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Abstract 

Since the middle of the 20
th

 century, the average temperature of the atmosphere near Earth 

surface has increased. The global warming causes many effects in hydrological systems, such 

as changes in thermal structure, water quality, aquatic ecosystems, etc. This thesis studies the 

impact of climate change on Akkajaure reservoir, the second largest regulated reservoir in 

Sweden, by simulating a predicted temperature rise based on the climate and hydrological 

conditions of Akkajaure in 1998-2002. The congeal duration, ice thickness and the turbulent 

kinetic energy (TKE) in the lake were calculated by the catchment hydrological model and the 

lake model. The movement of phytoplankton and their mean net production (MeanNP) rate 

are simulated by the dispersion model and the photosynthesis model. By comparing the 

simulation results of past situation and three predicted scenarios, it is obtained that the 

increases of temperature shorten the congeal duration, which is a lead factor for shortening the 

trough period and amplification of peak value of TKE. The comparison of plankton particles 

position illustrates that the particles stay in a deeper position for a longer time because of the 

changes of TKE. Though the plankton stays in euphotic zone longer as the temperature 

increases, the comparison of the mean production rate between the real scenario and the 

predicted scenarios concludes that the mean production rate grows as the temperature 

increases because the shortened ice cover period makes the duration of absorbed sunlight 

increases in lake. The effects of global warming may influence the distribution of microalgae 

in on high latitude lakes and reservoirs. The phytoplankton will stay in deeper water layers for 

a longer time. 

 

Key words: Akkajaure, climate change, high latitude lake, MeanNP rate.  
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1. Introduction 

 

Since the middle of the 20
th

 century, the average temperature of the atmosphere near Earth 

surface has increased (IPCC, 2007). Most of the increase is caused by rising concentrations of 

greenhouse gases, which results from human activity such as burning fossil fuel and 

deforestation (NAS, 2008). As it is researched, global surface temperatures on earth have 

increased by approximately 0.6°C over the last century and the past two decades (1980-2000) 

were the warmest since 1861 (Houghton et al., 2001). Weather effects have been documented 

in high latitudes of Northern hemisphere. In Scandinavian countries, increased temperature 

and precipitation have been underlined for the last century (Hyvärinen, 2003).  

 

Considering the increasing temperature, drastic changes in geographical regions with snow 

and ice cover are expected (IPCC, 2007). In Sweden, the majority of almost 100,000 Swedish 

lakes are ice covered during winter (Weyhenmeyer et al., 2004). A warming of lakes and 

rivers in Sweden will have effects on the physical, chemical and biological aspects (Walther et 

al., 2002; IPCC, 2007). Lake physical properties appear to be particularly sensitive to climate 

forcing. Air temperature, rainfall and wind patterns could lead to the changes of thermal 

structure in lakes (Schindler, 1997). Climate-induced chemical responses in lakes are another 

important issue. With a warming climate, the vertical transport of carbon, alkalinity and 

nutrients would be deeply influenced (IPCC, 2007). The varieties of air temperature could 

affect the terrestrial dissolved organic carbon (DOC) production and the export to lakes and 

thus the DOC concentration within lakes (Sobek et al., 2007; Weyhenmeyer & Karlsson, 

2009). Besides, ecological aspect is also impacted in lakes. Scientists expect that in a warmer 

climate, spring phytoplankton biomass in lakes would increase (Gerten & Adrian, 2006). 

Bloom of phytoplankton could result in eutrophication problems in lakes which is a potential 

risk for animals and human beings who drink lake water (Tamara, 2008).  

 
The impacts of climate change on Swedish lake ecosystems have been reported before 

(Blenckner et al., 2004), but these studies, like most other climate-related studies, focused on 

the assessment of mean values and trends of physical, chemical lake variable from the 

temperature, salinity and heat transports to chemical cycles, oxygen and nutrients. This kind 

of assessment does not sufficiently address variability patterns of biological conditions in 

lakes although they are essential factors driving the structure and function of aquatic 

ecosystems. There are very few system analyses on prediction of futures changes in regulated 

lakes. To study the lake hydrological, climatic condition and the corresponding phytoplankton 

growth situation in the next one hundred years, model simulation is used to predict the 

possible result. Sahlberg (2005) studies the light limitation of primary production in high 

latitude reservoirs by modelling. He uses models to simulate both the lake temperature profile 

and the photosynthesis rate which are also critical variables for measuring the impact of 

climate change to reservoirs. We extend the models that he uses by simulating the global 

warming process after 100 years. We assume that with temperature increases, the physical 

structure of lake will change and also affect the primary production. This thesis aims at 

studying the effects of global warming on photosynthesis behaviour of phytoplankton in high 
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latitude regulated artic lakes.  

 

In order to achieve this goal, some research questions are proposed: 

 

1. What are the possible impacts of global warming on lake hydrological conditions in the 

next hundred years with increased temperature? 

 

2. Is there any influence of global warming on the vertical positions of phytoplankton in 

Akkajaure? If so, what are the influences? 

 

3. Compared to the current state, will the photosynthesis rate of phytoplankton be decreased 

or increased in the next century as the temperature increasing? 

 

For our study, Akkajaure reservoir will be simulated by models. Akkajaure reservoir is the 

second largest regulated reservoir in Sweden. Investigation will be done at the physical 

condition changes in Akkajaure from 1998 to 2002, such as the thermal stratification, water 

temperature and mixing by combining a catchment hydrological model, a lake model, 

dispersion model and photosynthesis model. Also the primary production and production rate 

changes will be investigated.  
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2. Background 

 
2.1 Case Study Area 
Akkajaure is one of the largest man-made reservoirs in Sweden. It is situated in Norrbotten 

County, within the Stora Sjöfallet national park in northern Sweden. It is one of the head 

waters of the River Lule (Luleälven). In 1923, Akkajaure lake was formed after the 

construction of Suorva dam. The Suorva dam was established for power generation, and it is 

heavily regulated with maximum allowed surface water level amplitude of 30m. The 

maximum elevation of the current dam is 453 meters above sea level (m.a.s.l) and the lake 

area is 266 km
2 

(Sahlberg, 2003).  

 

Akkajaure has climate conditions characteristics of typical subarctic regions. Monthly 

temperature is above 10°C for one to three months of the year. Precipitation tends to be low 

due to the low moisture content of the cold air. Ice covers most of the lakes in winter even 

when the lakes are lowest elevations (Tveito et al., 2000).  

 

Figure 1, The Akkajaure drainage basin with its sub basins. The dots marked with C are the 

precipitation and temperature stations. (Source: Sahlberg, 2003) 

 

Akkajaure reservoir’s drainage basin covers an area of 4650 km
2
, and the mean height of the 

drainage basin area is 825 m.a.s.l. There are totally ten different rivers and brooks flowing 
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into Akkajaure (marked in Figure 1 as 24, 25, 26, 29, 32, 33, 34, 35, 36 and 38). Vuojatätno is 

the largest one with approximately 55% of the inflow. The second largest inflow source, 

Sitasjaure tunnel, offers 20% of the total inflow. Another 25% inflow comes from eight 

smaller rivers around the reservoir. 

