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Abstract 
Increasing levels of CO2 in the atmosphere is a contributing cause to climate change. To give a 

better understanding, natural sources of CO2 is as important as anthropogenic sources, such as 

burning fossil fuels. The current role of large boreal lakes as emitters of CO2 are poorly 

understood and there is a clear lack of data from different types of systems. The aim of this 

thesis was to examine CO2 fluxes from Roxen, Glan and Vättern, three large lakes in Sweden. 

The purpose of the study was also to compare different approaches to get empirical CO2 flux 

data, and to investigate if there was difference between the lakes and study periods. Floating 

chambers were used as method with both direct measured fluxes and calculated fluxes. The 

direct fluxes were measured with sensors equipped inside the chambers. The calculated fluxes 

were obtained with gas samples from the chambers, water samples and wind speed in k-wind 

models. The results showed both temporal and spatial variability between the periods and the 

lakes. The results also showed a difference between the methods, where CO2 fluxes from 

sensors (direct measurements) ranged from -36 to 152 mmol m-2 d-1 and the calculated fluxes 

from the CC-model (Cole & Caraco 1998) ranged from –29 to 58 mmol m-2 d-1.  

Sammanfattning 
Ökande halter av CO2 i atmosfären är en bidragande faktor till klimatförändringar. För att få en 

bättre förståelse för de så behövs kunskap om naturliga flöden, inte enbart antropogena källor, 

som t.ex. förbränning av fossila bränslen som störst fokus kretsar kring. Den nuvarande 

kunskapsnivån om större nordiska sjöars CO2 utsläpp är begränsad, och det finns en tydlig brist 

i data från dessa typer av system. Målet med denna uppsats var att utforska CO2 flöden från 

Roxen, Glan och Vättern, tre stora sjöar i Sverige. Syftet med studien var också att jämföra 

olika sätt att samla in empiriskt material samt undersöka om det fanns skillnader mellan sjöarna 

samt de olika studerade perioderna. Flytande kammare användes för att samla in prover som 

mättes direkt genom en sensor, men de användes också för att ta manuella gasprover som sedan 

beräknade flödet av CO2 med hjälp av modeller i efterhand. Resultatet visade både på skillnader 

i tid och rum mellan perioderna och sjöarna. Resultatet visade även att det fanns en skillnad 

mellan de olika metoderna vi använde oss av, där sensor (direkta mätningar) var mellan -36 to 

152 mmol m-2 d-1 och flödesberäkningarna från CC-modellen (Cole & Caraco 1998) var –29 to 

58 mmol m-2 d-1. 
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Introduction 
In a world with increasing climate change effects already are taking place and projections show 

that life on earth will be endangered with just an increase of the mean average temperature by 

1.5 C – 2.0 C (Vicedo-Cabrera, et al., 2018), it might not be surprising that even children 

currently act to mitigate the effects of climate change. Climate change is caused primarily by 

an increase of the greenhouse gases (GHGs), methane (CH4), carbon dioxide (CO2) and nitrous 

oxide (N2O) in the atmosphere. CO2 is the most significant GHG causing climate change, and 

there is a linear correlation between temperature and the amount of CO2 in the atmosphere 

shown by the keeling curve measurements (Howe, 2015, Marx, et al., 2017). A lot of focus has 

targeted anthropogenic sources to CO2 emissions, such as burning fossil fuels, because they are 

the most significant sources to the net atmospheric increase, estimated at 8 GtC yr-1 by IPCC 

2013. This means that 8 Gigaton (Gt) Carbon (C) per year is released to the atmosphere. 

Nonetheless, knowledge about natural flows is needed as well because they represent 120 GtC 

yr-1, even though they are balanced which means that there is both emissions and uptake due to 

photosynthesis and respiration (IPCC, 2013). Therefore, it is critical that natural flows of CO2 

are explained. 

 

Carbon (C), which is an essential element for life is flowing between different systems. These 

systems are divided into; Oceans ~37 100 GtC yr-1, terrestrial land surface ~1580 GtC yr-1 and 

the Atmosphere ~828 GtC yr-1 to be able to account for the fluxes in-between them (IPCC, 

2007). The global terrestrial land surface is an important sink of carbon (Luyssaert, et al., 2008, 

Denman et al., 2007). Freshwater lakes > 10 km2, hereafter named as large lakes, is viewed as 

a part of the global terrestrial land. Previously freshwater lakes were thought of as insignificant 

to the total terrestrial carbon balance, because their diminish size since they only represent 3.4% 

of the earths terrestrial landscape, excluding perma-ice, (Verpoorter, et al., 2014). Nonetheless, 

they have a sizeable impact on the carbon flow, even though they represent a small portion of 

the terrestrial area (Battin, et al 2009, Cole et al., 2007). Emissions from lakes corresponds to 

approximately 1 GtC yr-1 which means that they are of equal size as the net land sink or the net 

ocean sink (IPCC 2013).  

 

Previous studies show that lakes tend to be supersaturated with CO2 (Cole, et al., 1994; Sobek, 

et al., 2005) meaning that these type of water systems should not be regarded as sinks of CO2, 

since they most likely are emitting more CO2 than they bind. However, these studies have 

mainly been conducted on water systems such as rivers, peatlands and smaller lakes (0.001–
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0.01 km2) (Tranvik, et al., 2009) which makes it hard to extrapolate the results to water systems 

that are different, such as large lakes might be. Lake emissions have typically been estimated 

indirectly from concentration measurements rather than determined from direct flux 

measurements (Battin et al., 2009; Cole et al., 2007). Moreover, most data are from small lakes 

< 0.1 km2 which means that further studies of; a) CO2 flows in large lakes and b) comparison 

between direct flux measurements and indirect flux estimations based upon concentration 

measurements is needed.  

 

The total area of lakes are roughly 5 000 000 km2 and lakes with an area of > 10 km2 has an 

area of 2540 000 km2. In other words, about half of the lake area globally belongs to large lakes 

(Verpoorter, et al., 2014). Previously, the focus of the research field has been small lakes 

(0,001-01 km2) because they represented the vast majority when counting lakes in numbers 

(Downing et al., 2006; Minns et al., 2008). With the new information from Verpoorter et al., 

2014 it is clear that data from large lakes needs to be better represented in the field. Moreover, 

the gap of knowledge generates the opportunity to conduct direct CO2 flux measurements 

combined with the traditional way of measuring concentrations to further investigate which 

method that is suitable for further studies in the field. This makes further studies regarding CO2 

flux relevant in the near coming future, and it is why this study aims to examine the fluxes of 

large lakes. 
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Aim & research questions 
The mapping of emissions from large lakes still lacks (Verpoorter, et al., 2014). That is why 

this study aims at examining CO2 fluxes in large lakes. The study will present primary data 

from three large lakes in Sweden during two different periods of time. Since two different 

methods were used to measure fluxes, this study will also evaluate and be able to detect any 

differences between using a sensor and k-wind models from manual gas sampling.  

