik-
tning av vattenkolumnen i framtiden.

Forandringar i klimatet visade sig ocksa ha en stor inverkan pa sjéarnas syrgasférhallanden.
Okande halter av 15st organiskt kol, orsakade av klimatforindringar, hade negativ inverkan pa
sjbarnas syrgasforhallanden. Férdndringar i lufttemperatur, nederbérd och fléde hade déremot en
Overlag positiv inverkan pa sjéarnas syrgasforhallanden. Detta beror troligtvis pa att tillflodet av
syrgas Okar i och med att tiden da sjon ar téckt av is forkortas. Risken for syrefattiga forhallanden
under sommarmanaderna 6kade dock, pa grund av den kombinerade effekten av foérhojd lufttem-
peratur och 6kande DOC halter.

Sammanfattningsvis forvantas klimatforandringar ha en tydlig effekt pa bade temperatur- och
syrgasforhallanden i sjoar. Detta riskerar att avsevart forsamra bade sjéarnas vattenkvalitet och
levnadsférhallanden for vattenlevande organismer.

Nyckelord: Klimatforandringar, modellering, MyLake, temperatur, syre, DOC, vattenkvalitet,
syrebrist
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Popularvetenskaplig sammanfattning

En modelleringsstudie av klimatforidndringarnas paverkan pa temperatur- och syr-
gasprofiler i tre svenska sjoar
Ida Eriksson

De pagaende klimatforéandringarna &r ett av var tids mest utmanade miljohot. I framtiden férvéntas
bland annat lufttemperaturen att 6ka och nederbérdsménster forandras. Klimatforandringar forvantas
ocksa bidra med en Skad tillférsel av 16st organiskt kol (eng. dissolved organic carbon), DOC. I
denna studie har klimatférandringarnas inverkan pa temperatur och syrgashalter i sjdar undersokts.

Klimatfordandringar forvintas ¢ka vattentemperaturen i sjéar men ocksa paverka hur tempera-
turen fordelas i sjon. I Sverige &r manga sjéar dimiktiska vilket innebér att hela vattenkolumnen
blandas om tva ganger per ar, en gang pa hosten och en gang pa varen. Under tiden mellan
omblandningarna séger man att sjon ar skiktad. En skiktad sjo bestar av ett ovre vattenlager,
epilimnion, och ett undre vattenlager, hypolimnion. Denna skiktning uppkommer pa grund av
att temperaturskillnader i epilimnion och hypolimnion leder till skillnader i densitet vilket gor att
vattenmassan i epilimnion flyter ovanpa hypolimnion. Om klimatet féréndras ar det troligt att
temperaturskillnaderna mellan epilimnion och hypolimnion okar vilket kommer forstérka sjoarnas
skiktning.

Nar en sjo ar skiktad innebér det att 16sta &mnen inte fordelas jamnt i vattenkolumnen. Halten
och férdelningen av syrgas i en sjé dr nagot som paverkas kraftig av sjons skiktningsmonster. Nér
sjon ar skiktad nar inte syrgas fran luften ner till de ldgre nivaerna i sjon. Da en stor del av
syrgastorbrukningen i en sjo sker i bottenvattnet kan langa perioder av skiktning leda till syre-
fattiga forhallanden, speciellt i bottenvattnet. Om syrgashalterna i en sjo blir laga finns det risk
att vattenlevande organismer kan paverkas eller till och med d6. Det finns ocksa stor risk att
vattenkvaliteten forsdmras.

For att forsta vilken inverkan klimatet kan komma att ha pa temperatur- och syrgasférhallanden i
sjoar anvandes en modell for att simulera hur sjbarnas temperatur- och syrgasprofiler i sjoar, alltsa
fordelningen av temperatur respektive syrgas genom vattenkolumnen, férdndras 6ver tid. Mod-
ellen kalibrerades med data fran tre svenska sjoar, utspridda runt om i landet. For att simulera
framtida klimat skapades tre klimatscenarier. Det forsta scenariet, climate, var endast baserat pa
férandringar i lufttemperatur, nederbérd och fléde i sjon. Det andra scenariet, DOC, var endast
baserat pa Okande halter av 16st organiskt kol och det sista, climate+DOC var baserat pa den
kombinerade effekten av forandringar i klimat och DOC halter.

Forandringar i lufttemperatur, nederbérd och fléde, baserade pa vedertagna klimatscenarier med
hog klimatpaverkan, visade sig ha en tydlig paverkan pa sjornas temperaturférhallanden. Simu-
leringar 30 och 80 ar fram i tiden resulterade i forhojda vattentemperaturer genom vattenkolum-
nen och ocksa forandringar i tidpunkt for isbildning och sméltning. Vattentemperaturen okade for
samtliga djup, men 6kningshastigheten minskade med 6kat djup. Detta tyder pa starkare skiktning
av vattenkolumnen i framtiden.

Forandringar i klimatet visade sig ocksa ha en stor inverkan pa sjbarnas syrgasforhallanden.
Okande halter av 15st organiskt kol hade negativ inverkan pa sjoarnas syrgasforhallanden. Fordandringar
i lufttemperatur, nederbord och fléde hade daremot en Overlag positiv inverkan pa sjoarnas syr-
gasforhallanden. Detta beror troligtvis pa att tillflédet av syrgas 6kar i och med att tiden da sjon

ar tackt av is forkortas. Risken for syrefattiga forhallanden under sommarmanaderna 6kade dock,

pa grund av den kombinerade effekten av forhéjd lufttemperatur och 6kande DOC halter.

Sammanfattningsvis kommer klimatforandringar ha en tydlig effekt pa bade temperatur- och syr-
gasforhallanden 1 sjoar. Detta riskerar att avsevért forsamra bade sjoarnas vattenkvalitet och
levnadsforhallanden for vattenlevande organismer.
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1 INTRODUCTION
1.1 OBJECTIVE

Climate change is one of the most challenging environmental issues of our time. Changes in climate
does not only lead do direct effects such as global warming but the climate also has a great potential
to act as a driver for other environmental problems. The aim of this study is to investigate the
impact of climate change on boreal lakes by studying the changes in temperature and oxygen
profiles for some Swedish lakes. By implementing data from long-time monitored lakes in the one-
dimensional, process based model MyLake, the distribution of temperature and dissolved oxygen
over time and depth can be studied. The goal is to investigate both individual and combined
effects of different factors influencing the distribution of temperature and dissolved oxygen. To do
this, different future scenarios will be created based on existing climate scenario data with a high
climatic impact.

1.2 HYPOTHESES

The following hypothesises were to be evaluated to investigate the impact of climate change on
temperature and oxygen profiles

e Increased air temperatures will lead to longer and intensified periods of stratification and
altered ice phenology.

e Changed stratification patterns will reduce the oxygen content in the water column and lead
to more frequent events of hypoxia or anoxia.

e The concentration of dissolved organic carbon is dependent on climatic factors and will
increase in the future. This will result in both intensified thermal stratification and reduced
oxygen content.

1.3 DELIMITATIONS

This study has been limited to only include three lakes, with no extreme morphometric, chemical
or biological features. All lakes are located in Sweden.

The study is also limited to only focus on the impact of climate change on temperature and oxygen,
the impact on other variables and the possible interactions between different variables are neglected.

The calibration of the model was done manually by altering parameters thought to have an impact
on the temperature and oxygen distribution. Due to time restriction, no uncertainty or sensitivity
analysis was performed on the model parameters.

When evaluating the impact of climate change, only changes in air temperature, precipitation,
inflow and concentration of dissolved organic carbon are considered. The study only include
climate scenarios with a high climatic impact.

2 BACKGROUND
2.1 THERMAL STRATIFICATION

The vertical temperature distribution in lakes is usually not uniform but varies with depth in the
water column. The lake is then said to be stratified. When a lake is stratified it is divided into
an upper layer, the epilimnion, and a lower layer, the hypolimnion (Figure 1). The two layers are
separated by the thermocline, which is the surface layer with the maximum vertical temperature
gradient. The vertical temperature distribution, and thus the thermal stratification, is strongly
affected by the surrounding climate and often has seasonal variations (Hutter et al., 2011).



Epilimnion

Thermocline
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Figure 1 A stratified lake with epilimnion and hypolimnion, divided by the thermocline.

The concept of stratification emerges from the fact that the density of water changes with tem-
perature. Since the water temperature in a lake usually not is uniform, water bodies will sink
or float depending on the temperature, and thus the density, of the surrounding water bodies.
The maximum density of water is at 4°C. Temperatures above or below 4°C will result in lower
density, though the density does not decrease linearly. The density of water is also influenced by
the salinity of the water and the concentration of suspended solids (Zhen-Gang, 2008).