 

Akkajaure is a regulated lake after the construction of Suorva dam. Such a big range of 

regulation results in the erosion of the shores and no vegetation is left, just bare rocks 

(Sferratore et al., 2007). Vegetation and soil not only determines the amount of runoff to the 

lake, but also the composition and quantity of organic and inorganic matter that enter the lakes 

and reservoirs (Wetzel, 2001). Thus, a regulated lake must have different biological and 

chemical conditions compared to unregulated ones. 

 

2.2 Thermal structure 
In order to collect the ice information and monitor the position of plankton particles in 

Akkajaure, the thermal structure of the lake must be mastered first. In lakes and reservoirs, the 

thermal structure is mainly controlled by heat transfer (Lienhard, 2008). Solar short wave 

radiation I s  is absorbed by water surface and transformed into heat which increases the 

temperature of the water surface (Fig. 2). The temperature difference between water surface 

and bottom boundaries then leads to different water density and causes water mixing and 

convection. In winter, heat could be gained from sediments, shown as sedF  but it is very 

small (Sahlberg, 2003).  

 

Figure 2. Insolation and heat fluxes of ice covered lakes. 

 

In winter time, heat fluxes could control the water temperature in an ice covered lake. As 

thick ice covers the lake, sunlight could not penetrate through the ice and transfer heat into the 

water and the temperature profile within the water seldom changes during the winter period. 

After the ice melts, due to the increases of sun altitude and the decreases of ice albedo, the 

insolation penetrates through the water and the water temperature once again increases.  

 

The thermal stratification is caused by the change in water’s density with temperature. 

Thermal stratification is the building up of water layers which refer to a change in the 

temperature at different depths. It can separate a lake into three layers: epilimnion, 

I s

F sed

I s
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metalimnion and hypolimnion. Epilimnion is the surface of lake; metalimnion is the middle 

layer which may change depth throughout the day; hypolimnion is the bottom layer of water. 

Oxygen is dissolved at the surface of the water, and then molecular diffusion and vertical 

convection of water conduct the oxygen to the bottom of the lake. The thermal stratification 

declines the oxygen transport to the hypolimnion. This is why the concentration of oxygen at 

the surface is higher than that at the bottom. So, normally, epilimnion has higher dissolved 

oxygen concentration than the hypolimnion.  

 

In Sweden, most lakes and reservoirs have two turnover periods, one in Spring and the other 

in Autumn. In summer, they form a thermal stratification in water system with a warm 

epilimnion and a cold hypolimnion layer. In winter, there is stratification with cold surface 

water over “warm” bottom waters.  

 

The cooling and wind induced mixing determine the formation of ice. When the cooling is 

strong and the wind induced mixing is weak, an ice cover will be formed. During the winter 

period, the temperature profile is more or less unchanged which is 0 to 1 °C in the epilimnion 

and 3-4°C in the hypolimnion which could lead to stratification (Fig.3). In spring, as the sun 

altitude increase, the radiation penetrates through the ice which helps the ice to melt and water 

temperature to increase. 

 

 

Winter             Spring            Summer           Autumn 

 

 

 

 

 

 

 

 

Figure 3. Water temperature profiles at different seasons. 

 

2.3 Water turbulence 
Water turbulence is a very important factor for the phytoplankton living in lakes. In fluid 

dynamics, turbulence is a fluid with chaotic property changes. It includes low momentum 

diffusion, high momentum convection, rapid pressure and velocity variation in space and time 

(Batchelor, 1967). Turbulence causes eddy formation at different scales. Most of the kinetic 

energy of the turbulent motion is in large scale structures with the characteristics of inertial 

and non-viscosity (Warhaft, 2002). Eddies continue to move to diffused and create smaller 

eddies. Eventually viscous dissipation of turbulent kinetic energy (TKE) take place and the 

small eddies disappear. 

 
Wind is an important contributor to turbulence (Reid and Ogden, 2008). Wind induced TKE 

Ice 
0°C 

4°C 

4°C 

18°C 

7°C 

4°C 
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cause pressure on phytoplankton, combining with the inertial, viscosity of eddies and the 

sinking velocity of phytoplankton particles, phytoplankton move up and down in the water 

column (Javier et al., 2004).  

 

2.4 Light in euphotic zone 
Light plays a significant role in the photosynthesis process of phytoplankton. The euphotic 

zone is the depth of a lake that is exposed to sufficient sunlight for photosynthesis to occur. It 

is defined by the depth where light intensity under water decreases to 1% compare with the 

light intensity at the water surface, so its thickness is highly depending on the extent of light 

attenuation in the water column. In the disphotic zone, where the sunlight is less than 1% of 

that in the surface water, the levels of light are insufficient for photosynthesis or at least 

insufficient for photosynthesis at a rate greater than respiration. (Zeitzschel, 1978) 

 
2.5 Primary production  
Primary production, on which all life on Earth depends directly or indirectly, is the 

assimilation of aquatic carbon dioxide, principally generated through the process of 

photosynthesis. The major primary production in lake is produced by micro-organisms known 

as phytoplankton. Thalassiosira pseudonana (T. pseudonana), a kind of small non-motile 

diatom in the Atlantic, will be used as phytoplankton model in Akkajaure reservoir case study.  

Lande and Lewis (1989) uses cell-specific constants of T. pseudonana as phytoplankton 

model and several of these constants could be used in our phytoplankton dispersion model 

analysis. Sahlberg (2005) uses T. pseudonana in model to research the primary production in 

Akkajaure reservoir. No other references on diatom species are found in Akkajaure reservoir. 

Based on these reasons, T. pseudonana is chosen as the sample diatom in this thesis. 

         

Through photosynthesis, the phytoplankton generates primary production. In this process, 

besides light, water turbulence is critical to the process since it is turbulence the driven force 

which helps phytoplankton to move into euphotic zone described in chapter 6.  
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3. Model 

 

In order to simulate the physical and biological processes of Akkajaure reservoir, the HBV-96 

model, a Lake Model, a Dispersion model and a Photosynthesis model are combined (Fig.4). 

Firstly, the hydrological HBV-96 model is used to model data of water inflow, outflow, water 

level. Then, using these data and the climatic data we get from the meteorological stations, we 

get the information on cells vertical velocity and eddy diffusivity from Lake Model. 

Combining the results from HBV-96 model and the Lake Model, we use the Dispersion model 

to simulate the movement of phytoplankton. Finally, Photosynthesis model is used in the 

calculation of carbon assimilation of phytoplankton.  