 

 Is there any difference between CO2 fluxes from sensors or k-wind model’s calculations 

from manual gas sampling?  

 Is there any difference in CO2 fluxes between different lakes? 

 Is there any difference between CO2 fluxes between the studied periods? 

Background 
The accumulation of organic carbon (OC) in the sediments of lakes is comparable to or even 

higher than in marine sediments and soils (Gudasz et al., 2010). But more importantly, lakes 

can also be sites of intense OC mineralization which is driven by heterotrophic microorganisms 

during conditions when oxygen is available (Tranvik et al., 2009). The main byproduct in the 

water column of this process is CO2 (Natchimuthu et al., 2016). Freshwater lakes are typically 

supersaturated with CO2 (Raymond et al., 2013) because Inorganic Carbon (IC) and Organic 

Carbon (OC) is transported from the watershed around lakes. High input of OC and discharge 

of accumulated carbon in sediments means that respiration can dominate over primary 

production, leading to supersaturation and CO2 evasion (Tranvik et al., 2009). 

  

The exchange of CO2 from the atmosphere is driven by a) the concentration gradient between 

the surface water and the air, and b) the gas transfer velocity (k) according to equation   

F=k(Caq – Ceq). Where F is the flux, k is the gas transfer velocity and Ceq is the concentration 

of the gas if in equilibrium with the air (Bade, 2009). The k represents at which speed the gas 

is transported across the water-air boundary and depend mainly on the water turbulence. High 

turbulence means that the water column is getting mixed more than it would with low 

turbulence, leading to a larger volume of the water getting in contact with air. This means that 

more exchange of gas with the atmosphere can occur per time unit. The main cause to influence 

surface water turbulence is assumed to be wind and therefore there are models to calculate k 

from the wind speed.The concentration gradient (Caq – Ceq) determines if there is any flux and 
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if so, in which direction. For example, Caq can be equal to Ceq meaning that there is no flux. If 

Caq is greater than Ceq, then it means there is a flux towards the atmosphere. On the contrary, if 

Ceq is greater than Caq, gas is taken up by the water from the atmosphere (Cole et al., 2010). 

There are two principal ways to estimate the exchange of CO2 (or other dissolved gases) 

between water and the atmosphere. The method which has been used extendedly in previous 

studies is based on Equation 1 above, where k is modelled from wind speed. Typically, the 

wind speed is measured at the closest meteorological station and inserted in a k-wind model, 

for example the ones used in this study by Wanninkhof 1992 and Cole & Caraco 1998, see the 

method chapter. By using Henry’s Law and a measurement of CO2 in air, Ceq can be calculated. 

Caq is sampled as described in the method chapter.  

 

An alternative method to estimate surface water gas exchange is direct measurements by using 

floating flux chambers. A chamber usually consists of a upside down plastic bucket floating on 

the water, creating a gas headspace inside of it. If the water which the chamber is floating on is 

supersaturated, gas will be released to the atmosphere as mentioned earlier. Gas will gradually 

accumulate in the chamber’s headspace. The change of gas concentration in the headspace over 

time thereby represents the flux into the chamber per time across the area enclosed by the 

chamber. The direct measurements are time consuming and require extensive labor, hence the 

k-wind model mentioned above have historically been preferred over the chamber method. 

However, contemporary use of small CO2 sensors placed inside the chamber, automatically 

logging the CO2 levels have placed the chamber approach in a new kind of light. The sensors 

improve the convenience of sampling immensely (Bastviken, et al., 2015). This opens up for 

opportunities to compare both techniques, which is needed to assess method comparability.  
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Method  

Study setup 
In all lakes, chambers were deployed to be able measure CO2 fluxes with both sensors and 

manual gas sampling. Both floating chambers and drifting chambers were used. Floating 

chambers means that they were deployed in transects with anchors. A transect is a row of four 

chambers, starting from the shore and continuing straight out in the lake to be able to cover 

different depths. Drifting chambers means they were drifting after the boat for one hour. In 

Glan and Roxen (see Figure 1 and 2), three transects with four floating chambers were 

deployed, which makes them twelve in total. In Vättern (see Figure 3), there was only one 

transect of five floating chambers due to the great depth which made it difficult to anchor the 

chambers. The transect was also deployed along the shore, instead of perpendicular from the 

shore. However, drifting chambers were used as well. Four drifting chambers were used in June 

and seven in August. The location of the floating chambers depended on easy access and to 

cover different environments of the lake. This was done to make the measurements better 

represent the whole lake. Easy access means that the boat could drive to the chamber and 

without risk of collide with it. The location of the drifting chambers was chosen to capture depth 

in Vättern, about 90 to 100 meters, because this made Vättern different from the other lakes.   

 

Measurements were performed in two periods in 2018, 11th to 20th of June and 6th to 15th of 

August. Measurements was carried out in two periods to be able to examine temporal variation. 

The studied lakes were chosen because they are defined as large lakes (> 10 km2) and due to 

the variation between the lakes. Because there are different types of freshwater lakes, the 

variations between the lakes was important because it may give a better understanding of 

overall CO2 fluxes from large lakes. It also made it possible to examine spatial variations.  
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Glan 
The lake has an area of 73 km2 and is located in Östergötland county in Sweden (a. VISS, n.d.). 

The lake is eutrophic which means it has a high amount of nutrients (a. VISS, n.d.). In general, 

the water in Glan was browner compared to the other lakes in this study. Measurements were 

performed in south west parts of Glan, close to Skärblacka (see Figure 1). The first transect in 

June in Glan was deployed furthest north. It was mostly forest around the lake in this part. In 

August the first transect was deployed a little more south due to difficult waves. The second 

transect was deployed at approximately the same place in both sampling periods. It was in a 

bay with both muddy sediment and rocks in the bottom of the lake. It was reed around this area 

of the lake and also an open field of agriculture behind the reed. The last transect was also 

deployed at approximately the same place both sampling periods, outside an area with both reed 

and forest. In Glans first month there were only two measuring days, 18th and 20th of June. It 

was not possible to go out by boat on the 19th of June due to difficult weather conditions. Also, 

one chamber got lost in June. Probably due to the weather conditions where the wind caused 

high waves. 