Thermal stratification develops due to seasonal changes in temperature. During summer months
the upper layer of the lake starts to warm up due to higher air temperatures and increased solar
radiation, making the water less dense. The surface water warms up faster than the bottom water,
separating the water column into a warmer, less dense water layer, the epilimnion, and a colder,
more dense bottom layer, the hypolimnion. This creates a stable density profile throughout the
water column, which means that the water gets colder and heavier with increasing depth. As
the heating of the surface layer continues during the summer months the stratification intensifies
(Hutter et al., 2011).

In the autumn, the surface water begins to cool off due to colder air temperatures. As the temper-
ature of the surface water decreases, the water gets heavier and starts to sink, mixing the water
column. Increased wind activity is often characteristic for the season and the mixing processes
are therefore increased by wind-induced mixing. The mixed layer grows with time until the entire
water column is mixed. When the mixing reaches the bottom water it is called winter homothermy.
As the air temperature gets cooler the entire water column cools down until it reaches 4°C, the
temperature when the density of the water is at its maximum. Further cooling of the water column
from the surface makes the upper layer of the lake cooler and therefore lighter than the lower layers.
This again creates a, often weaker, thermal stratification of the water column. If ice is formed on the
lake, that will block any wind-induced energy from reaching the water column (Hutter et al., 2011).

In the spring, increasing air temperature melts potential ice and heats up the surface water. The
warmer, and therefore heavier, surface water then mixes with the underlying layers until the entire



water column is at maximum density at 4°C. As the season goes towards summer the air temper-
ature increases and the summer stratification starts over (Hutter et al., 2011).

The above mentioned processes are typical for holomictic lakes where the entire water column is
mixed once or several times each year, especially for dimictic lakes, which mixes twice per year.
Meromictic lakes are lakes that do not mix entirely, but only to a certain depth. Those lakes are
usually deep, with an increasing salinity at the lower layers of the lake which increase the density
of the bottom water. Lakes that never mix are called amictic lakes. Local climate, especially air
temperature and exposure to wind are important factors controlling the thermal stratification of
lakes. Location, inflow and outflow of water and lake morphometry are also factors influencing the
development of stratification in lakes (Hutter et al., 2011).

2.1.1 Stability of the water column

The stability of a lake, or the potential of the lake to turn over, is physically controlled by the
incoming energy from solar radiation and wind. Solar radiation is the main driver for thermal
stratification and the stronger the stratification is the higher the stability gets. Wind stress at the
surface can import turbulent activity to the lake, which plays an important role for the stability
of the water column. The influence from wind and therefore the turbulent activity attenuates
with increasing depth. The turbocline is the maximum depth to which turbulence can penetrate.
(Hutter et al., 2011).

The Schmidt stability is a way to describe the overall stability of the water column in a lake. The
Schmidt stability constant can be calculated as

1 Zmax
5= 0 2 -2 - p)AEA: (1)

where Ag is the lake surface area, z is the depth, varying by Az = 1m from 0 at the lake surface
10 Zmae at the maximal depth of the lake. p(z) and A(z) are the density and area at depth level z
and z, and p, are the volumetric mean depth respectively mean density, both defined equivalent
as

1 QAmax
0= Z aA(a)Aa (2)
a=0
The Schmidt stability depends on both the density differences due to temperature gradients and
the temperature change, both leading to increased stability (Schwefel et al., 2016).

2.2 DISSOLVED OXYGEN

The concentration of dissolved oxygen in lakes is one of the most important factors determining
the water quality (Ptak and Nowak, 2016). Dissolved oxygen acts both as an indicator and a driver
for water quality and has great impacts on both the chemical and the biological process in lakes
(Snortheim et al., 2017).

A main supply source of oxygen to lakes is the atmospheric flux of oxygen through the water-air
interface, oxygenating the surface water. By diffusion and mixing of the water column, the at-
mosphere supplies not only the surface water but also the lower layers of the water column with
oxygen. In thermally stratified lakes the atmospheric exchange result in higher DO content in the
epilimnion of the lakes and lower DO in the hypolimnion. Another supply source of oxygen is
through photosynthetic production (Golosov et al., 2012). The concentration of dissolved oxygen
is also in close relation with the water temperature. Due to decreasing solubility, increasing water
temperature leads to a decrease in the content of dissolved oxygen (Ptak and Nowak, 2016). Wind
speed and relative humidity are other meteorological drivers affecting the content and distribution
of dissolved oxygen (Snortheim et al., 2017). In more shallow parts of a lake, the content of dis-
solved oxygen is mainly controlled by the water temperature. Along the thermal profile, especially
in deeper parts of a lake, the distribution of dissolved oxygen in thermal profiles is more complex
and is, to a larger extent, controlled by mineralization processes occurring at the bottom and of



processes reducing the supply of oxygen from the surface water (Ptak and Nowak, 2016).

In the hypolimnion, the primary mechanism for oxygen depletion is associated with decomposi-
tion of organic matter. Oxygen can also be consumed by respiration or through uptake of the
sediment. The oxygen consumed by processes occurring in the sediment is called the sediment
oxygen demand, SOD. SOD, is often primarily controlled by inorganic chemical reactions with
iron and sulfide (Lee and Jones-Lee, 1999). The thickness of the hypolimnion has appeared to be
an important factor driving the rate of oxygen depletion. For deep lakes with a thick hypolimnetic
layer, the total oxygen depletion is mostly controlled by the hypolimnetic oxygen demand. For
shallow basins, oxygen depletion is strongly controlled by the sediment oxygen demand (Bouffard
et al., 2013).

Oxygen depletion and reduced oxygen supply may decrease the oxygen content of a lake, sometimes
to an extent where the oxygen concentration is lower than the minimum concentration required to
sustain the life of fishes and invertebrates. For most animals, the minimum oxygen concentration
for surviving in water is 2 mg Oz L. When the oxygen concentration reaches below this limit
the condition is called hypoxia. The complete absence of oxygen is called anoxia. Both hypoxia
and anoxia are serious environmental issues with the ability to severely decrease water quality and
have a devastating impact on the aqautic life of lakes (Diaz, 2001).

2.3 THE IMPACT OF CLIMATE CHANGE

A changing climate has the ability to alter many of the processes occurring in lakes, both physical,
chemical and biological. This is likely to have a great impact on the future water quality of lakes.

2.3.1 Changes in temperature distribution

Warmer air temperatures will affect the water temperatures of lakes and the global warming of the
world is predicted to cause the overall water temperature of lakes to increase (Fang and Stefan,
2009; Saloranta et al., 2009; Schwefel et al., 2016). The temperature of the surface water is directly
dependent on the air temperature, but the warming trends are usually more distinct for surface
water temperatures than for air temperatures (Soja et al., 2014). Depending on the lake type, the
water temperature is affected in different ways. Polymictic lakes are lakes that mixes several times
a year. In these lakes, the entire water column responds directly to changes in air temperatures.
In stratified lakes, changes in air temperature will mainly affect the epilimnion, until the water
column is mixed (Saloranta et al., 2009). The water temperature in the epilimnion is often directly
dependent on the air temperature (Ptak and Nowak, 2016). During stratified periods, the hypolim-
netic water temperature will increase constantly but at a much lower rate than in the epilimnion
(Schwefel et al., 2016). In deeper parts of thermally stratified lakes, during periods without mixing
of the water column, the temperature distribution is more complex and the water temperature is
controlled by a combination of factors such as morphometric parameters and ground water supply
(Ptak and Nowak, 2016).

Since increases in air temperature affect the epilimnion to a larger extent than the hypolimnion,
climate changes are predicted to increase both the duration and the strength of stratification in
stratified lakes. For dimictic lakes, the onset of thermal stratification is predicted earlier in the
spring while the mixing in the fall is predicted later, extending the duration of the stratified period
(Foley et al., 2012; Bouffard et al., 2013; Holmberg et al., 2014; Palmer et al., 2014).

2.3.2 Changes in ice phenology

A warmer climate will also alter the ice phenology. Later formation of ice cover and earlier ice
break up has been observed, decreasing the duration of ice cover. Also later first appearance of
ice cover along the shore and reduced thickness of ice has been observed (Choinski et al., 2015).
There are indications that the trends of reduced ice cover began as early as in the 16th century
(Magnuson et al., 2000). Different types of lakes respond, in terms of changes in ice phenology, in
different ways to increasing air temperatures. Important factors explaining differences in lake ice
dynamics are geographic location and altitude of a lake as well as average depth and total lake
volume (Choiriski et al., 2015).



2.3.3 Effects of changed thermal stratification and ice phenology on dissolved oxygen
content

Changes in thermal stratification and ice phenology have proven to have a great impact on the
content and distribution of dissolved oxygen in lakes (Golosov et al., 2012, ). The length of the
ice-covered period, the heat content of bottom sediments and the amount of organic matter stored
in bottom layers and sediment surface are also factors shown to control the extent of anoxic zones
(Terzhevik et al., 2009).