 

 

Figure 4. Models used in simulating Akkajaure reservoir. 
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3.1 The HBV-96 model 
 

Swedish Meteorological and Hydrological Institute (SMHI) uses the HBV-96 model to 

describe discharges:  

outpretunin

vol QQQQ
t

V
−++=

∂

∂
                                              Eq.1 

The water storage simulation in Akkajaure reservoir was established by using the observed 

inflow inQ , the tunnel flow from Sitasjaure dam tunQ , the precipitation to the lake preQ , 

outflow from the Suorva dam outQ  and the water storage in Akkajaure tVvol ∂∂ / . Data of air 

temperature, precipitation, and inQ  are received from SMHI. The HBV-96 calibration has an 

efficiency value of 0.927, which illustrates that the HBV-96 model can sufficiently simulate 

the discharge of Akkajaure.  

 

3.2 The Lake Model 
 

The 1-D lake model is developed by Sahlberg (2003). It is used to describe the vertical 

temperature distribution, assuming it to be horizontally homogeneous. The model is based on 

the k-ε turbulence model and the Prandtl/Kolmogorov relation (Rodi, 1980), and the equation 

solver Probe (Svensson, 1998). It uses the data of air temperature, total cloud cover, wind 

velocity, relative humidity and precipitation. In Akkajaure, the inflow levels are close to the 

surface elevation of reservoir, while the outflow levels are several meters under the lowest 

permitted pool elevation. Depending on the inflow water temperature, water is accustomed to 

seek its density level in the reservoir without any mixing (Sahlberg, 2005). These flow 

conditions result in different vertical velocities in the reservoir.  

 

The momentum equations (Sahlberg, 2003) are defined as: 

z

U
W

z

U

zx

P

t

U eff

∂

∂
−

∂

∂

∂

∂
+

∂

∂
−=

∂

∂ ρρ

ρ

µρ
)(                                        Eq.2 

=
∂

∂

t

Vρ

y

P

∂

∂
−

z

V
W

z

V

z

eff

∂

∂
−

∂

∂

∂

∂
+

ρρ

ρ

µ
)(                                        Eq.3 

Where t  is time, x  and y  horizontal space coordinates, z  vertical space coordinate, U  

and V  horizontal velocities, W  the vertical velocity (caused by in- and outflows at 

different levels in the reservoir), P  pressure and ρ  density. The effective viscosity effµ  

equals to turbulent viscosity tµ  plus the laminar viscosity µ . In the lake system, the change 

in momentum is due to the role of force. In equation 2, the term on the left is the momentum 
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change from x  direction. The right terms represent the total force causes momentum 

changes. The first term on right represents the pressure gradient on the system contribution to 

the momentum; the second term stands for the viscosity effect on the momentum and the third 

term is the impact of vertical flux of momentum on the system. Equation 3 stands for the 

momentum change from y  direction. 

 

The turbulent Prandtl/Schmidt number is a non-dimensional term defined as the ratio between 

the momentum eddy diffusivity and the heat transfer eddy diffusivity. It is useful for solving 

the heat transfer problem of turbulent boundary layer flows. The relation between effµ  and 

effective Prantl/Schmidt number, effσ , is:  

t

t

eff

eff

σ

µ

σ

µ

σ

µ
+=                                                           Eq.4 

The turbulent dynamical viscosity tµ  means the dynamic eddy viscosity. It is caused by the 

TKE. The Prandtl/Kolmogorov relation (Rodi, 1980) is defined as: 

ε
ρµ µ

2
k

Ct =                                                            Eq.5 

k  represents the TKE, ε  is the dissipation rate and µC  is an empirical constant. TKE is 

formed by shear velocity and buoyancy. 

                                                     

Correspondingly, the heat equation is:  

IF
z

Tc
W

z

Tc

zt

Tc
q

pp

eff

effp
++

∂

∂
−

∂

∂

∂

∂
=

∂

∂ )(
)

)(
(

)( ρρ

ρσ

µρ
                           Eq.6 

T  is the water temperature, 
pC  is the specific heat of water,

qF  is a source term due to the 

horizontal advection of heat and I  is a source term due to insolation. The heat equation 

describes the distribution of heat in a given depth over time. In equation 6, the term on left is 

the local system temperature changes. The first term on the right side is the impact of heat 

diffusion on fluid. The second term is the heat flux in vertical direction. The third term 

represents the heat flux caused by the horizontal advection of fluid and the fourth term is due 

to the solar radiation heating the fluid. 

 

qF  is given by  

)- (  =F q

out

outout

in

inin
p

V

TQ

V

TQ
C

∆∆
ρ                                                    Eq.7 

In Eq.7, ρ  is a reference density of water, 
inQ  and 

outQ  are volume fluxes of in and out 
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flowing water, 
inT  and 

outT  are the temperature of the inflows and outflow. 
inV∆  and 

outV∆  

are the volumes of the grid cells at the inflows and outflow respectively. 

 

I  is the insolation given by 

)(
)1(

zH

s
weFI

−−−= βη                                                       Eq.8 

sF  is the incoming short wave radiation that penetrates the water surface, η  is the fraction 

of sF  absorbed at the water surface and wβ is the extinction coefficient and H  is the total 

depth (the z-axis points upwards from the bottom). 

 

The free surface boundary conditions are used to describe the limited environmental condition 

on water surface. Here, it mainly represents wind stress. The free surface boundary conditions 

for the momentum equations are formulated as: 

a

x

eff

z

U
τ

ρ

µρ
=

∂

∂
                                                    Eq.9 

a

y

eff

z

V
τ

ρ

µρ
=

∂

∂
                                                          Eq.10 

where 
aaa

d

aa

x WUCρτ =  and 
aaa

d

aa

y WVCρτ =
.
 

Here a  represents for air. 
a

dC  is the drag coefficient. 
a

W  is the wind velocity. At the 

lower boundary, the no-slip condition is prescribed. In fluid dynamics, the no-slip condition 

for viscous fluids states that at a solid boundary, the fluid will have zero velocity relative to 

the boundary. For the heat equation, the surface boundary condition could be defined as: 

n

eff

effp
F

z

Tc
=

∂

∂

ρσ

µρ )(
                                                         Eq.11 

nF  is the  net heat exchange at the water surface. It consists of the sum of four different heat 

fluxes:  

snlehn IFFFF η+++=                                                 Eq.12 
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Figure 5. Heat fluxes in lake. hF  is the sensible heat fluxes; eF  is the latent heat fluxes; 

nlF  is net long wave radiation from surface and sI  is the incoming short wave radiation 

penetrating through the water surface.  

                                                                                        
η  is the fraction of short wave radiation absorbed at the water surface. 