 

 
Figure 1 - Glan. The map presents the study site of Glan. The zoom in the upper right corner present the first 

transects. The yellow dots present chambers from June and the red dots present chambers from August. The 

zoom in the lower right corner present transect 2 and 3. The yellow dots present chambers from June and the red 

dots present chambers from August. 
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Roxen 
Roxen is a lake with an area of 95 km2 and located in Östergötland county in Sweden (b. VISS, 

n.d.). The lake has a high amount of nutrients which makes it eutrophic (b. VISS, n.d). In 

general, the water in Roxen is turbid and has more particles compared to the other lakes in this 

study. Measurements were performed in the southern part of Roxen, close to Stångån and the 

road E4 (see Figure 2). In the studied part of the lake, it was mostly reed around and the bottom 

was muddy sediment. There were also floating aquatic plants, and plants got stuck on the 

anchors as well. The first and second transect were deployed at the same part of the lake, beside 

a waterway. The last transect was crossing a waterway. The first chambers of this transect was 

deployed in a small bay with both rocks and sediment.  

 
Figure 2 - Roxen. The map presents the study site of Roxen. The zoom presents each chamber and transect. The 

yellow dots present chambers from June and the red dots present chambers from August. The numbers present 

each transect. In transect 1, one chamber from August (red dots) was placed manually on the map based on the 

other chambers in the same transect. This was done due to error of coordinates.  
 

Vättern 
Vättern is Sweden’s second greatest lake with an area of 1885 km2 and a volume of 73,5 km3. 

The lake has a depth of 120 meter which also makes it one of Sweden´s deepest lakes (SMHI, 

2018). According to VISS the lake was not acidified or eutrophicated (c. VISS, n.d.). The water 
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in Vättern is clear compared to the other lakes in this study. Measurements in Vättern were 

performed on the east side, outside Hästholmen (see Figure 3). All the chambers were deployed 

on the same side due to shallow on the other side of the harbor. The first chamber was closest 

to the harbor and hence waterways, although all the chambers were deployed with a distance 

from the shore and a depth that made it possible for boats to pass by in a high speed. The area 

around the transect consisted mostly of big rocks and a few trees. Behind the shore with big 

rocks there were a few houses and further behind there was a field of agriculture.  

 

 
Figure 3 - Vättern. The map presents the study site in Vättern. The zoom presents each chamber, the yellow 

dots from June and the red dots from August. The number presents transect 1 (the only transect in Vättern) and 

the other dots were from the drifting chambers. The dots of the drifting chambers also present were they started 

and ended, as well as direction. In the transect, one chamber from June was placed manually on the map based 

on the other chambers. This was done due to error of coordinates.  
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Data sampling 

Chambers 
The type of chamber used in this study, has been proven by other studies to yield negligible 

bias in measurements of fluxes between water and atmosphere (Cole, et al., 2010; Gålfalk et 

al., 2013). The chambers had an area of approximately 0.08 m2 and a volume of approximately 

7.5 L. They were made of plastic buckets, similar to the ones used by Cole et al 2010., covered 

in aluminium foil to reflect sunlight and minimize heating of the gases inside the bucket (see 

Figure 4). The walls of the chamber were extended 3 cm below the water surface which have 

been proven by another study to be the best way to avoid leaking gas and without affecting the 

water movement under the chamber (Bastviken, et al., 2015). The chambers were deployed 

with floats approximately 1 m line away and an anchor attached to it. It was done to avoid gases 

which can be stirred up by the anchor, entering straight up in the chamber which would affect 

the results. The 1 m line also provided the flexibility, which means the chambers could move 

along the waves.  By breaking the seal, the gas could have leaked out which in turn would have 

rendered the sample useless.  The line from the float to the anchor was of different length, 

ranging from 3 to 40 m, to be able to measure a large range of different depths. The maximum 

line length available was 40 m, hence using anchoring method at depths > 40 m was not 

practical. Instead, drifting chambers were used, as mentioned earlier (see Figure 3). Chambers 

were deployed at depths ranging between 0.5 - 100 m, which was measured by a sonar-GPS 

plotter system (Lowrance LMS-520). The water temperature was also measured by the sonar-

GPS plotter system and the air temperature was measured with handheld thermometer, Clas 

Ohlson Art.no 36-1833 Modell ST-9215C-300.  

 
 
Figure 4 shows a chamber deployed in water. 
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Water sampling  
To be able to take water samples (w-samples), preparations of vials in the laboratory was needed 

before the field work. A vial is a glass bottle where every samples were stored. 100 µL 

concentrated phosphoric acid was added to the vials, this was done to preserve the w-samples 

by lowering the pH to < 2. After adding the phosphoric acid, the vial was capped with a rubber 

stopper, and the gas inside the vials was changed to nitrogen gas. Later, in the field work, a w-

sample of 5 ml was taken from the water surface at every floating chamber (see Table 1) and at 

the start and the end of the drifting chambers (see Table 2). The sample was taken with a 10 ml 

syringe which was cleared by flushing the syringe twice with water before taking the final 5 ml 

sample. The flushing also made it easier to get rid of gas bubbles in the sample. After making 

sure the sample did not contain any bubbles it was transferred to the vial.  

 

pCO2 sampling  
To measure the partial pressure CO2, manual gas samples (pCO2 - samples) was carried out. 

Before taking the samples, the vial was under-pressurized by two syringes and 0.5 mm needles, 

drawing out all gases from the vial and then closing valves to seal it. This was done to make 

sure no other gas except the sample was in the vial. Then, a 100 ml syringe was filled with 70 

ml of water and 30 ml of air, a valve was used to seal of the syringe directly. The syringe 

containing 70 % water sample and 30 % atmospheric sample was shaken for one minute to 

create equilibrium between the water and the gas. Subsequently the gas from the syringe was 

transferred to a 20 ml vial. Since the syringe contained both gas and water, and the vial was 

under-pressurized, it was crucial to only get the gas into the vial. If water got into the vial, the 

sample had to be redone. The pCO2 – samples were taken at every second floating chamber (see 

Table 1) and at the start and end of the drifting chambers (see Table 2).  