Increased thermal stability due to changes in the climate leads to longer periods of stratification.
In stratified lakes, the hypolimnion will not be reoxygenated until the water column is mixed.
During periods without mixing the oxygen supply to the hypolimnion is therefore low and since a
lot of oxygen is consumed by microbial respiration and oxygen flux to the sediment the hypolim-
netic oxygen concentrations may decrease drastically (Bouffard et al., 2013). The longer stratified
periods therefore increase the risk of hypoxic or anoxic conditions in the hypolimnion and bottom
layer of lakes (Foley et al., 2012; Bouffard et al., 2013; Palmer et al., 2014; Schwefel et al., 2016).

During periods of ice cover the atmospheric gas exchange at the air-water interface is excluded,
eliminating the main supply source of dissolved oxygen to the lakes (Golosov et al., 2012). In many
lakes winter anoxia during periods of ice cover is projected to shorten due to shorter duration of ice
cover while summer anoxia is projected to lengthen due to longer periods of thermal stratification
(Fang & Stefan, 2009; Couture et al., 2015).

2.3.4 The effect of browning

Changes in climate are also predicted to increase the amount of dissolved organic matter in lakes,
increasing the colouration and decreasing the water clarity. The phenomenon is called brown-
ing and has the potential to alter lake water quality by changing physical, chemical or biological
properties. Browning has been observed in many lakes in the northern hemisphere (Evans et al.,
1988; Haaland et al., 2010; Ekstrom et al., 2011). Positive trends for organic carbon have shown
to remain relatively constant across both climatic gradients and catchment sizes, indicating that
browning occurs in many different types of lakes. The largest positive trends in organic carbon
have been observed in regions with a strong reduction in sulfur deposition. In dry regions, precip-
itation has shown to be a strong, positive driver for organic carbon, due to increased mobilization
of organic carbon in the catchment area. As the climate continues to change, the browning trend
is predicted to keep increasing, affecting the water quality of lakes around the world (de Wit et
al., 2016).

Browning of lakes has the potential to affect temperature distribution and thermal stratification
has been shown to depend strongly on water clarity (Persson and Jones, 2008; Heiskanen et al.,
2015). Water clarity is a measurement of how deep the incoming solar radiation can penetrate the
water column and is connected to the color of the water and the amount of suspended particles.
The color of water mainly consists of colored dissolved organic matter, CDOM. CDOM is tightly
connected to dissolved organic carbon, DOC (Pace and Cole, 2002) and is usually part of the
allochthonous DOC that originates from the watershed (Findlay and Sinsabaugh, 2003; Kritzberg
et al., 2004). A measurement of water clarity is the light extinction coefficient, a factor shown to
have a great impact on the temperature distribution of lakes (Persson and Jones, 2008; Heiskanen
et al., 2015). Large light extinction coefficients increase the absorption of solar radiation in the
upper layer of lakes, enhancing the warming of the surface water. Because most solar radiation is
absorbed in the epilimnion, warming of the hypolimnion will decrease, making for a greater tem-
perature gradient between the epilimnion and the hypolimnion and thus stronger lake stratification
(Persson and Jones, 2008). This effect is more visible in smaller than in larger lakes (Saloranta et
al., 2009). DOC content also affects the mixing depth. Large increases in the DOC content lead to
a greater increased temperature and a reduction in thickness of the epilimnion (Palmer et al., 2014).

High DOC content may also affect primary production in lakes. If the light reaching the bottom
layers of a lake is reduced this will diminish or even eliminate the primary production in this areas,
eliminating the oxygen supply from photosynthesis. This may cause greater depletion of oxygen
in the bottom layers, and in worst case cause anoxic or hypoxic conditions in the bottom water



(Brothers et al., 2014). Apart from negatively affecting the water quality and the living conditons
for aquatic organisms, anoxic conditions may also lead to the release of DOC, phosphorous and
other substances from the sediment. This causes a negative loop which increases the effect of
brownification and may further reduce the oxygen content of the lake (Brothers et al., 2014).

3 MATERIALS AND METHODS
3.1 STUDY SITES

Three swedish lakes were chosen as case studies (Figure 2), Remmarsjon in the north-east (Figure
2:1), Harsvatten in the mid-west (Figure 2:2) and Fiolen in the south-east (Figure 2:3) of Sweden.
The selection of study sites were based on location, to make for a large spatial spread, on physical
and chemical features of the lakes and on the amount of data available.

1. Remmarsjon
Remmarsijon is located in Visternorrland region in the north of Sweden. The lake is 1.37 km? and
located at an altitude of 234 m above sea level (Lantméteriet, 2017). The mean depth is 5.2 m
and maximum depth is 14.4 m. The catchment area of the lake is 124.4 km? (Persson, 1996a).

2. Harsvatten
Hérsvatten is located in Véstra Gotaland region in the south-west of Sweden. The lake is 0.19
km? and located at an altitude of 128 m above sea level (Lantmiteriet, 2017). The mean depth is
5.7 m and maximum depth is 26.2 m. The catchment area of the lake is 2.21 km? (Persson, 1996b).

3. Fiolen
Fiolen is located in Kronoberg region in the south of Sweden. The lake is 1.65 km? and located at
an altitude of 226 m above sea level (Lantmaéteriet, 2017). The mean depth is 3.8 m and maximum
depth is 10.5 m. The catchment area of the lake is 5.46 km? (Persson, 1996c¢).
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Figure 2 A map of Sweden showing the location of the three lakes chosen as study sites. Rem-
marsjon (1) in the north and Hérsvatten (2) and Fiolen (3) in the south of Sweden.

3.2 THE MYLAKE MODEL

To study the impact on temperature and oxygen profiles data from the three study sites were
implemented in the MyLake model, a one-dimensional process-based model code developed by
Tuomo M. Saloranta and Tom Andersen. MyLake is an open source model available for public
access on GitHub (Github, 2016). The following description is based on the manual for MyLake
(v 1.2) developed by Saloranta & Andersen (2007).

MyLake stands for Multi-year simulation model for Lake thermal- and phytoplankton dynamics
and the model is used to simulate the vertical distribution of lake water temperature, the formation
of seasonal ice and snow coverage and phosphorus-phytoplankton dynamics. The light attenuation
is possible to calculate from light absorption by water molecules, phytoplankton and colored DOC,
light scattering and shading.

As input data, the model uses time series of meteorological variables and inflow properties, lake
morphometry and initial profiles and model parameter values. The model time step is one day (24
h) and therefore daily resolution of the time series is required. Missing values are automatically
estimated in MyLake by linear interpolation. The vertical resolution of the simulations was set to



10 cm.

3.2.1 Modeling of lake thermodynamics

In the MyLake model, lakes are assumed to be horizontally homogeneous and the vertical profile is
divided into a number of layers for which calculations are made to create a one-dimensional profile
over the lake.

Temperature distribution in the water column
Temperature distribution in the water column is controlled by diffusive mixing and local heating
processes. The present temperature distribution, F'T;(t), in each layer, i, can be computed as

FTi(t) = Ty(t - At) + ATy (1) (3)

where T;(t — At) is the temperature in layer 4 at the previous time step and AT; is the local heating
in the layer during the last time step. The local heating during open water periods can, for the
surface layer, be computed by

ATI = (QWS',norm,l + Qturb + le + st,abs,l)Al/prpvl (4)

where Qws_norm_1 1S the heat flux from the sediment, Qi is the turbulent heat flux, Q;, the
net longwave radiation flux, Qs _qps.1 is the incoming solar radiation flux absorbed in the layer,
Ay and Vi are the area and volume of the first layer (the surface) and p,, and C, are the density
and specific heat capacity of the water. The local heating of subsurface layers is calculated in the
same way except that the turbulent heat flux and the net longwave radiation flux is excluded.
During periods of ice-coverage only sediment-water heat flux and shortwave radiation. MyLake
uses the MATLAB Air-Sea toolbox to calculate some of the radiative and turbulent heat fluxes,
surface wind stress and astronomical variables. Some algorithms, e.g. for calculation of shortwave
radiation, are contained directly in the code for the MyLake model.

3.2.2 Heat flux from the sediment

To calculate the heat flux between sediment and water the temperature profile is solved for a 10
m thick sediment layer. At depths deeper than 10 m the heat flux in the sediment is assumed to
vanish. The temperature at the top of the sediment layer is assumed to be the same as in the
bottom of the water column and the sediment temperature profile is then solved in a similar way
as for the water column, depending on the heat diffusion rate and the density and specific heat
capacity of the sediment.