 

If the lake model is to simulate the yearly variation of heat content in a lake, ice formation 

should be included. The ice thickness 
ih  is calculated according to the well known 

degree-day method (Bengtsson & Eneris, 1977): 

2

1

))(( ∑= agi Tkh  if 0≤aT                                      Eq.13 

gk  is ice growth coefficient whose value is 2

1

2 )(104.2
−

−× Cm o and aT  is the daily mean air 

temperature. The daily mean value of the air temperature also describes the spring ice 

thickness melting. The melting equation is taken from Ashton (1983): 

ami Tkh =    if 0>aT                                                   Eq.14 

mk  is the ice melting coefficient whose value is 13 )(103.5 −−× Cm o . 

In Akkajaure there are no measurements of the snow thickness no the ice, but there is always 

snow on Akkajaure. According to Sahlberg (2003), it is assumed that the snow 

thickness, sh varies with the ice thickness. During snow growth 
is hh 2.0=  and during snow 

melting
is hh 05.0= . 

 

3.3 Dispersion model 
Through the establishment of HBV-96 model and the lake model, the factors affecting the 

water movement and the water content could be mastered. In order to monitor the motion of a 

single phytoplankton in a turbulent water system, it is essential to establish a particle 

dispersion model. Rahm and Svensson (1989) used a physical dispersion model of the density 

I s F nl F h
F e

F sed
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a velocity fields based on a k -ε  turbulence model to describe the entire turbulence field, 

which could reflect the effect of stratification on the turbulence. The model could be 

described with a time step
)( 1 nn ttt −=∆ + : 

nnnnnnn Cbwaw ++=+ ξσ1                                                 Eq.15 

In E q.17, nw  is the Lagrangian vertical velocity of the particle. n  denotes the time step. 

nξ  is a random number from a Gaussian distribution with zero mean, and unit variance and 

nσ
 is the vertical velocity variance. They all depend on the TKE k  and its dissipation rate 

ε . The coefficients are defined as: 

l

t

n ea
τ

∆
−

=  

2

1

2 )1( nn ab −=  

)()1( 2

nnln
z

ac στ
∂

∂
−=  

lτ  is the Langrangian autocorrelation time scale.  

ε
τ

σ

µ k

C

C
l =  

kCn σσ =2  

µC and σC are constants. 

In the dispersion model, vertical velocity of plankton particles varies with the TKE and its 

dissipation rate. The plankton particles trajectories could be simulated from this model. Since 

the interest lies in the dispersion of diatoms, T. pseudonana, the intricacies of cell division, 

grazing and mortality have been disregarded. 

 

3.4 Photosynthesis model 
 

Platt et al. (1980) established the photosynthesis-irradiance (P-I) relation, where P  is 

Photosynthesis and I is the available radiation during the photosynthesis process.  

They express the photosynthesis process in graph below. 
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Figure 6. P-I curve for a typical phytoplankton. (Source: Platt et al., 1980) 

 

Typical shape of a P-I curve representing the response in phytoplankton production to light. 

The photosynthesis process can proceed only during the periods of daylight while respiration 

is carried out during both light and dark periods. As the light intensity increases to the light 

compensation point, the photosynthetic oxygen liberation equals the respiratory oxygen 

consumption. In lakes, the depth where this happens is called the compensation depth which 

also defines the depth of the euphotic zone. A further light increase leads to a net 

photosynthesis and from this point P  increases with the irradiance. In Figure 6, cI  is the 

light compensation point; the initial slope 
k

m

I

P
=α  where the saturation parameter kI is the 

point where the initial slope meets mP (the maximum photosynthesis rate in the absence of 

photoinhibition). At still higher light intensities there may be a decrease in the photosynthesis 

due to photoinhibition.  

 

The nutrients conditions are disregarded in this paper. Several budget and modelling studies 

have shown that reservoirs are often a favourable site for diatoms to grow, because they need 

take up dissolved silica to be nutrient, and later on become sediment in reservoirs. (Garnier et 

al., 1999; Humborg et al., 2004)  In northern Sweden, Akkajaure reservoir is strongly 

regulated. It helps control the nutrient budgets and primary production (Sahlberg, 2003). 

  

3.5 Scenarios 
 

IPCC predicts increases in global average surface temperature from 1.1 °C to 6.4 °C for the 

year 2100 (Solomon et al., 2007). Regional climate models for Northern Europe predict 

warmer and wetter winters, and dryer and hotter summers, albeit with an increased risk of 

extreme rainfall events during summer (e.g. Schär et al., 2004; Ruosteenoja et al., 2007) The 

Swedish Meteorological and Hydrological Institute in 2008 reports that, by the end of the 21st 

century, the mean simulated increase in winter/ summer ranges from 5.8/ 2.9°C and 4.5/ 2.8

I c 
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° C in northern and southern Sweden, respectively. The corresponding values for 

precipitation are +25/ +21% and +11/ +4%, respectively. In their report, they perform an 

analysis of climate change projections for northern and southern Sweden as simulated in more 

than twenty Atmosphere-ocean general circulation models. To provide a comprehensive 

analysis, as much data as possible is included in their report. 

 

For present study, we established three scenarios according to annual reports of SMHI in 2008. 

These three scenarios are based on different temperature changes in 100 years: 

 

Table 1. Three different Scenarios used in models.    summer temperature (°C) winter temperature(°C) 
current state (1998-2002) -- -- 
scenario 1  (2098-2102) +2.9 +5.8 
scenario 2  (2098-2102) +2.9 -- 
scenario 3  (2098-2102) -- +5.8 

 

Current state: The temperature data are chosen from 1998 to 2002 as the reference raw data. 

 

Scenario 1: We assume that after 100 years, the air temperature will have increased, in 

summer by 2.9°C and in winter by 5.8°C in Akkajaure reservoir in northern Sweden. 

 

Scenario 2: We assume that 100 years later, the air temperature will have increased during 

summer. It will increase by 2.9°C, but the winter temperature will remain unchanged in the 

Akkajaure reservoir. 

 

Scenario 3: We assume that after 100 years, the air temperature will have increased during 

winter only. The winter temperature will increase 5.8°C. 
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4. Data materials 

The meteorological parameters affecting the lake-model are air temperature, cloudiness, wind 

velocity, relative humidity and precipitation. Air temperature masters the heat balance in 

Akkajaure area, influencing the water temperature and convection. Cloudiness reflects the 

insolation situation. Wind velocity affects convection and turbulence in the water, and ice 

formation in winter. Precipitation contributes to the relative humidity and gives an indirect 

impact upon the water balance level. Besides, relative humidity also contributes to heat 

balance upon Akkajaura reservoir. The descriptive statistics of these variables are shown in 

Table 2. 

 

Table 2. Descriptive statistics of meteorological data used in the lake model calculations. 