 

Chamber sampling  
The chamber sample (Ch-samples) was collected from the chambers (see Table 1 & 2) by 

attaching a plastic tube of 5 m to the chamber sampling connector. Before withdrawing sample 

from the chamber, the gases inside was mixed by flushing the tube at least 3 times by gently 

pumping the syringe. Then three syringes of 60 ml gas were taken from the chamber. After that, 

the chamber sample was transferred to a vial by flushing the vial with gas from two and a half 

syringes. This was done by letting one needle with an outflow be open from the vial. Then, the 

outflow was closed and at least 5 ml overpressure was assured by having more than a half 

syringe of gas left.  
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All samples were taken at both floating chambers and drifting chambers (see Table 1 and 2) 

 

Table 1 – The sample table represent one transect of chambers and present where each sample was taken and 

which day. Chamber 1 in this table represent the chamber closest to the shoreline. W, F and pCO2 present what 

kind of sample was taken. W = Water sample, Ch = Chamber sample, pCO2 = pCO2 sample 

Floating chamber 1 2 3 4 

Day 1 W, pCO2 W W, pCO2 W 

Day 2 Ch, W, A, pCO2 Ch, W Ch, W, pCO2 Ch, W 

Day 3 Ch, W, pCO2 Ch, W Ch, W, pCO2 Ch, W  

 
Table 2. represent samples taken from the drifting chambers in Vättern. W = Water sample, F = Chamber 

sample, pCO2 = pCO2 sample 

Drifting chambers Samples 

Start W, pCO2 

End W, pCO2 and Ch samples from each chamber 

 

CO2 sensors 
Sensor measurements is another method that can be used to establish data of CO2 concentration 

(ppm) with direct measurements (Senseair, 2018). Calculations for turning concentration from 

sensors to CO2 mmol m-2 d-1 flux were needed and is explained in Equation 6. In the floating 

chamber a sensor was attached to register the CO2 concentration (ppm) inside the chamber's 

atmosphere. CO2 Engine® K33 ELG, SenseAir AB, Sweden; measuring the range of 0–10,000 

ppm sensor, was used. The CO2 sensors measure non-dispersive infrared light (NDIR) 

absorption at a light wavelength where CO2 is the strongest NDIR absorbing gas (Bastviken et 

al., 2015). NDIR means that a detector measures infrared light at a specific wave length. The 

CO2 concentration corresponds to the energy absorbed (Senseair, 2018). The CO2 sensors was 

calibrated in a gas bottle containing only N2, which means a CO2 free environment. Sensors 

was modified according to (Bastviken et al. 2015) for field work. The logging was set to every 

sixth minute to be able to have the chambers out for two consistent weeks without exceeding 

the memory in the sensor. If the sensor for example would have had every third minute, the 

memory would not have been sufficient. The sensors were mounted in the top of the chamber 

after they had been started to log before heading out to the lakes where the chambers were 

placed out from a boat. Sensors were not mounted inside every chamber due to lack of sensors.  
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Data analysis 

Gas Analysis 
Each gas sample from the manual gas sampling (A, Ch and p CO2 samples) were analyzed in a 

gas chromatograph (GC). The model of the GC was an Agilent Technologies, USA, 7890A 

with a 1.8m× 3.175mm Porapak Q 80/100 column from Supelco, a methanizer converting CO2 

to methane, and a flame ionization detector responding to the methane. Each sample were 

injected either manually or automatically with a 7697A headspace sampler, model Agilent 

Technologies USA, which were attached to the 7890A. For the calibration, an independent 

certified standard of 1985 ± 40ppm were used. (Bastviken, et al., 2015).  

 

K-wind models flux calculations 
To be able to visualize the fluxes, data first had to be sorted, compiled and calculated, which 

was done in Microsoft Excel. For the manual gas sampling, the data was sorted by samples. 

pCO2, Ch, A and W samples were sorted out and then paired according to date, time and 

chamber in field notes. Hence the data from the GC measurements could be paired with each 

chamber.  

 

The ideal gas law (Equation 1) was one of the calculations that were needed to calculate fluxes 

from the chambers. Where P stands for vapor pressure, V for volume, n for number of moles 

of the chemical, R for the gas constant, and T is the absolute temperature (Hemond, 2000). 

 

                   

                                           n/V = P/RT                        (1) 

 

Air partial pressure was calculated from Henrys law (Equation 2) to later be used in calculations 

of CO2 flux from k-wind model. The partial pressure is the pressure a single gas, for example 

CO2, has in a mix of gases if only CO2 represents the mixtures volume with unchanged 

temperature. If the molecular mass is known of the gases in a limited space, the partial pressures 

of them can be calculated using the ideal gas law (NE, 2019).  

 

 
P = KH  C     (2)  

To calculate the flux (F) of CO2 between the water and the atmosphere, the concentration in the 

water (Caq) as well as the concentration in the air (Ceq) was needed. The gas exchange 

coefficient (k) is dependent on the wind speed, which was needed to calculate the velocity of 

the gas transfer (Wanninkhof, 2014). Another parameter to determine the gas transfer velocity 
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is the Schmidt number. This number is specific to a certain type of gas. The Schmidt number 

was retrieved from Wanninkhof (2014) table 1 in Relationship between wind speed and gas 

exchange over the ocean revisited for CO2 at 20 degrees in freshwater. To get a more reliable 

result another calculation was performed where the Schmidt number in relation to the water 

temperature was taken into account.  