3.2.3 Solar radiation flux

Incoming light is divided in two wavelength bands, photosynthetically active radiation, PAR light
(A = 400 — 700nm), and non-PAR light(A < 4000r\ > 700nm). Non-PAR light, especially the
longer wavelengths are rapidly attenuated in the upper layers of the water column. The incoming
solar radiation flux can be calculated

Ai+1

A
Ai 1
D (5)

where « is the average daily albedo, fpag is the PAR fraction of the total incoming radiation and
€ and ¢ is the PAR and non-PAR light extinction coefficients at each layer. € and é takes both
chlorophyll and non-chlorophyll related attenuation into account. During periods of snow or ice
cover, the light is strongly attenuated before reaching the surface layer.

st,abs = st(]- - O‘){fPAR[exp(fgi—lzi) - exp(fgizi+1)

[+(i — frar) exp(—€i—12;) — exp(—Eizit1)



3.2.4 Mixing of the water column

Mixing of the water column can be wind-induced or due to an unstable density profile. In every
iteration MyLake search for water masses below the freezing point, if found ice formation is initi-
ated. For layers with temperatures above freezing point, density is calculated. Unstable density
profiles induce convective mixing. Layers with unstable vertical density profiles are mixed with
the first stable layer underneath until the entire water column is stable or neutral.

During open water periods mixing of the water column can also be forced by wind. Total kinetic
energy, TKE, accumulated over one time step can be calculated as

3
TKE = W, Ay | —At (6)
P

where 7 is wind stress, calculated with the Air-Sea Toolbozx, p is water density, At is the time
step, A is the surface area and Wy, is the wind sheltering coefficient. TKE is compared with the
potential energy, PE, required to mix the epilimnion with the first layer below. If TKE is larger
than PE the layers will continue to mix with the epilimnion until TKE is smaller than PE. During
periods of ice cover, no wind-induced mixing can occur and TKE is defined as zero.

3.2.5 Modeling of ice and snow cover

Ice formation occurs when the water temperatures reach below zero. Ty denotes the freezing point.
Simplified processes for ice formation are applied. When the air temperature, 15, is above T’ _jc.
melting can occur. Snow melts before ice. Energy used for melting is calculated from total heat
flux at the surface, where the shortwave radiation is assumed to be absorbed in the snow/ice layer.
When the lake is covered with ice the temperature of the surface water is set to T'.

3.2.6 Modeling of dissolved and particulate matter and phytoplankton

MyLake uses a simple approach to model phytoplankton dynamics, containing only two state vari-
ables, phytoplankton biomass, C (measured as chlorophyll a) and dissolved inorganic phosphorus,
P. By assuming fixed composition C and P are related by a constant yield coefficient y.. As op-
posed to phosphorus chlorophyll both attenuates light and is subject to sinking losses, leading to
following partial differential equations for P and C

oP 6 opP

_0 o,
A—ét 62[KA (52'} Ay, rC (7)
oC ¢ oC §(wC)

where K is the vertical diffusion coefficient, A the area of the layer, w the sinking velocity for
chlorophyll, r the specific rate of change for chlorophyll and Scseq is the resuspension rate from
the sediment.

3.2.7 Modeling of DO dynamics

The original version of MyLake does not include modeling of DO dynamics, though providing a
suitable basis by handling ice dynamics, primary productivity, DOC degradation and light attenu-
ation. In addition to the current model Couture et al. (2015) developed an oxygen module based
on the physical exchange of DO between air and water, production of DO by photosynthesis and
consumption of DO by respiring organisms. MyLake with the DO module included will be referred
to as Mylake v.2.

The balance of DO can be described as

Spo = (P~ R—Som) — Fpo 9)
where P is the photosynthetic production of DO, R and Sp,; are the DO consumption due to

respiration and microbial decay of organic matter and Fpo the flux of oxygen between the atmo-
sphere and the surface.



Air-water exchanges of DO
The flux of oxygen at the surface is calculated according to

FO2 = k02([02] sur — [02} eq) (10)

where koo is the transfer velocity of oxygen, [Os] sy the concentration of oxygen in the surface
water and [ Os] ¢q is the concentration of oxygen at equilibrium. The transfer velocity of oxygen is
affected by the wind speed and the temperature of the surface water.

Production and consumption of DO
The production of DO during photosynthesis is proportional to the concentration of chlorophyll-a
and can be described as

P(z,t) = scupPen (11)

where p is the specific growth rate of algal biomass and Scp; the yield coefficient between oxygen
and chlorophyll-a. The specific growth rate is controlled by the temperature and the available
amount of light and phosphate.

The consumption of DO due to respiration is also proportional to the chlorophyll-a concentration
and can be calculated as

R(z,t) = scumPcw (12)

where m is the mineralization rate of phytoplankton, a term mainly controlled by the temperature.

Consumption of DO due to degradation of organic matter, OM, is strongly dependent on the OM
concentration and can be described as

Sowm = kom©p P OM (13)

where kojs is the organic decomposition rate, © oy a temperature adjustment coefficient and O M
includes DOC and non-chlorophyll related detritus.

3.2.8 Strenghts and limitations of MyLake

MyLake is a robust model that only uses the most significant physical, chemical and biological
processes, though in a well-balanced way making the model suitable both as an investigating tool
as well as for making predictions. The relatively simple model structure allows easy setup and
short runtimes which make the model suitable for making long-term predictions or simulation of
a large number of lakes. Since the model includes the formation of snow and ice it is especially
useful for lakes in colder climates. MyLake is an open source code, allowing for easy public access
and the possibility to change and modify the code after own preferences.

The model has been tested and proven useful for a number of applications, though it comes with
certain limitations. The model time step is fixed to 24 hours, which can make some applications
impossible. The model also neglects lateral heterogeneity which makes it only suitable for lakes
where a one-dimensional assumption is reasonable. Complex processes such as saline or groundwa-
ter intrusions, food web processes, detailed water-sediment nutrient feedback etc. are not included
in the model making it too simple for some applications.

3.2.9 Model setup and run

To run the MyLake model the following data needed to be provided; an input file containing
daily meteorological and hydrological measurements, an initial file containing information of lake
morphometry and initial profiles of lake substances, and a parameter file containing the model
parameters.

Meteorological and hydrological input data

The input file consists of daily measurements of meteorological and hydrological variables. The
meteorological variables includes global radiation, cloud cover, air temperature, relative humidity,
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air pressure, wind speed and precipitation. The hydrological variables includes inflow and in-
flow temperature and constant values of incoming carbon, sulfate, total and dissolved phosphorus,
chlorophyll-a, DOC, etc.

The meteorological data was collected from the SMHI (sv. Sveriges Meteorologiska och Hydrolo-
giska Institut) site for meteorological observations (SMHI, 2017a). Measurements were collected
from the station closest to the lake with as much data as possible available (Appendix A, Table
13). No data before 2008 was used due to the lack of global radiation measurements.

Hydrological inflow data was collected from SMHI (SMHI, 2017b) based on modeled data for the
catchment areas of the lakes. For Harsvatten inflow data was only available for a larger sub catch-
ment area. To estimate the inflow to Harsvatten the inflow for the entire catchment was multiplied
by the ratio between the catchment area and the specific area of the Hérsvatten basin.

The inflow of oxygen was estimated from the temperature of the incoming water according to
Fondriest Environmental (2013). Zero salinity was assumed.

The inflow of DOC was estimated as the mean DOC concentration for each lake over the entire
time period.

Initial data

The initial file contains data of lake morphometry, in terms of chosen depth levels and lake area at
these levels, and initial profiles of temperature, carbon, sulfate, total and dissolved organic phos-
phorus, chlorophyll-a, dissolved organic carbon, etc. The initial profiles were all set to constant
values and no initial snow or ice was assumed.

Parameter values

The parameter file contains most of the model parameters, both physical and chemical. Initially,
all parameters were set to the default values coming with the model, except for longitude and
latitude which were specified for each lake.

3.2.10 CALIBRATION OF THE MODEL

To calibrate the model, data of observed temperature and oxygen profiles for the three lakes were
used. The depth levels chosen for each lake were based on the availability of observation data.
The model was calibrated manually for each lake respectively by changing values in the parameter
file. To evaluate the fit between modeled and observed values the mean squared error, MSE, was
calculated according to

Iy oy
MSE—n;m Y;) (14)

where Y; is the modeled value, Y; the observed value and n the number of observations.

The physical aspects of the model were calibrated using the observed temperature profiles. Diffu-
sion coeflicients and shelter coefficient were parameters varied to improve the fit between modeled
and observed values of temperature and to minimize the MSE. The model was then calibrated
based on observed profiles of dissolved oxygen. The rate of decomposition and the sediment oxy-
gen demand were parameters varied to improve the fit between modeled and observed oxygen and
minimize the MSE.

To simplify the calibration, the sediment module included in MyLake v.2 was deactivated. To

calculate the sediment oxygen demand a simpler structure, already implemented in the model
code, was used.