 

The above meteorological data, including air temperature, wind velocity and relative humidity 

are observed at two meteorological stations in the Akkajaure area; Ritsem and Stora Sjöfallet 

(see Fig.1). Cloud cover data are captured from two other meteorological stations - Katterjåkk 

and Kvikkjokk (see Fig.1). These data which are used for the lake model calculation, started 

from January 1
st
, 1998 and ended on September 30

th
, 2002. Data collection was updated every 

third hours.  

 

 

Figure 7. Time series of the monthly mean air temperature upon Akkajaure 

The surface water temperature of the lake depends on the air temperature upon this area. From 

Figure 7, it is seen that the mean value of air temperature upon Akkajaure reservoir varies 

 
Minimum Maximum Mean Std. Deviation 

Air temperature [℃] -30 23 .39 9.33 

cloudiness [0-1] .00 1.00 .72 .26 

Wind velocity along the lake [m/s] -17.93 9.96 -.37 3.01 

Wind velocity across the lake [m/s] -9.06 12.95 .10 1.98 

Relative humidity [%] 21 99 77 12 

Precipitation [mm] 10 190 63.15 93.45 
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seasonally. The mean summer air temperature is 10-15 °C and the mean in winter is -10 to -5 

°C. There are no significantly changes among these five years. 

 

Figure 8. Time series of the total cloud cover upon Akkajaure. 

Usually, the total cloud cover is distributed unpredictably. From Figure 8, it is seen that the 

cloudiness normally decrease after winter and with a slightly increasing trend in summer. 

   

 

Figure 9. Time series of the monthly relative humidity of Akkajaure. 

 

Relative humidity in winter is higher than that in summer (Fig. 9). In May 2002, the relative 

humidity is low compared to other years. 
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Figure 10. Monthly wind velocity (m/s) of Akkajaure. 

 

In Akkajaure reservoir, the wind velocity along the lake is generally lower than the wind 

velocity cross the lake. There is an extreme value of velocity along the lake in October 2000. 

 

Figure 11. Monthly precipitation upon Akkajaure. 

Precipitation level in Akkajaure is normally very low (Fig. 11). The maximum monthly value 

is about 190 mm and appears in July 1999. Compared with winter, precipitation in summer is 

higher. 

 

Table 3. The correlations of meteorological variables with each other. * Correlation is significant at 

the 0.05 level (2-tailed). ** Correlation is significant at the 0.1 level (2-tailed). 

 
Wind velocity Cloudiness Relative humidity Precipitation 

Air temperature .082
**
 .200

**
 -.231

**
 .056

**
 

Precipitation -.019
*
 .113

**
 .214

**
  

Relative humidity -.219
**
 .323

**
   

Cloudiness .074
**
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In Table 3, five weather parameters are listed which are essential in the calculation of the 

water flows, the heat and the turbulence of water. They are significantly correlated with each 

other. Air temperature has positive correlation with cloudiness, wind velocity and 

precipitation. Relative humidity has the significant positive correlation with cloudiness and 

precipitation and negative correlation with wind velocity and air temperature. It means if the 

precipitation and cloudiness increased, relative humidity will decrease; when the vapour 

pressure is constant, the temperature increases lead to the relative humidity reduces.  

 

From the hydrological data of 38 subbasins, 10 inflows are chosen for statistic analysis, 

combined with the data of inflow from Sitasjaure tunnel and the total outflow from Akkajaure 

(see Appendix 1). The data were updated once per day. Figure 12 shows the regulation of 

inflow, outflow and elevation of water.  

 

 

 

 

Figure 12. Monthly mean inflow, outflow and water elevation of Akkajaure. 

 

When the peak inflow level is coming, the outflow will be regulated to low level to store 

water for electric power generation (Fig. 12). Water surface level amplitude may vary within 

an interval of 30 meters. When the water surface level falls to the lowest level, inflow is at 

minimum. Within a month, inflow would increase to the highest level of the year. In equation 

7, the volumes of inflow and outflow are of critical importance in the calculation of heat 

balance caused by horizontal advection. Through water elevation, the position of plankton 

particle in water could be simulated. They are very important input data in the models. 
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5. Results 

The Lake-model data was run from 1
st
 January 1998 to 30

th
 September 2002 for the Akkajaure 

reservoir, based on weather forcing updated every third hour. The catchment discharge and 

tunnel inflow data were updated every day. This run represents the current state. 

 

Ice thickness, TKE, mean plankton particles height above bottom and mean net production 

(MeanNP) rates are studied under the three scenarios defined in section 3.5. These three 

scenarios are used to analyse the impact of climate change on the phytoplankton in the 

reservoir and how much it is affected for different seasons. 

 

5.1 Ice thickness 

 

 

Figure 13. Comparison of ice thickness in Akkajaure. The red line shows the ice thickness as a 

response to an increase in the whole year’s temperature during 2098-2102 (scenario 1). The 

black line is the corresponding ice thickness level in current state in years 1998-2002. 

 

A comparison between the modelled ice thickness during 1998-2002 (current state) and the 

years 2098-2102 (scenario 1) is shown in Figure 13. The ice thickness will be halved in 100 

years. The thickest ice sheet appears in 1999 which is about 0.8m, while the thinnest ice cover 

occurred in 2100 with less than 0.4m. Compared to old ice formation, the new ice formation 

date is postponed while the break up date comes earlier. After ice formation, it always melts 

and forms again. Take year 2098 for example, the ice thickness reaches 0.15m at the 

beginning and then drops to 0m in a few days. After several days, the ice starts to form again 

(Fig. 13). The reason for this phenomenon is that under strong winds, the ice is not thick 

enough and will break up under wind stress (Fig. 10). For low winds and a temperature of 

about 0°C, the ice would form again. This process could be repeated for several times in a 

year. In Akkajaure, the whole period of ice cover will be 4 months per year during 2098-2102, 

one month less than before. 
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Figure 14. Values of ice thickness in Akkajaure. The red line is the ice thickness in 2098- 2102 

as a response to an increase in the whole year’s temperature (scenario 1). The yellow line 

shows the ice thickness by modelling summer temperature changes during 2098-2102 

(scenario 2). 
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Figure 15. Comparison of ice thickness in Akkajaure. The red line is the modelled ice 

thickness during 2098-2102 by increasing the whole year’s temperature (scenario 1). The blue 

line shows the ice thickness in 2098-2102 by modelling winter temperature changes (scenario 

3). 

 

In Figure 14, temperature changes were simulated only in summer (scenario 2) and in Figure 

15 in winter only (scenario 3). The winter temperature is increased by 5.8°C and the summer 

temperature is increased by 2.9°C (Chapter 3.5). Figure 14 and 15 show the ice thickness 

based on scenario 2 (increasing summer temperature) and scenario 3 (increasing winter 

temperature) separately with the ice thickness compared to scenario 1 (increasing the whole 

year’s temperature). Figure 13 is very similar to Figure 14. In another words, ice thickness 

evolution in current state is almost the same as for scenario 2, with only increasing summer 
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temperature, hence, the temperature changes in scenario 2 have no effect on the ice thickness. 