 

F=k(Caq -Ceq)    (3) 

Two different types of equations to calculate the flux (referred to as k-wind models) were used 

in this study, k600 Wanninkhof 1992 (Wk-model) (Equation 4) and k600 Cole & Caraco 1998 

(CC-model ) (Equation 5). The equations were retrieved from Bade (2009) table 3 in Gas 

Exchange at the Air–Water Interface. Both methods assume a wind speed measured at a height 

of 10 m (Bade, 2009). The difference of these two methods is that CC-model is made for a 

lower wind speed (lakes), whilst Wk-model are made for higher wind speed (oceans) (Bade, 

2009; Kelly, et al., 2001). Since there are not a lot of studies on large lakes, it was difficult to 

know which k-wind model was suitable. These two k-wind model calculations were used to 

test and cover different type of conditions. 

k = 0.45U10
1.64 

    (4) (Wk-model) 

k = 2.07 + 0.215U10
1.7    (5)(CC-model) 

When samples were missing, it was replaced with another sample to be able to do the 

calculations. Missing W samples are replaced with W samples from the same date and as close 

in time and place as possible. Missing pCO2 samples are replaced with Ch samples. However, 

they can only replace pCO2 from day 2 and 3 since no Ch samples were taken day 1. Missing 

Ch samples cannot be replaced since they are taken from a specific chamber. This means that 

if both pCO2 and Ch samples are missing, the chamber cannot be used in the method of k-wind 

models.  
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Sensor flux calculations 
Data was imported to Excel from a file generated by the sensor. In Excel, a curve was plotted 

where it was possible to see how the CO2 concentration changed over time after the chamber 

was put on the water surface (see Figure 5). Knowing at what time chambers was deployed 

from field notes combined with the plotted curve made it possible to estimate a starting point 

for the sensor measurements, which also was double-checked with the time of deployment in 

field notes. The next step was determining the slope value which was four values in a row with 

an R2 value > 0.97. The flux was later calculated according to equation 6. The lowest R2 values 

that was used in the study was from the 1 h measurements in Vättern. 

 

 
 
Figure 5. Displays how the concentration of CO2 changes inside a chamber from when it is deployed to the time 

equilibrium is reached.  

 

In equation 6, ∆ppm/∆t is the slope, ie.e change in CO2 (ppm) per time (d) within the chamber. 

∆t represents at what time this occurs. P is total barometric pressure (converted to atm), V 

symbolizes chamber volume (L), R is the common Gas constants 0.082057 L atm K-1 mol-1, 

T is temperature in Kelvin in (air) and A is chamber area in m2. This equation was used to 

calculate sensor flux. FCO2 is the flow CO2 mmol m-2 d-1. To get the unit mmol m-2 d-1 FCO2 

was multiplied by 1000. 

(6) 

FCO2 = ((
Δ𝑝𝑝𝑚

Δ𝑑
 ∗  

1

106 ∗ 𝑃 𝑡𝑜𝑡) ∗  
𝑉

𝑅∗𝑇
)

1

𝐴
∗ 1000   
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Graphs & Statistics  
All graphs and statistical tests were made in IBM SPSS Statistics 25 (SPSS). In all statistical 

tests, a significance level of 5 percent (0.05) was set. Graphs were made to visualize and 

describe the fluxes of CO2 in Glan, Roxen and Vättern. Statistical analysis and tests are 

performed to statistically test possible correlations between the methods or differences between 

the methods, the lakes and the study periods in June and August. 

 

The first test performed was a correlation test between sensors and k-wind models (see Figure 

7). A statistical test of Spearman rho was performed because there was no linear correlation 

(see Table 4). The test includes eleven chambers which had flux data from both sensors and k-

wind models.  

 

The second test performed was a Mann-Whitney test to statistically test if there was a difference 

between all flux data from both sensors and CC-model. The test is chosen due to the 

assumptions that data is not normally distributed, and the analysis is between two independent 

groups (see Figure 8 and Table 5).  

 

The third test performed was a non-parametric independent Kruskal-Wallis for the analysis 

between the lakes (see Figure 9 and Table 6 & 7). This test was performed due to data not being 

normally distributed and the analysis include more than two groups. 

 

The last statistical test performed was a Mann-Whitney test. It was done to statistically test if 

there were any differences between the study periods. The test was performed in each analysis 

between June and August in the lakes (see Figure 10-12 and Table 8-10). These tests were 

performed due to data is not normally distributed, and the analysis are between two independent 

groups. However, the Mann-Whitney test between the months were not possible to perform on 

sensor fluxes in Glan and CC-model fluxes in Roxen due to lack of data from June.  
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Results 
CO2 fluxes, air temperature as well as water temperature were measured in the lakes. It was a 

warm summer and varied wind conditions (see Table 3). Glan had the lowest measured water 

temperature although Vättern was colder when looking at all days. The weather was 

approximately the same in each lake at the same sampling period, except the first day in Roxen 

and the last day in Vättern when it rained. Glan had the highest wind speed and due to that also 

the highest waves. Even though Roxen had higher wind speed than Vättern, it was bigger waves 

in Vättern.  

 

Table 3. Basic weather data retrieved from field notes and SMHI´s weather stations. Wind speed data for Glan 

was retrieved from Norrköpings-SMHI, station number 86340 (a.SMHI, n.d.). Wind speed data for Roxen was 

retrieved from Malmslätt, station number 85240 (b.SMHI, n.d.). No wind speed for the first month in Roxen was 

retrieved since data from the manual gas sampling was missing, hence no calculations that included wind speed 

were performed. Wind speed data for Vättern was retrieved from Visingsö A, station number 84050 (c.SMHI, 

n.d.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Lake Date Wind speed 

m/s 

Temp. Air °C Temp. Water °C 

Glan 2018-06-18 3.7-5.9 18.2-21.6 18.6-20.8 

 2018-06-20 2.1-4.2 16.9-18.6 13.6-17.8 

 2018-08-08 4.4-5.1 29-34 22.6-23.4 

 2018-08-09 2.0-2.6 24-31 22.9-23.4 

 2018-08-10 4.8-8.3 28-33 23.3-23.8 

Roxen 2018-06-11 N/A 16-27 20-23.3 

 2018-06-12 N/A 18.5-23.5 21-23.2 

 2018-06-13 N/A 20.5-24.7 21.5-22.4 

 2018-08-06 4.0-7.0 20 22.8-23 

 2018-08-07 2.0-4.0 27-32 22-22.8 

 2018-08-08 6.0-7.0 30-36 22.8-23.6 

Vättern 2018-06-15 2.7-4.8 18.3-22.5 15.9-16.1 

 2018-06-16 2.0-3.7 19-22 16-16.3 

 2018-06-17 0.9-1.6 16.9-19.7 15.7-16.5 

 2018-08-13 2.4-3.1 20-24 18.8-19 

 2018-08-14 3.6-3.7 18-24 17.1-18 

 2018-08-15 2.9-3.4 19-21 16.9-18  
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Comparison between methods 
First a comparison between methods was carried out to detect any correlations and if it was 

possible to add up sensors and a k-wind model as one flux. This was done with fluxes from 11 

chambers (see Figure 6). The fluxes are pairwise which means they were carried out at the same 

time and location.  