3.3 SIMULATING FUTURE SCENARIOS

To investigate the impact of climate change and to predict future changes in temperature and dis-
solved oxygen profiles, three different scenario data sets were created. The first scenario was based

11



purely on climatic changes, in terms of changing air temperature and precipitation. This scenario
will be referred to as climate 30 and climate 80, for simulations 30 and 80 years in the future. The
second scenario was based on only changing DOC values and will be referred to as DOC 30 and
DOC 80. The third and final scenario was based on the combined effect of both climate change and
changing DOC. This scenario will be referred to as climate+DOC 30 and climate+DOC 80. These
scenarios were chosen to evaluate the individual impact of a changing climate and changing DOC
values as well as the more realistic scenario, where changes in climate also leads to changes in DOC.

For comparison between present and future conditions a base scenario was created. The base
scenario was based on the measurement data used for calibration, with the exception that modeled
inflow, simulated with the HBV model, was used.

3.3.1 Air temperature and precipitation

Predictions of future air temperature and precipitation were based on climate scenarios from SMHI
(SMHI, 2017¢). The climate scenarios contains information about predicted changes in seasonal
mean values of temperature and precipitation. This information was given as a number in °C' for
temperature and in % for precipitation. Specific values for each season, each year were available.
The predicted changes were in relation to the long term mean value for the time period 1961-1990.
Three different scenarios were available, RC'Pg 5, RC Py 5, RCP, ¢ corresponding to high, medium
and low climate impact. In this study, only the scenario with the highest climatic impact, RC'Ps s,
was used.

To create future scenario data sets of air temperature and precipitation, the predicted changes for
each season was added to the corresponding quarter for each year of the existing data sets of air
temperature and precipitation used for calibration. The entire data set used during the calibration
was used. To eliminate the dependency of the time period 1961—1990, the mean value of the
difference for the present time period was subtracted from the two periods 30 and 80 years in the
future.

3.3.2 Simulating future disharge with the HBV model

Future discharge was simulated using the HBV model in the software HBV light. The model was
calibrated with the data of discharge used for calibration of MyLake. Future discharge was sim-
ulated using the predicted future time series of air temperature and precipitation. The following
description of the HBV model is based on the manual for HBV light version 2 (Seibert, 2005),

The HBV-model (Bergstrom, 1976) is a hydrological model developed by the Swedish Meteorolog-
ical and Hydrological Institute, SMHI, and is used to simulate runoff. The model has since then
been widely used and applied in different types of projects in more than 30 different countries
(Siebert, 2005). HBV light is a software based on the concept of the HBV model, version HBV-
6 (Bergstrom, 1992). Slight changes have been made to the original model to provide a model
suitable for Windows and easy to apply in research and education. The HBV-model simulate
discharge, with daily resolution, using temperature, precipitation and potential evapotranspiration
as input. Model parameters include for example information about the water retaining capacity
of the soil, the percolation rate of groundwater and interactions between rain and snow.

Input and Model Run

To run the HBV model in the software HBV light, files containing measurements of air temper-
ature, precipitation, discharge and estimated potential evapotranspiration for the catchment area
needed to be provided. The daily measurements of temperature, precipitation, and discharge, used
as input to the MyLake model, were used directly and stored in the file PT'Q.dat.

To be able to run HBV light the input data in PTQ.dat could not contain any gaps. Measurement
data from 2012 was extracted since no measurement was missing for this year for any of the lakes.
Potential evapotranspiration could be introduced to the model as monthly or daily mean values
or daily measurements. Since no daily measurements were available, potential monthly evapotran-
spiration was calculated according to the Thornthwaite method (Palmer and Havens, 1958). The
method calculates monthly potential evapotranspiration based on monthly mean temperature as
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PET,(L) = KPET,(0) (15)

where PET;(0) is the potantial evapotranspiration at 0° and K is a correction factor based on the
location of the catchment area. PET;(0) can be computed as

10T;
where the exponent ¢ can be computed as
¢ = 0.000000675J% — 0.0000771.J% + 0.01792.J + 0.49239 (17)

J is the annual temperature efficiency index, computed as

12
J = Z I (18)
i=1
where I is the heat index based on the mean monthly temperature T;

I, = <%)1.514 (19)

Since the equations were not able to handle negative values of monthly mean temperature, all tem-

peratures below zero were set to zero. The calculated monthly mean potential evapotranspiration
was stored in the file EVAP.dat.

The files PTQ.dat and EVAP.dat were used as input to HBV light to simulate discharge in the
area. Measurements of discharge, from PTQ.dat, were used to calibrate the model. The model
was automatically calibrated using 5000 Monte Carlo runs. The simulations were evaluated based
on the efficiency coefficient, R.;y and the mean difference, meangisy. The parameter set for the
run with the highest R.r; and lowest meang; s was chosen for each lake respectively.

3.3.3 DOC trends

Future DOC values were estimated according to de Wit et al. (2016) by linear relations between
DOC concentration and median annual precipitation. Future DOC concentrations were calculated
as

DOC = slope x MAP (20)

where M AP is the median annual precipitation in mm and slope where determined by the amount
of precipitation at the study site (Table 1). The value of 72 and p indicates the accuracy of the
linear relation. High r? indicates a strong relation and a low p-value indicates a high significance
of the relation. If the p-value is > 0.05 the relation is non-significant and therefore not reliable.

Table 1 Slopes for the linear relations between median annual precipitation, MAP, and DOC
concentration, with 72 and p describing the strength and significance of the relation.

MAP [mm] Slope r? p
MAP < 700 0.055 0.80 < 0.0001
700 <= MAP > 800 0.082 0.37 < 0.005
800 <= MAP > 1100 0.0029 0.37 < 0.005
1100 <= MAP > 1400 0.0003 0.02 > 0.5
MAP >= 1400 -0.0004 0.22 <0.05

The median annual precipitation at each study site was used to calculate DOC concentrations 30
and 80 years in the future (Table 2). The median annual precipitation for Harsvatten is in the
span 1100 <= MAP > 1400 where the relation between MAP and DOC is non-significant.
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Table 2 Median annual precipitation, corresponding DOC slope, present DOC concentration and
resulting DOC 30 and 80 years in the future for all three lakes.

Remmarsjon Harsvatten Fiolen

Prec [mm/year] 534 1123 736

DOC now [mg/1] 10.323 4.254 8.606
DOC 30 [mg/]] 13.509 4.278 10.801
DOC 80 [mg/]] 17.064 4.204 12.782

3.4 ANALYSIS OF LAKE PROFILES
3.4.1 Temperature

Temperature profiles were evaluated for the base scenario and the future scenarios. The mean
temperature difference between the base scenario and the future scenario was calculated for each
depth level. The extent of thermal stratification was evaluated and possible thermocline depth,
TD, was set to the depth where the density gradient in the water column were at its maximum.
By assuming low salinity in the lakes (<0.6 psu) and neglecting the difference between in situ and
potential temperature the density of the water at each depth could be calculated as

6 2 6 2
p= p(S7 Tpot) = Z aiT;Ot + S Z biT;;;ot = Z aiTi + 5 Z biTi (21)
=0 =0 =0 =0

where T is the temperature at the given depth, S is the lake salinity and a; and b; are coefficients
given by

a; = [999.8395; 6.7914 * 1072; —9.0894 % 10~3; 1.0171 10,
—1.2846 % 107%; 1.1592 + 107%; —5.0125 10~ 1]

b; = [0.8181; —3.85 % 1073; 4.96 % 10~°]

3.4.2 Dissolved oxygen

Changes in oxygen profiles for the base scenario and the future scenarios were evaluated by the
percentage of the water column with a DO concentration below a certain critical level and the
number of days with oxygen levels below the critical level anywhere in the water column. Critical
DO concentrations were chosen as 2 mg/l and 4 mg/1.

4 RESULTS
4.1 CALIBRATION OF THE MYLAKE MODEL

The parameters longitude, latitude, Kz_ak and C_shelter were used to calibrate the modeled tem-
perature. To calibrate dissolved oxygen the parameters K_bod and K_sod were used. Specific
parameter values for each lake are shown in Table 3. Parameter values for C_shelter indicates
that Remmarsjon is the lake with highest wind exposure and Héarsvatten the most sheltered lake.
The high values of K_bod and K_sod for Fiolen indicates that this lake has a high consumption of
oxygen, both from high degradation rate of organic material and a high sediment oxygen demand.

Table 3 Parameter values used for calibration of lake water temperature and dissolved oxygen.