However, the ice thickness in scenario 3 (see Fig 15) is apparently different from that in 

current state and shows its consistency with scenario 1. It means that if only the winter 

temperature increases 5.8°C, the ice thickness profile will be almost the same as the ice 

thickness based on increasing the whole year’s temperature. Therefore, winter temperature 

changes are very essential in analysing ice formation and congeal duration, while, summer 

temperature does not seem to have a significant impact. 

 

5.2 Turbulent kinetic energy 
In fluid dynamics, TKE, is the kinetic energy per unit mass associated with irregular motion in 

turbulent flow. It is generated by e.g. buoyant thermals, velocity shear or mechanically generated 

eddies. The scales of motion become smaller over time and the TKE is finally dissipated into heat by 

the effects of molecular viscosity (Abdulkarlm, 1993). In the k-ε model, TKE and its dissipation 

rate is simulated.  

 

Figure 16. Comparison of TKEs in Akkajaure. The red line shows the TKE values during 

2098-2102 by increasing the whole year’s temperature (scenario 1). The black line is TKE 

changes in current state from 1998 to 2002. 

 

Figure 16 shows the difference of the mean TKE in 1998-2002 and one hundred years later 

with increased temperature. They have the same pattern, but TKE values at increased 

temperature are almost 1.3 times higher than that in 1998-2002. At the same time, high TKE 

exist for longer periods, nearly two months per year longer than before. 
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Figure 17. Comparison of TKEs in Akkajaure. The red line is TKE changes by increasing the 

whole year’s temperature from 2098 to 2102 (scenario 1). The yellow line shows the TKE 

values with summer temperature changes during 2098-2102 (scenario 2). 
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Figure 18. Comparison of TKEs in Akkajaure. The red line is TKE changes by increasing the 

whole year’s temperature from 2098 to 2102 (scenario 1). The blue line shows the TKE values 

with winter temperature changes during 2098-2102 (scenario 3). 

 

Figure 17 and Figure 18 compare the mean TKE of scenario 1 to that of scenario 2 and 3 

respectively. According to Figure 17, it shows that the mean TKE in scenario 1 and scenario 2 

have similar peak values, but the durations of mean TKE trough in scenario 2 are longer than 

that in scenario 1. This illustrates that the temperature increase in summer enhances the peak 

value of mean TEK. Figure 18 demonstrates that the peak values in scenario 3 are lower than 

that in scenario 1 but the mean TKE through periods are similar to the through periods in 

scenario 1. This indicates that it is the winter temperature raise that changes of the periods of 

low TKE. 
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5.3 Plankton particle position in water  
 

 

Figure 19. The calculated mean plankton position in Akkajaure. The red line shows the cell 

position by increasing the whole year’s temperature during 2099-2102 (scenario 1). The black 

line is cell position changes in current state during 1999-2002. The light blue line is the water 

elevation of Akkajaure. 

 

For the accuracy of simulation, 1000 diatom particles are followed in the model. They were 

assumed to be released on May 1
st
 1999 at the depth of 5m from the surface. The lake model 

simulations started already on the 1
st
 of January 1998. Calculations finished at the end of 

December in 2002. Figure 19 shows the mean particle positions based on scenario 1 and 

current state. The positions in scenario 1 are plankton simulations of 2099-2102 when the 

temperature is assumed to increase 2.9°C in summer and 5.8°C in winter. The particle 

position is calculated from the bottom of the lake. Water elevation reflects the regulation of 

the reservoir and is used as a parameter in the lake model. From Figure 19, the phytoplankton 

position in scenario 1 is only higher than that in the current state from Februarys to May each 

year. It means that due to temperature increases in 2099-2102, the cell positions during spring 

would be higher than those in current state. However, when the summer comes, the particles 

will sink to deeper water layers compared to 1999-2002. Extreme values appear from June 

2102 to September 2102 in which period the cell positions are higher than that in 2002. 
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Figure 20. The calculated plankton particle position in Akkajaure. The red line shows the cell 

position during 2099-2102 by increasing the whole year’s temperature (scenario 1). The 

yellow line shows the mean particle position with summer temperature changes during 

2099-2102 (scenario 2). The light blue line is the water surface of Akkajaure. 
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Figure 21. The calculated plankton particle position in Akkajaure. The red line shows the cell 

position during 2099-2102 by increasing the whole year’s temperature (scenario 1). The dark 

blue line shows the particle position values with winter temperature changes during 

2099-2102 (scenario 3). The light blue line is the water elevation of Akkajaure. 

 

Particle positions in 2099-2102 are stimulated in Figure 20. The particle positions in scenario 

2 and in current state share the same pattern in Figure 19. The values are always higher than 

in scenario 1, except the values from February to May. Summer temperature increases in 

scenario 2 would not cause to a big affect to the plankton’s position. The planktons almost 

keep at the same position as 1999-2002 when the temperature is not changed. 

 

In Figure 21, scenario 3 reflecting the mean position of plankton only increases winter 
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temperature. Compared with the cell position in scenario 1, the mean height of the particles is 

normally higher in scenario 3. It means that after the winter temperature has increased, the 

plankton position become higher than before. The diatoms move much closer to the water 

surface and the summer thermocline. 

 

5.4 MeanNP rate 
 

Solar radiation is necessary for the growth of phytoplankton, and they only grow when they 

are in the euphotic zone with enough solar radiation. The MeanNP means the carbon 

assimilation which is linked to cell growth. The sinking velocity of the phytoplankton cells is 

considered in the dispersion model to be 1m/day. The following three graphs are the results of 

simulation of cell growth and the MeanNP rate for different scenarios. 

 

 
 

Figure 22. The calculated MeanNP rate in Akkajaure. The red line shows the MeanNP rate 

during 2099-2102 by increasing the whole year’s temperature (scenario 1). The black line is 

MeanNP rate in current state during 1999- 2002. 

 

From the MeanNP rate of 1999-2002 (current state) and 2099-2102 (scenario 1) in Figure 22, 

it is easy to see that the MeanNP rate in current state increased rapidly in April while the rate 

in scenario 1 begins to rise already from February. It is also shown that the mean production 

rate in 2099-2102 is higher in Spring than that in 1999-2002. After June in each year, the rate 

in 2099-2102 becomes lower than the production rate in 1999-2002. In 2002, the MeanNP 

rate is extremely low. Comparatively, the net production rate is higher in 2102 from February 

to September than in 2002. 
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Figure 23. The calculated MeanNP rate in Akkajaure. The red line is MeanNP rate changes 

from 2099 to 2102 by increasing the whole year’s temperature (scenario 1). The yellow line 

shows the MeanNP values with summer temperature changes during 2099-2102 (scenario 2). 
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Figure 24. The calculated MeanNP rate in Akkajaure. The red line is MeanNP rate changes 

during 2099- 2102 by increasing the whole year’s temperature (scenario 1). The blue line 

shows the MeanNP rate values with winter temperature changes during 2099-2102 (scenario 

3). 