 

Figure 6 - A comparison of methods of measuring CO2 fluxes. The figure present data from two k-wind models 

and sensors, from 11 chambers. k600 Cole & Caraco represent the CC-model and k600 Wanninkhof represent 

the Wk-model 

 

According to the statistical test Spearman Rho (see Table 4) there was a correlation between 

sensors and k-wind model fluxes. However, there was no linear correlation (see Figure 7) and 

therefore sensors and k-wind models need to be separated in further analysis. The CC-model 

was chosen due to the reason that it is used in other studies (Kokic et al., 2015) which will be 

compared with this study.  
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Figure 7 –Shows if there is a correlation between sensors (dependent variable) and k-wind models (independent 

variables), from 11 chambers.  

 

The correlation coefficients determine if there is a correlation between an independent 

variable and a dependent variable. A clear correlation is shown between sensors and the k-

wind models, however as mentioned earlier the correlation is not linear (see Table 4).  

 

 

Table 4. A Spearman rho test between Sensors and CC-model, and Sensors and Wk-model. 

 

 

By looking at the fluxes from all lakes, there was still a difference between sensor fluxes and 

CC-model fluxes. The sensors mean and median fluxes from all lakes clearly presented 

emissions. Despite that, CC-model´s mean and median fluxes from all lakes did not show 

emissions as clearly as the sensor fluxes (see Figure 8). CO2 fluxes in the 11 comparable cases 

ranged from -29 to 152 mmol m-2 d-1 (see Figure 8). Sensor measurements show a larger 

variability than the CC-model fluxes. Sensor fluxes displayed higher emissions of CO2 in 

general. 

Methods Statistical test Correlation Coefficients  P value 

Sensors and CC-model Spearman rho 0.94 0.001 

Sensors and Wk-model Spearman rho 0.94 0.001 
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Figure 8 – A comparison of emissions and uptake of CO2 in all lakes, between sensors (n = 39) and CC-model (n 

= 93). k600 Cole & Caraco represent the CC-model. 
 

 

A statistical test was performed to establish if there was a significant difference between 

measurement methods or not. According to the statistical test there was a significant difference 

between sensors fluxes and CC-model fluxes. Mean and median values differ more in sensor 

fluxes than they did in CC-model fluxes (see Table 5) due to the lager variation explained by 

the range from sensor fluxes.  

 
Table 5. A statistical test of the methods in the comparison of all flux data from Sensors and CC-model as well 

as a presentation of mean and median fluxes. 

Methods Mean mmol m-

2 d-1 

Median mmol 

m-2 d-1 

Statistical test P value 

Sensors 29.1 11.1  

Mann-Whitney 

 

< 0.001 

CC-model -0.1 0.1   
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Difference between lakes 
Since this study includes three different lakes, tests were performed to detect differences 

between them. Measurements in Vättern and Glan showed emissions of CO2, but in Roxen an 

uptake was observed according to CC-model fluxes (see Figure 9). Roxen had the highest 

number of samples which represent both methods, and it yielded the largest variation.  

 

Figure 9 - A comparison of CO2 fluxes between Glan (sensors n = 3; CC-model n = 25), Roxen (sensors n = 

20; CC-model n = 26) and Vättern (sensors n = 16; CC-model n = 42). k600 Cole & Caraco represent the 

CC-model. 
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A statistical test was performed to investigate if there was a significant difference in CO2 sensor 

fluxes between lakes or not. According to the statistical test, the P value presented there was a 

significant difference between CO2 fluxes from the lakes (see Table 6).  

 

 

Table 6. A statistical test of the comparison of sensor fluxes between the lakes as well as a presentation of mean 

and median fluxes.  

Lake Methods Mean mmol 

m-2 d-1 

Median 

mmol m-2 d-1 

Statistical 

test 

P value  

Glan Sensors 69.4 69    

Roxen Sensors 36.6 16.7 Kruskal-

Wallis 

0.01 

 

Vättern Sensors 13.3 8   

 
  

 

The statistical test of CC-model fluxes presented a significant difference according to the P 

value. The lakes mean and median fluxes differed between the lakes, however the mean and 

median were approximately the same for each individual lake (see Table 7). 

 

 

Table 7. A statistical test of the comparison of CC-model fluxes between the lakes as well as a presentation of 

mean and median fluxes.  

Lake Methods Mean mmol 

m-2 d-1 

Median 

mmol m-2 d-1 

Statistical 

test 

P value  

Glan CC-model 15.6 14   

Roxen CC-model -17.2 -15.2 Kruskal-

Wallis  

0.01 

Vättern CC-model 1.1 1   
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Difference between periods 
Measurements were performed during June and August, and because of that differences 

between periods were examined. No data was obtained from Glan in June due to technical errors 

with sensor measurements. In Glan it was clear that CO2 emissions were higher in June when 

observing the results of CC-model fluxes, however three sensor measurements which displayed 

larger emissions deviates from the CC-model fluxes. Gusts and windy conditions were observed 

in Glan, which also show a large variation in CO2 fluxes between periods when observing CC-

model fluxes (see Figure 10). 

 

Figure 10 – A comparison of fluxes between June (sensors n = 0; CC-model n = 14) and August (sensors n 

= 3; CC-model n = 11) in Glan.  
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The statistical test of CO2 fluxes between periods in Glan was only possible to perform on CC-

model fluxes. The test presented a significant difference of CC-model fluxes between June and 

August according to the P value (see Table 8).  

 

 

Table 8. A statistical test of CC-model fluxes between June and August in Glan as well as a presentation of mean 

and median fluxes from both methods. 

Method Period Mean mmol 

m-2 d-1 

Median 

mmol m-2 d-1 

Statistical 

test 

P value 

CC-model June 25.2  17.4 Mann-

Whitney 

< 0.001 

CC-model August 3.4  -0.5   

Sensors August 69.4  69  N/A  N/A 
 

 

The data from CC-model in Roxen cannot be used to compare August to June, since there were 

no samples from June due to technical error during the laboratory analysis. Larger emissions of 

CO2 during June than August can be observed in Roxen according to sensor measurements. 

The sensor measurements is the reason that a variation between periods within the studied lakes 

can be observed, because the CC-model samples either is missing or shows no difference 

between periods. August demonstrated a small difference in CO2 flux between methods (see 

Figure 11).  