Remmarsjon Harsvatten Fiolen Function
Longitude [deg] 63.87 58.02 57.08 geographic location
Latitude [deg] 18.26 12.03 14.53 geographic location
Kz_ak [-] 0.02 0.0007 0.01 diffusion koeff
C_shelter [-] 0.8 0.135 0.3 exposure to wind
K_bod [mg/kg] 0.001 0.0005 0.01 rate of degradation
K sod [mg/m? 350 250 900 sediment oxygen demand
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Temperatur [deg C]

4.1.1 Temperature

The model captures the temperature well in both surface and bottom water for all lakes (Figure
3—5). For complete temperature profiles, see Appendix B. To avoid spin up effects the first year of
data has been cut off. The temperature in the surface water varies more than in the bottom water,
resulting in slightly higher MSE (Table 4). When visually inspecting the figures it is however clear
that the surface water temperature is being captured with a higher accuracy than the temperature
in the bottom water. The spikes in bottom water temperature, especially visible for Harsvatten
(Figure 4 b), are likely due to mixing of the water column in the autumn.
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Figure 3 Modeled and observed temperature in surface (a, 0.5m) and bottom (b, 13m) water for
Remmarsjon.
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Figure 4 Modeled and observed temperature in surface (a, 0.5m) and bottom (b, 24m) water for
Harsvatten.
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Figure 5 Modeled and observed temperature in surface (a, 0.5m) and bottom (b, 8m) water for

Fiolen.

Table 4 Mean squarred error, MSE, between observed and modeled temperature for the three

lakes
Surface [m] Bottom [m] MSE surface n
Remmarsjon 0.5 13 9.78 39
Harsvatten 0.5 24 1.90 27
Fiolen 0.5 8 6.80 39

4.1.2 Dissolved oxygen

MSE bottom
3.48
0.22
4.66

n
39
27
39

The model is also able to capture most of the variations in dissolved oxygen concentrations in both
surface and bottom water for all three lakes (Figure 6—8), however not with as high accuracy as the
modeled temperature. For complete oxygen profiles, see Appendix C. The oxygen concentration
decrease during the summer when the water temperature reaches its maximum, both in surface
and bottom waters. The temperature in the surface water starts to increase as the surface water
cools off in the autumn. In the bottom water the oxygen levels gets low during to summer and
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peaks during autumn mixing. During periods with ice cover the oxygen levels decrease drasti-
cally, especially for Fiolen (Figure 8) and Remmarsjon (Figure 6)where the oxygen consumption is
high. Periods of ice are followed by reoxygenation in the spring, affecting both surface and bottom
temperature. For Harsvatten, there are a sudden drop in the oxygen concentration during 2009

(Figure 7a). This is most likely due to model instabilities. MSE between modeled and observed
oxygen in Table 5.
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Figure 6 Modeled and observed dissolved oxygen at the surface (left, 0.5m) and bottom (right,
13m) for Remmarsjon.
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Figure 7 Modeled and observed dissolved oxygen at the surface (left, 0.5m) and bottom (right,
24m) for Harsvatten.
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Figure 8 Modeled and observed dissolved oxygen at the surface (left, 0.5m) and bottom (right,

8m) for Fiolen.

Table 5 Mean squarred error, MSE, between observed and modeled oxygen concentrations for the

three lakes

Surface [m] Bottom [ml]

Remmarsjon 0.5 13
Harsvatten 0.5 24
Fiolen 0.5 8

4.2 SCENARIO DATA

MSE surface n

1.66e-6 39
1.84e-6 27
1.38e-6 39

MSE bottom n

11.87 30
9.82 24
27.20 38

Simulated data sets of air temperature, precipitation and inflow for Harsvatten indicated that all
variables will increase in the future (Figure 9). To increase the visibility, only one year of simulated
data is shown in the figure. The results were similar for both Remmarsjén and Fiolen.

a)

30

T now

15 . . . . . . . . . . .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan

18

b)

w w N B a1
o &3] o (5] o
T T T 1

(%]
o

Precipitation [mm/day]
N
(4]

-
o

10

o«

P 80
P 30
P now

LA

i

Jan Feb Mar Apr May

Jun  Jul Aug Sep Oct Nov Dec Jan



Q now
Q30
Q8o

Figure 9 Simulated air temperature (a), precipitation (b) and inflow (¢) for 2012 and 30 and 80
years in the future for Harsvatten.

Table 6 shows the predicted seasonal change in air temperature and precipitation at each study
site. The temperature increased at all study site, both 30 and 80 years in the future. The increase
in temperature was most distinct during the winter. The amount of precipitation also increased
in most cases, though in a more variable way than the temperature.

Table 6 Predicted changes in air temperature and precipitation 30 and 80 years in the future.
Mean values for the entire time period for respective lake.

Remmarsjon Harsvatten Fiolen

Years in the future 30 80 30 80 30 80

T spring [°C] 1.60 4.77 144 372 095 3.22
T summer [°C] 0.90 3.26 0.95 330 071 3.07
T autumn [°C] 1.14 4.12 1.10  3.77 087 3.27
T winter [°C] 2.14 5.47 2.01 448 145 3.57
P spring [%] 15,50 29.74 1348 1725 3.89 13.90
P summer [%] 12.03 2220 2.88 -2.06 3.47 -3.71
P autumn [%] 4.82 21.08 7.50 1981 -0.81 6.53
P winter [%%] 13.81 21.13 11.55 19.17 8.21 17.09

4.3 SCENARIO RUNS

Two scenarios, climate 80 and climate+DOC 80 for Harsvatten, are not displayed in the following
results, due to a model error.

4.3.1 Temperature

Temperature profiles for the present and future time period, simulated with the scenario cli-
mate+DOC, indicated an overall increase in water temperatures for all studied lakes (Remmarsjon,
Figure 10; Harsvatten, Figure 12; Fiolen, Figure 14). The increase in temperature decreased with
depth for all lakes (Remmarsjon, Figure 11; Hérsvatten, Figure 13; Fiolen, Figure 15)
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Figure 10 Simulated temperature profile for Remmarsjon for the base scenario (a) and 80 years
in the future with the scenario climate+DOC (b).
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Figure 11 Temperature differentiation between base scenario and simulations 30 and 80 years in
the future with the scenario climate for Remmarsjon.
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Figure 12 Simulated temperature profile for Hirsvatten for the base scenario (a) and 30 years in
the future with the scenario climate+DOC (b).
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Figure 13 Temperature differentiation between base scenario and simulation 30 years in the future
with the scenario climate for Harsvatten.
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Figure 14 Simulated temperature profile for Fiolen for the base scenario (a) and 80 years in the
future with the scenario climate+DOC (b).
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Figure 15 Temperature differentiation between base scenario and simulations 30 and 80 years in
the future with the scenario climate for Fiolen.

The climate and climate+DOC scenario also had a visible impact on the ice phenology of the
lakes (Remmarsjon, Table 7; Héarsvatten, Table 8; Fiolen, Table 9). For these runs, the first ice
formation occurred later, the ice break up occurred earlier and the total length of the ice covered
period was shorter than for the present time period. The results were identical for climate and
climate+DOC. For the DOC scenario, no visible changes in ice phenology were observed for any
of the lakes.
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Table 7 REMMARSJON. Total length of ice covered period, first ice formation and ice break up
dates simulated 30 and 80 years in the future with the scenarios climate, DOC and climate+DOC
and compared with the base scenario.

2011/2012
2012/2013
2013/2014
2014/2015

Diff [days]
Diff [days]

2011/2012
2012/2013
2013/2014
2014/2015

Diff [days]
Diff [days]

2011/2012
2012/2013
2013/2014
2014/2015

Diff [days]
Diff [days]

= no change _ = negative change

Base Climate_ 30 Climate_ 80 DOC_30 DOC_80 Climate DOC_30 Climate_ DOC_80
Total length of ice covered period

178 178 178

183 183 183

188 188 188

174 174 174
mean -12 -63 0 0 -12 -63
median -12 =72 0 0 -12 =72

Ice ON dates

06-dec 06-dec 06-dec

30-nov 30-nov 30-nov 30-nov 30-nov

20-nov 20-nov 20-nov

03-dec 03-dec 03-dec

mean +3 +26 0 0 +3 +26
median +4 +29 0 0 +4 +29

Ice OFF dates

01-jun 01-jun 01-jun

01-jun 01-jun 01-jun

27-maj 27-maj 27-maj

26-maj 26-maj 26-maj

mean -9 -34 0 0 -9 -34
median -9 -38 0 0 -9 -38
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Table 8 HARSVATTEN. Total length of ice covered period, first ice formation and ice break up
dates simulated 30 and 80 years in the future with the scenarios climate, DOC and climate+DOC
and compared with the base scenario.

= no change _ = negative change

Base Climate_ 30 Climate_ 80 DOC_30 DOC_80 Climate DOC_30 Climate_ DOC_80
Total length of ice covered period

2009/2010 121 error 121 121 error
2010/2011 133 error 133 133 error

2011/2012 61 61 error 61 61 61 error
2012/2013 144 _ error 144 144 _ error
Diff [days] mean -22 - 0 0 -22 0
Diff [days] median -30 - 0 0 -30 0
Ice ON dates
2009/2010 17-dec error 17-dec 17-dec error
2010/2011  26-nov error 26-nov 26-nov error
2011/2012  24-dec error 24-dec 24-dec error
2012/2013  05-dec error 05-dec 05-dec error
Diff [days] mean +12 - 0 0 +12 0
Diff [days] median +4 - 0 0 +4 0
Ice OFF dates
2009/2010 17-apr error 17-apr 17-apr error
2010/2011  08-apr error 08-apr 08-apr error
2011/2012  2l-mar error 21-mar 21-mar error
2012/2013  28-apr error 28-apr 28-apr error
Diff [days] mean -13 - 0 0 -13 0
Diff [days] median -12 - 0 0 -12 0
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Table 9 FIOLEN. Total length of ice covered period, first ice formation and ice break up dates
simulated 30 and 80 years in the future with the scenarios climate, DOC and climate+DOC and
compared with the base scenario.