 

Figure 23 and Figure 24 show the results of the MeanNP rate of phytoplankton according to 

the different scenarios. Both scenario 2 and 3 shows the same tendency compared to scenario 

1. Whether there is an increase in summer temperature or winter temperature, the results of 

MeanNP rate do not show as prominent as the results shown scenario 1. 
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Figure 25. The difference of MeanNP rate from scenario 1 to current state.  

 

In Figure 25, it is shown more clearly that the production rate difference goes positive since 

the ice in scenario 1 melts earlier than the melting of ice in current state. As soon as the ice in 

current state melts, the production rate difference drops below 0 until the net production rate 

in both cases go to 0 when the sunlight does not penetrate the water surface any longer. From 

Figure 25, we also find out that even though there are some periods when the differences are 

negative, durations of the positive value are longer. Also, the absolute value of the positive 

duration is greater than the negative duration. From this, it is concluded that the increases of 

temperature will lead to more production rate in lake plankton. 
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6. Discussion 

Climate changes influence lakes and reservoirs in high latitude sub-arctic areas. It affects the 

ice formation, stratification and stability of the water column as well as the length of the 

growing season. It could result in plankton photosynthesis rate changes. In this model study 

only processes influencing the photosynthesis are studied, but a changing climate will 

probably also affect the weathering, nutrient supply and retention rate in the reservoir.  

  

6.1 Ice formation 
 

The result of the Akkajaure model simulation illustrates that temperature has a significant 

effect on the change of ice formation, thickness and coverage. The length of increase of 

temperature will shorten the ice cover duration and attenuate the ice cover thickness. The ice 

coverage is crucial for the light and heat absorption of lakes and reservoirs in sub-arctic 

regions during summer. These huge, deep lakes and reservoirs in northern Sweden are usually 

cold and weakly stratified during the summer season because the ice-free period is short and 

the net heat influx is limited (Sahlberg, 2003). With a warmer climate the stratification will 

increase and affect the plankton growth and deposition.  

 

Comparing the ice thickness in scenario 2 (Fig.14) and scenario 3 (Fig.15) with the present 

thickness, Figure 13 shows the same pattern as in Figure 14. In another words, the ice 

thickness has rarely changed in the 2098-2102 simulations, even though the temperature in 

summer rises substantially. However, the ice thickness in scenario 3 (see Fig.15) is apparently 

different from that of the current state and shows a similarity with scenario 1. It means that if 

only the winter temperature increases 5.8°C, the ice thickness profile will be almost the same 

as the ice thickness based on an increased whole year temperature. The temperature changes 

in winter affect the ice formation more than the temperature changes in summer.  

 

In summer, as shown in Figure 3, the surface water temperature of the lake is up to 18 °C 

currently, while the corresponding temperature in scenario 2 has increased between 

2098-2102 to 20.9 °C. The temperature that rises in summer would delay the formation of ice 

in winter (Fig. 13). In winter, the result is quite opposite. Even if the air temperature is 5.8 °C 

higher, it is still below the freezing point for most of the winter period. Ice will still cover the 

lake in winter. However, as the result shows, freezing conditions in winter will not last as long 

as in 1998-2002, and the period of ice cover will become shorter.  

 

Magnuson et al. (2000) have studied ice in rivers and lakes in the northern hemisphere. Their 

work shows that for every 100 years, the freeze dates are postponed 6.5 days and the break up 

dates start 5.8 days earlier. Barnett et al. (2005) show that temperature changes mostly affect 

the timing of runoff. Increasing temperatures will lead to earlier runoff in spring, and reduced 

flows in summer and autumn. Based on the model simulation results, it is believed that 

increased runoff and earlier spring peak discharge will also occur in Akkajaure in the end of 

the 21
st
 century. 
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6.2 Turbulence in water  
 

The simulation shows that the TKE is also influenced by the increase in temperature. The 

period of low TKE duration is shortened by increasing temperature. When there is ice the 

TKE stays low, and when the ice melts the TKE will increase mainly due to increased wind 

stress. When the temperature becomes higher in 2098-2102, the ice melts earlier, and the TKE 

will rise earlier. The increase of winter temperature changes the periods of low TKE. This is 

because the momentum flux from atmosphere to water surface cut off by ice cover (Sahlberg, 

2003). When all ice is melted, the TKE is otherwise begins to increase. Wind is a very 

important energy source for the TKE in the water mass. Wind forced kinetic energy is 

dissipated in the water layers by various mechanisms as shear instabilities and breaking of 

internal waves (Wuest & Lorke, 2009). In the winter after the ice formation, although there is 

wind, ice cover prevents the wind affect deep the water layers. In summer, the wind blowing 

over the surface, the TKE in epilimnion increases quickly. However, the water column is 

stably stratified stopping the convection in hypolimnion (Boyce et al., 1989). 

Besides TKE distribution, the TKE peaks are also influenced by the increases of temperature. 

By increasing the temperature, the peaks of future TKE will be about 25% higher than the 

peaks in current state (Fig.16). The TKE will be formed mainly in epilimnion by wind stress. 

In summer, the surface layer is heated from atmosphere and insolation, while the bottom layer 

remains cold. It will lead to a surface layer delimited downwards by a stronger thermocline 

than previously, which leads to a stronger velocity gradient and thus a larger turbulence 

production. 

It is concluded that in sub-arctic lakes and reservoirs the rise of temperature shortens the 

period of ice cover as well as the periods of low TKE, but amplifies the intensity turbulence.  

 

6.3 Phytoplankton particles’ position 
 

The changes of TKE influence the distribution of the phytoplankton position in the water 

column. During the low TKE period, the phytoplankton stay at shallow layers while in 

periods of high TKE, the majority of the plankton is moving to deeper positions. As it is 

shown in Figure 16, with the increases of temperature, the low TKE periods are shortened. At 

the same time, the shallow plankton period is also shortened (Fig.19). This means that the 

temperature increase affects the stratification and keeps a majority of the phytoplankton stay 

in deeper layers for a longer period. One reason for this phenomenon is that after being 

released all plankton are moved up and down in the turbulent mixed layer under the ice with 

certain sinking velocity. All planktons are given a sedimentation velocity. This is assumed to 

be 1m/day (Sahlberg, 2005). As the sun altitude increases and the ice melts, the insolation 

increases. This leads to an increase of both turbulence and mixed layer depth. The increasing 

turbulence forces the particles to move over almost the whole water column until a 

thermocline develops in summer, i.e. warmer, less dense surface water floats on top of colder, 

denser water. During this period phytoplankton is wind-mixed down into the deeper water 

layers. When autumn starts, the temperature begins to drop and the convection starts from the 

top which increases the mixing of phytoplankton in the whole water column until a new ice 
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cover is developed. Since the turbulence increases and the ice cover duration becomes shorter 

because the temperature goes up, the phytoplankton will stay in a deeper position for a longer 

time than before.  