 
Figure 11 – A comparison of fluxes between June (sensors n= 12; CC-model n = 0) and August (sensors n = 8; 

CC-model n = 26) in Roxen.  
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According to the statistical test there was a difference between the periods for sensor fluxes. 

Mean CO2 flux between periods varies more than median flux according to sensors. CC-model 

cannot be tested due to lack of data. August display small variations in both methods between 

mean and median (see Table 9).  

 

 

Table 9. A statistical test of sensor fluxes between June and August in Roxen as well as a presentation of mean 

and median fluxes from both methods. 

Method Period Mean mmol 

m-2 d-1 

Median 

mmol m-2 d-1 

Statistical 

test 

P value 

Sensor 

  

June 69.2  44.7 Mann- 

Whitney 

< 0.001 

Sensor August -14.9   -15.9   

CC-model August  -17.2 -15.2   N/A  N/A 
 

 

In Vättern (see Figure 12), neither sensors nor CC-model presented a significant difference 

between the periods according to the statistical test (see Table 10). An outlier in June of 79 

mmol m-2 d-1 can be observed in the sensor fluxes. The result obtained in the statistical test 

showed more consistent fluxes in Vättern during the summer, than in Glan and Roxen.  

 

 
Figure 12 – A comparison of fluxes between June (sensors n = 6; CC-model n = 21) and August (sensors n 

= 10; CC-model n = 21) in Vättern.  
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Table 10. A statistical test of CO2 fluxes between June and August in Vättern as well as a presentation of mean 

and median fluxes from both methods. 

Method Period Mean mmol 

m-2 d-1 

Median 

mmol m-2 d-1 

Statistical 

test 

P value 

CC-model June  0.7  0.1 Mann-

Whitney 

0.1 

CC-model August  1.5  1.6   

Sensors June  13.2  0.8 Mann-

Whitney 

0.13 

Sensors August  13.4  13.5   

Discussion 

Comparison of methods 
The k-wind models differ from each other in the way that CC-model was mainly used for a low 

wind speed, meanwhile Wk-model was shaped to be used for high wind speed (Bade, 2009; 

Kelly, et al., 2001). The lakes in this study were neither oceans (high wind speed) or smaller 

lakes (low wind speed), thus it was challenging to know what model would be most suitable. 

For example, high wind speeds with a lot of wind direction changes were observed, which 

apprehends more to the ocean than small lakes. This was expected because of the large open 

spaces on the studied lakes. Knowing this, Wk-model would be an appropriate method to use, 

however our results in this study showed that the CC-model was better to use. Glan and Roxen 

has more attributes in common with small lakes, which might be the reason why the CC-model 

was more suitable in this study.  

 

In this study sensors rely on fewer assumptions than the tested k-wind models, which makes it 

in theory a more solid method compared to the k-wind model methods. Natchimuthu, et al., 

(2017) and Bastviken, et al., (2015) suggest that direct sensor measurements might be the ideal 

solution for gathering CO2 flux data at lakes and rivers in the future. However, it is argued by 

Natchimuthu, et al., (2017) that spatiotemporal variations such as at what time periods sampling 

is done, and how many samples also affects the result. Nonetheless, this study showed that there 

are differences between sensor measurement method and k-wind models, which should be 

considered in the planning and design of studies. To compare methods, we suggest that sensors 

are mounted in every chamber, to get the opportunity for higher numbers of pairwise samples. 

This would give a more reliable comparison between the methods.   

 

Both k-wind models correlated with sensor fluxes, however there was no linear correlation, 

which in turn led to the need of keeping the measurements separate. If the k-wind models and 
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the sensor would have correlated better, samples from both sensor measurements and a k-wind 

model could have been combined to generate a common dataset to increase number of samples, 

consequently rising the power of results (Kraemer and Blasey, 2016). For future studies it is 

our recommendation that one measuring method is chosen, unless the aim is to compare 

methods with each other. The best tactic for further studies to investigate CO2 fluxes would be 

to only gather sensor measurements from chambers, which should be performed more 

frequently according to us. The sensor method was in theory the best method for this study, 

however CC-model fluxes yielded three times more results due to more usable data, despite one 

whole month missing in Roxen due to the broken GC machine at the lab. Lesson learned; we 

would still recommend sensor measurements for this type of field work but with precautions to 

declared mistakes.  

 

Fluxes from studied lakes 
Glan was the lake with highest emissions according to both methods. According to sensor 

fluxes, Vättern was the lake with lowest emissions. This was not in line with the CC-model 

fluxes where Roxen was the only lake with an uptake of CO2, hence lower emissions than 

Vättern. This can be explained by looking at further analysis between the months (and would 

probably not have been detected if these analyses were not performed). The result from the 

comparison between the lakes (see Figure 9) may have been obtained due to an unequal 

distribution of sensor- and CC-model fluxes between June and August. CC-model do not have 

any data from June in Roxen. However, the negative CC-model fluxes in August was in line 

with the sensor fluxes. Both methods presented an uptake of CO2 during August in Roxen (see 

Figure 11), which means that sensor fluxes (see Figure 9) would have been negative if the 

measurements from June were excluded. This in turn would have given Roxen the lowest 

emissions in both methods. Since the measurements are not equally distributed between the 

lakes, with fluxes from both months and both methods, it may be difficult to determine 

differences between the lakes. The obtained result may have been different if the gas samples 

from Roxen in June would have been useable. Since the sensor fluxes and CC-model fluxes 

were in line in August, they might have been in June as well which would have caused a 

completely different result for this study. To compare periods, we suggest that an equal 

distribution of samples are gathered from each period and method.  

 

Regarding Glan, where also August was the only month with fluxes from both methods, both 

pointed at emissions. Although, sensor fluxes clearly presented higher emissions than CC-
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model fluxes. According to the statistical test, there was a difference between the months of 

CC-model fluxes, where there were higher emissions in June. It is of interest that Glan had 

higher emissions in June as well. Even if there was no uptake in Glan as in Roxen, both lakes 

had higher emissions in the beginning of the summer than in the end. Since measurements of 

CO2 fluxes have not been performed in these lakes before, it is impossible to say if it is a pattern 

or something that just occurred that year. The summer started earlier 2018 than it usually does 

in Sweden, which may have affected the fluxes that year. Annual variability is statistically 

significant according to Kelly et al. (2001) because of CO2 processes and weather patterns. This 

is why the results from this study would have been interesting to compare with further studies 

in these lakes to determine if the early summer 2018 had an impact on the CO2 fluxes. 