2011/2012
2012/2013
2013/2014
2014/2015

Diff [days]
Diff [days]

2011/2012
2012/2013
2013/2014
2014/2015

Diff [days]
Diff [days]

2011/2012
2012/2013
2013/2014
2014/2015

Diff [days]
Diff [days]

_ = negative change

Base Climate_30 Climate_.80 DOC_30 DOC_80 Climate DOC_30 Climate_. DOC_80
Total length of ice covered period

= no change

115 115 115
166 166 166
129 129 129
110 110 110
mean -32 -76 0 0 -32 -76
median -42 -84 0 0 -42 -84
Ice ON dates
16-nov 16-nov 16-nov
01-dec 01-dec 01-dec 01-dec 01-dec
25-nov 25-nov 25-nov
25-dec 25-dec 25-dec 25-dec
mean +18 +35 0 0 +18 +35
median +1 +32 0 0 “+1 +32

Ice OFF dates

25-apr 25-apr 25-apr

16-maj 16-maj 16-maj

03-apr 03-apr 03-apr

14-apr 14-apr 14-apr

mean -18 -52 0 0 -18 -52
median -14 -40 0 0 -14 -40

4.3.2 Dissolved Oxygen

All three scenarios had visible impact on the dissolved oxygen content for all lakes. For Rem-
marsjon, the DO content decreased in almost all cases for DOC 30 and 80 and for climate 30

(Table 10).

For climate 80 and climate+DOC 80 the DO content increased in all cases. The

DO content in the bottom water (Figure 16) indicated a similar behavior as for Hérsvatten, with
stronger DO depletion during the summer months and slightly higher DO content during the

winter.

Table 10 Remmarsjon. Percentage of the water column with DO levels below 2 or 4 mg/1 and
the total number of days with DO levels below the limits anywhere in the water column. Results
for the present time period and for the simulated scenarios climate, DOC and climate+DOC 30
and 80 years in the future.

% <2 mg/1
nr <2 mg/1
% <4 mg/1

nr <4 mg/1

= positive change = no change _ = negative change
now Climate_30 Climate_80 DOC_30 DOC_80 Climate_ DOC_30 Climate_ DOC_80
0.1055 I 00755 R (.03
s 838 o S
016 I 020 T 0145
g e
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Figure 16 Dissolved oxygen for bottom water (13 m) in Remmarsjon. For the present time period
and 30 respectively 80 years in the future for the scenario climate+DOC.

For Harsvatten the DO content decreased in most cases (Table 11), though slightly increasing for
two cases during the climate 30 run. For four cases during the DOC runs there were no visible
changes. When comparing the DO content of the bottom water for the the climate+DOC 30 run

with the base scenario, the DO was slightly higher during winter months but with stronger DO
depletion during summer months (Figure 17).

Table 11 Hérsvatten. Percentage of the water column with DO levels below 2 or 4 mg/1 and the
total number of days with DO levels below the limits anywhere in the water column. Results for

the present time period and for the simulated scenarios climate, DOC and climate+DOC 30 and
80 years in the future.

= positive change = no change _ = negative change
now Climate_30 Climate_.80 DOC_30 DOC_80 Climate. DOC_30 Climate_. DOC_80
% <2mg/l 000 NN oo T o
nr <2 mg/1 872 | error 872 872 error
% <4 mg/l 0.1227 0.1124 error  [DEEEEEONRE 0.1125 error
nr <4 mg/1 1079 _ error 1079 1079 _ error
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Figure 17 Dissolved oxygen for bottom water (13 m) in Remmarsjon. For the present time period
and 30 respectively 80 years in the future for the scenario climate+DOC.

For Fiolen, the DO content increased in all cases for all scenarios including climate (Table 12).
For the scenarios DOC 30 and 80 the DO content decreased in all cases. The DO content in the
bottom water (Figure 18) is highly fluctuating making seasonal changes hard to evaluate.

Table 12 Fiolen. Percentage of the water column with DO levels below 2 or 4 mg/1 and the total
number of days with DO levels below the limits anywhere in the water column. Results for the

present time period and for the simulated scenarios climate, DOC and climate+DOC 30 and 80
years in the future.

= positive change = no change | = nesative change
now Climate_30 Climate_.80 DOC_30 DOC_80 Climate. DOC_30 Climate_ DOC_80
% <2 mg/l 0.1562 0.1194 0.1089 0.1206 0.1125
nr <2 mg/l 875 752 660 754 661
% <4 mg/l 0.2137 0.1552 0.1407 0.1565 0.1438
nr <4 mg/l1 1005 877 768 878 771
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Figure 18 Dissolved oxygen for bottom water (13 m) in Remmarsjon. For the present time period
and 30 respectively 80 years in the future for the scenario climate+DOC.
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5 DISCUSSION
5.1 MODELING WITH MYLAKE

5.1.1 Temperature and oxygen profiles

The simulated temperature and oxygen profiles for the three lakes showed that the MyLake model
was able to well capture the behavior of both temperature and dissolved oxygen throughout the
water column.

The surface water temperature is modeled with a high accuracy for all three lakes. The temper-
ature is also captured reasonably well throughout the rest of the water columns as well as in the
bottom waters of the lakes. The high accuracy of the model is clear when visually inspecting the
observed and modeled temperature, but it is not always reflected in the MSE. Since the tempera-
ture changes quite rapidly, delayed or premature predictions of temperature may result in a large
distance between modeled and observed values and a disproportionately high MSE.

Hérsvatten is the deepest of the three lakes and the only lake with a clear distinction between
epilimnion and hypolimnion. The thermocline for Harsvatten is usually located at approximately
five meters depth, explaining the difficulties to simulate the temperature at this level (Appendix
B, Simulated and observed temperature at 5 m). Stratification also happens in Remmarsjon and
Fiolen but since these lakes are quite shallow the density differences between epilimnion and hy-
polimnion are much lower. This will lead to weak stratification that may only last a short period,
maybe in terms of weeks or even hours.

Since the content and distribution of dissolved oxygen in a lake is controlled by many different
drivers, physical, chemical and biological, it is a complicated variable to model. In the surface
water, the oxygen levels are mainly controlled by atmospheric gas exchange, which is being well
captured by the model. Deeper down in the water column, the processes controlling the oxygen
distribution gets more complicated, but the model is still able to capture most of the variations
in DO. The typical seasonal behaviour of total mixing, and reoxygenation, of the water column in
the autumn is being captured for all lakes as well as the typical decline in DO during the summer
months and during periods of ice cover. For Harsvatten, the lake appears to not mix entirely
during the period 2012/2013. This is visible for the observed measurements of bottom water DO
but it is not being captured by the model (Figure 7).

The DO in the bottom water for Remmarsjon and Fiolen is fluctuating more than for Harsvatten.
This is probably because these lakes are quite shallow and therefore being more directly affected
by processes occurring in the surface water. Wind induced mixing or cut off oxygen supply due to
ice cover may therefore be directly reflected in the bottom water. The DO content in the bottom
water is quickly reduced during periods of ice cover for both Remmarsjon and Fiolen, indicating
that the bottom water is highly dependent on the surface water for oxygen supply.

5.1.2 Model evaluation

MyLake has proven suitable and useful for the given problem. By changing only a few model pa-
rameters it was possible to reasonably well describe variations in both temperature and dissolved
oxygen concentrations for three, rather different lakes. There are of course limitations to this type
of calibration, with the main problem being the time aspect. The model consist of many param-
eters and to achieve a higher model accuracy would be extremely time consuming with manual
calibration. Since the model is process-based it was possible to make assumptions about which
parameters that were reasonable to change to match the conditions at each study site. A well
functioning automatic calibration would probably have improved the calibration further but would
be too complicated the implement given the extent of this project.

To simplify the calibration process, the sediment module included in MyLake v.2 was deactivated.
The sediment oxygen demand was included by a simple set of equations, but other processes oc-
curring in the sediment was being left out. This may have affected the result to some extent, since
some of these process might affect bottom water DO.
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Working with the MyLake model comes with certain limitations. The biggest issue was probably
the requirement of high quality, daily resolution data of several meteorological and hydrological
variables. By using interpolation, the model was able to handle small gaps in the data sets. How-
ever, the model was still sensitive for missing measurements and larger gaps in the data set could
easily cause the model to break. The project in itself has therefore, by some means, been limited
by the amount and quality of the available data.