 

6.4 MeanNP rate 
 

The heating up advances the start and end of the productive season and increase, though to a 

minor degree, photosynthesis production rate. The increases of temperature shorten the 

ice-cover duration. This means that the duration of photosynthesis is prolonged, so more 

primary production is going on in a long time. The position of phytoplankton is not totally 

controlled by the temperature. However, they are influenced by temperature. As it is discussed, 

the larger temperature gradient will keep phytoplankton in a deeper position for a longer time, 

which illustrates that during the non-ice period the photosynthesis is weakened when the 

temperature grows.  

 

According to Figure 13 and Figure 22, the net production rate increases rapidly a few days 

after the ice break up. As it is commonly known, irradiance penetrates the water column. 

Wind blows and the water turbulence make the phytoplankton move up and down in waters. 

Photosynthesis developed rapidly. During spring, the photosynthesis is boosted as the 

atmosphere temperature increases (Fig.22). From June to September, the MeanNP rate is 

inhibited by the temperature growth due to the growth of thermocline. As mentioned before, 

surface water temperature in summer is near 18°C while the bottom the water temperature is 

only 7°C (Fig.3). Stratification can to a certain part prohibit the convection in the upper 

surface layer and thus prevent the movement of phytoplankton to the lower water layers. 

Further, only a minor part of the phytoplankton can reach the euphotic zone and get the 

necessary radiation from the sun. In 2099-2102 the surface water temperature will become 

higher than today and hence a stronger stratification will appear. In summer time, the MeanNP 

rate of phytoplankton will be lower than that in 1999-2002. 

 

The major effect of the temperature increase is that it influences the duration of the ice period 

and the thickness of the ice cover. The ice cover affects the photosynthesis production rate in 

two ways:  

 

The first is the sunlight. When the ice cover is formed, the sunlight is unable to penetrate the 

ice cover to reach the lake water. For this reason, the phytoplankton cannot receive necessary 

sunlight to carry out photosynthesis under the ice sheet. As the atmosphere temperature rises, 

the duration of ice free conditions become longer, the photosynthesis is enhanced.  

 

The other factor is the mean position of phytoplankton. With the increase of insolation in 

spring, the turbulent kinetic energy increases which leads to longer time for the phytoplankton 

to stay at deeper position. Since below the euphotic zone there will not be any photosynthesis 

and the production rate drops down with the sinking of the phytoplankton. In summer, the 

maximum value of the integrated net production is determined by the water stratification in 

high latitude sub-arctic reservoir (Sahlberg, 2005). The net production rate is larger during the 
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cold and weakly stratified period than warm and more stratified period in one year. 

 

From the two deductions above it can be concluded that when the temperature goes up, the 

photosynthesis will start in advance due to the early ice melting and will end late for the same 

reason. The average mean production rate in 1999-2002 is 
2

1065.0
−×  ugC/ugChl/hour and 

the value in 2099-2102 is
2

1024.6
−×  ugC/ugChl/hour. The average difference between the 

average mean production rates is
2

1059.5
−×  ugC/ugChl/hour, which demonstrates that mean 

production rate in Akkajaure is an order of magnitude higher as the temperature increases. 

From this conclusion, it can be implied that as the temperature increases the production rate of 

phytoplankton in the ice covered sub-arctic lakes and reservoirs similar to Akkajaure will be 

increased. 

 

Scientists expect that, in a warmer world spring phytoplankton biomass in lakes would 

increase (Gerten & Adrian, 2006). The increase of mean production rate may cause negative 

affects to the ecological system of high latitude lakes, such as algae blooms caused by 

phytoplankton population explosions. Higher mean production rates cause the energy in cells 

to increase faster. The increasing energy is an essential factor for the reproduction of 

phytoplankton (Diersing, 2009). Large blooms of phytoplankton could result in eutrophication 

problems in lakes which is a potential risk for animals and human beings who drink lake 

water (Tamara, 2008).  

 

Photosynthesis in phytoplankton is affected by (1) temperature (Bunt, 1964; Morris and 

Farrell, 1971; Neori and Holm-Hansen, 1982), (2) salinity (Bunt, 1964), (3) nutrient status 

(Falkowski and Stone, 1975; Healey, 1979) and (4) irradiance (Jacques, 1983; Palmisano et al., 

1987). In this paper, only temperature and irradiance are taken into consideration. Since this is 

a model based study, it is assumed that the nutrients are sufficient for simplicity. Besides 

slowing down the process of global warming, to inhibit the phytoplankton over bloom we can 

reduce the concentration of nutrients in lakes by increasing the retention. Also, a changing 

nutrient composition may have impacts on the primary production (Danielsson et al., 2008). 
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Conclusion 

From the case study of Akkajaure reservoir in Sweden, it is demonstrated that global warming 

has impacts on the regulated lake ecosystem in high latitude areas. According to regional 

scenarios, one hundred years from now, as the temperature will increase: 

 

·the period of ice cover will become shorter and the ice thickness will be thinner. 

·the irradiance will penetrate into surface water layers for a longer period and the euphotic 

zone will be deeper compared to ice covered winter time due to the early ice break up. 

 

·the low TKE periods of the reservoir will be shortened and the peak in TKE will be 

enhanced before stratification being formed. After ice melting, wind blows freely on the water 

surface generating stronger turbulence. As the temperature difference between the surface and 

bottom layers increases, water stratification will form and the TKE get more difficult to reach 

the deeper layers.  

 

·the phytoplankton will stay in deeper water layers for a longer time due to the stronger 

stratification. 

 

· the mean NP rate will increase. This because insolation is the key factor for the 

photosynthesis, the duration of ice cover becomes shorter and irradiance will penetrate the 

water mass for longer periods, hence plankton may be reached by sunshine for longer 

duration than previously and the primary production will increase as a result in the lake.  
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Appendices 

Appendix 1 

Descriptive statistics of hydrodynamic data used in the lake model calculations. 

 

 
Minimum Maximum Mean Std. Deviation 

q_24 .02 22.42 2.03 3.68 

q_25 .12 52.54 5.09 8.38 

q_26 .10 55.30 5.77 8.77 

q_29 .50 97.67 12.43 17.07 

q_32 1.40 57.08 10.54 10.73 

q_33 .05 11.82 .84 1.35 

q_34 .06 8.75 .71 1.24 

q_35 .05 12.59 1.08 1.92 

q_36 10.81 733.78 116.62 136.76 

q_38loc .00 90.33 9.83 13.66 

q_sit .00 197.00 40.48 54.55 

q_out .00 510.00 195.36 141.74 
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