5.2 SIMULATION OF FUTURE SCENARIOS

5.2.1 Scenario data

The three scenarios, climate, DOC and climate+DOC, were chosen to be able to study the in-
dividual impact of a changing climate and changing DOC content, as well as the, more realistic,
combined effect of the two.

The scenario data were based on the existing meteorological patterns in the data used for cali-
bration. This is not ideal since the meteorological patterns will change for each year. However,
since future scenario data are not available on a daily resolution basis this method was chosen as
most suitable. The created scenario data only takes changes in the four variables, air temperature,
precipitation, inflow and DOC, into account. In reality, all variables used as input to MyLake will
likely change in the future. The future simulations do not include the changes in extreme events
patterns, such as droughts or extreme amounts of precipitation.

Future simulations of inflow are based on simulations with the HBV model. Because the simula-
tions are based on simulated values of air temperature and precipitation this may lead to increased
model insecurities.

Future changes of DOC were calculated by the mean annual changes in precipitation, according to
de Wit et al. (2016). This is a simple, linear model that does not include all processes affecting
DOC values. The relations used for Remmarsjon and Fiolen were both significant, and therefore
more likely to predict future DOC values with a high accuracy. The relation between DOC and
precipitation for Harsvatten was not significant, making the predictions for future DOC values at
this site unreliable.

5.2.2 Scenario runs

Mylake was able to run all scenarios except two, climate 80 and climate+DOC 80 for Harsvat-
ten. All scenarios including climate had a significant impact on the ice phenology of the lakes.
In most cases, the predicted climate change resulted in shorter periods of ice cover due to later
formation of ice and earlier ice break up. The results were identical for the scenarios climate and
climate+DOC as well as between the base scenario and the DOC scenario. This indicates that the
effect of increasing DOC on the thermal properties of the lakes was not captured by the model. Tt
is likely though that the DOC content still has an impact on the thermal regime of the lakes, but
not in ways and to an extent that can be captured by the model.

All scenarios had a visible impact on the DO content of the lakes. The DOC scenario had a
negative impact on the DO content in all cases. For Harsvatten these changes were slight or not
visible, probably due to the low, predicted increase in DOC for this study site. However, since the
DOC trend in this site is not definite, the impact of increased DOC values on the DO content in
Hérsvatten is uncertain. For Remmarsjon and Fiolen the increasing DOC content visibly reduced
the overall DO content in the water column.

Scenarios including climate had somewhat of the opposite effect on DO concentrations. This was
especially visible for Fiolen, were climate change actually caused the DO content to increase. This
is most likely due to the decrease in the duration of the ice covered period, reducing the risk of
winter anoxia. Reduced winter anoxia will increase the overall DO content, seen to an entire year.
For Fiolen, the combined scenario climate4+DOC resulted in decreased DO content compared to
the scenario climate but increased DO content compared to the scenario DOC. This indicates that
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DOC and climate counteract each other when it comes to the effect on the DO content. This effect
is also visible for Remmarsjon, but first after 80 years. The effect was somewhat diminished by
the high DOC content at this study site.

The effect of climate change and increased DOC was also visible in the bottom water DO for all
lakes. For Harsvatten (Figure 17) the scenario climate+DOC resulted in higher bottom water DO
during the winter months followed by a more rapid decrease in DO during the summer months.
This effect is also visible for Remmarsjon (Figure 16). For Fiolen, the figure (Figure 18) is difficult
to read due to the large fluctuations of the bottom water DO. These results, with decreasing winter
anoxia and lengthened periods of summer anoxia are in line with earlier studies (Fang and Stefan,
2009; Couture et al., 2015). Couture et al. (2015) also concluded that DOC and air temperature
were antagonistic when it comes to DO content and that DOC most likely is a stronger driver for
DO consumption than air temperature. According to Couture et al. (2015) DOC is likely to be
the main driver controlling the DO content of lakes in the future. Since the DOC content in lakes
is mainly controlled by climatic impact (Holmberg et al., 2014; de Wit et al., 2016), climate change
will play an important role for lake DO but in a more indirect way by controlling DOC content.

5.2.3 Implications of changing temperature and oxygen profiles

The identified changes in temperature and oxygen profiles are likely to alter future physical, chem-
ical and biological conditions in lakes. Oxygen is a critical variable in many lake processes and
changes in the oxygen regime will therefore have a great impact on lake water quality and the
living conditions for aquatic life (Diaz, 2001).

Even if the content of dissolved oxygen are somewhat increasing seen to the entire studied period
it is more important to look at the seasonal changes. The growing season is a critical period for
aquatic ecosystems and decreasing oxygen content during this time may have a negative impact on
lake biota. The living conditions for the aquatic life are defined by the worst reigning conditions,
and even if the oxygen levels increase during the winter, this will not recover biota loss happening
during the summer.

During periods of low oxygen levels there are also an increased risk of substances leaching from
the sediment. This may include DOC, nutrients as well as other substances. Leaching of DOC and
nutrients may increase the browning effect in lakes as well as increase the risk of eutrophication
(Brothers et al., 2014).

5.3 RECOMMENDATIONS FOR FUTURE STUDIES

The study of temperature and oxygen profiles are important to increase the understanding of how
physical, chemical and biological conditions of lakes will change in the future. To further investi-
gate how lakes at different location and of different types are likely to behave in the future it would
be interesting to include more lakes in the study, with a larger geographical spread. Improvement
of the calibration, preferably by automatic calibration, and inclusion of the sediment module in the
MyLake model, would be to recommend to fine-tune the model and include the complex processes
occurring in the sediment.

To increase the understanding of the impact of climate change, further development of the future
scenario data would be necessary. One important thing to add to the scenarios would be extreme
events such as floods and droughts. It would also be interesting to include possible changes in
wind, especially at extreme weather events, since this may lead to wind-induced mixing of the
water column. The frequency and intensity of extreme events are predicted to increase in the
future (Cheng et al., 2012). This will have a significant impact on the incoming DOC to the lakes,
something that may have a drastic impact on future DO content.

In this study, only the climate scenario with the highest climatic impact was used. In future studies
it would be interesting to also include scenarios with lower climatic impact, such as RC P, g and
RCP, 5. When using climate scenarios with a lower climatic impact, the positive effect on lake
water DO due to reduced ice cover is likely to be less significant.
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6 CONCLUSIONS

Both climatic factors, simulated with a high climatic impact, and changes in DOC concentrations
were shown to have a great impact on both the temperature and the oxygen profiles of the studied
lakes. Based on the evaluated hypotheses, the following conclusions were made

e Air temperature will increase in the future and this will increase the overall water tempera-
ture, intensify the thermal stratification and reduce the length of the ice covered period. The
shorter ice period will decrease the risk of winter anoxia, resulting in climate change actually
increasing the overall oxygen content seen to the entire water column and the entire time
time period.

e During summer months, the combined effect of climate change and increased DOC concentra-
tions had a negative impact on the oxygen content. The DOC concentration seamed however
to have a stronger negative impact on the DO content.

e Climatic factors and changes in DOC concentrations plays different roles when it comes to
the impact on temperature and oxygen profiles. DOC seams to be a stronger the driver
controlling oxygen depletion. Climate change is an important indirect controller, since the
DOC concentration is highly dependant on climatic factors.

It is clear that climate change will, directly or indirectly, have a profound impact on both the
thermal conditions and the content and distribution of oxygen in lakes. In the future there is a
high risk of drastic changes in lake water quality as well as the living conditions for all aquatic life.
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Appendix A Meteorological data

Table 13 Measurement stations and information about the data for all three lakes. All data
collected from SMHI opendata.

Sjo:Harsvatten Sjo: Remmarsjon Sjo: Fiolen
Station (number)  Station (number) Station (number) Info
Global radiation Goteborg sol (71415)  Umea sol (140615) Vixsjo sol (64565) sum of hourly measurements

Cloud cover Satends (71470) Fredrika (148050) Hagshult Mo(74180) measurement 12:00 PM
Air temperature Goteborg A (71420)  Fredrika (148050) Berg (74080) daily measurement
Relative humidity Goteborg A (71420)  Fredrika A (148040) Vixsjo A (64510) 12:00 PM

Ajr pressure Goteborg A (71420)  Hemling A (138390) Vixsjo A (64510) 12:00 PM

Wind speed Goteborg A (71420)  Fredrika (7148050)  Vixsjo A (64510) 12:00 PM
Precipitation Komperod (82040) Fredrika A (148040) Berg (74080) daily
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Appendix B Temperature profiles
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B.2 Harsvatten
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Appendix C Dissolved oxygen profiles

C.1 Remmarsjon
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C.3 Fiolen
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