 

Regarding Vättern, both methods pointed at emissions and there was no difference between the 

months. Hence the fluxes in Vättern seemed more consistent. Kelly et al. (2001) means that 

temporal variability within a year is lower in larger lakes and yields a more consistent flow of 

CO2 than in small lakes. However, the result of no difference between periods in Vättern may 

have been obtained due to less measurements than the other lakes. It is harder to detect 

differences with less samples. 

 

Comparison with other studies 
After the interpreting of the results in this study, it was compared to other studies. The 

comparison was performed on other freshwater were the same methods has been used. Similar 

lakes were compared as well as fluxes from the same method. It was difficult to compare the 

lakes in this study with other lakes since they had less measurements. This may have caused 

some uncertainties and may be considered while reading this part. Mean values were used for 

comparisons assuming that they are more representative for overall lake fluxes than single 

values. However, comparisons should be interpreted with caution as the number of actual 

measurements and the methods may differ between mean values from different lakes and 

studies (Striegl, et al., 2012). The implication is that exceptionally high CO2 flux are rare but 

quantitatively important for overall fluxes. Therefore, the mean is a reasonable estimator of 

overall areal flux. This view is also supported by for instance Striegl et al. (2012) which had 

even larger skewness in data than this study, however that could be expected since it was 

conducted on rivers, where turbulent diffusion occurs. However, data from this study was 

collected from a small part of large lakes which means that data might not be spatially 
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demonstrative. This is something that can be determined from further studies if samples are 

collected from more parts of the lakes. 

 

CO2 fluxes from sensors in Glan and Roxen are similar to other lakes (see Table 11). However, 

Vättern´s sensor fluxes seemed to be lower compared to other lakes, but more measurements 

are needed to determine it. Fluxes from the CC-model in this study are lower than any other 

fluxes in Table 11. By looking at separate methods, direct measured fluxes (floating chambers 

and sensors) and modeled fluxes (Measured pCO2 and modeled k from wind speed 

relationships, where the CC-model is included from this study), direct measured fluxes in 

general yielded higher CO2 emissions than modeled fluxes (see Table 11). According to this 

study, there was a significant difference between these methods, it may be argued that the 

differences of mean fluxes in Table 11 occurs due to different methods rather than different 

types of freshwater. If this is the case, CO2 emissions from modeled fluxes may be 

underestimated. 

 

Since there was difference between the large lakes in this study, all together could not be 

compared with small lakes. Erssjön, Följesjön and Skottenesjön are three small boreal lakes, 

hence they would have been suitable to compare with the lakes in this study because they are 

three large boreal lakes. Despite that, the large lakes could be compared separately to detect if 

they differ from small lakes in the same climate. In the study from Natchimuthu, et al., (2017), 

the authors mention it is suggested that small, shallow lakes emit more CO2 compared to large 

lakes. This was in line with the comparison between Vättern´s sensor flux and Erssjön, 

Följesjön and Skottenesjön, where Vättern had lower CO2 fluxes than the small lakes. However, 

this was not in line while comparing Glan´s or Roxen´s sensor fluxes to these three small lakes. 

This may be explained by the depth. Glan and Roxen was not as deep as Vättern, hence Glan 

and Roxen may be more similar to the small lakes than Vättern. According to Kelly et al. (2001) 

the dissolved organic carbon (DOC) affects the concentration of CO2 in the water, which in turn 

affects the fluxes of CO2 from the water. In lager lakes, with a greater volume, the DOC is 

mixed and diluted, which leads to lower emissions (Kelly et al., 2001) than small lakes. It could 

also be argued that this is the reason Vättern had lower CO2 sensor fluxes than Glan and Roxen. 

 

The study by López Bellido et al. (2009) measured fluxes in lake Pääjärvi in Finland with an 

area of 199 km2 and a maximum depth of 87 m. The studied lake was bigger and deeper than 

both Glan and Roxen, hence most similar to Vättern in this study. The difference was the time 



 33 

of the measurements, where López Bellido et al. (2009) conducted measurements from October 

to November and March to May, whilst this study examined summer fluxes in June and August. 

The average floating chambers flux in Pääjärvi was 54.5 mmol m-2 d-1 during autumn and 71.8 

mmol m-2 d-1 during spring. In Vättern the average sensor flux was 13.3 mmol m-2 d-1 and CC-

model 1.1 mmol m-2 d-1 (see Table 11). There were lower CO2 emissions in Vättern than in 

Pääjärvi. These differences may have occurred due to measurements from different seasons or 

different methods. It would also be possible that the differences occurred due to Vättern is both 

larger and deeper, and larger lakes tend to emit less CO2 (Natchimuthu, et al., 2017; Kelly et 

al., 2001).   
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Table 11. Measured CO2 fluxes from freshwater (CO2 flux mmol m-2 d-1). 

Lake/Location Mean flux (mmol m-

2 d-1) 

Method References 

Autumn fluxes in 

Lake Pääjärvi, 

Finland  

54.5 

 

Direct measurement, floating 

chamber 

López Bellido et al. 

(2009) 

Spring fluxes in Lake 

Pääjärvi, Finland 

71.8 Direct measurement, floating 

chamber 

López Bellido et al. 

(2009) 

Lake Gäddtjärn, 

Sweden 

33.0 Measured pCO2 and modeled k 

from wind speed relationships 

Kokic et al. (2015)  

Headwater lakes, 

Lake Gäddtjärn’s 

catchment 

50.0 Measured pCO2 and modeled k 

from wind speed relationships 

Kokic et al. (2015) 

75 lakes, Norway and 

Sweden  

20.5  

 

Measured pCO2 and modeled k 

from wind speed relationships 

Yang et al. (2015)  

 

Erssjön, Sweden 

 

46.8  Numbers in brackets denote 

modeled CO
2 fluxes in Erssjön by 

using manual pCO
2aq and 

estimated k for CO
2 from 

Natchimuthu et al. (2016) 

Natchimuthu, et al., 

(2017) 

Följesjön, Sweden  

 

64.9  

 

Numbers in brackets denote 

modeled CO
2 
fluxes in Erssjön by 

using manual pCO
2aq and 

estimated k for CO
2 from 

Natchimuthu et al. (2016)  

Natchimuthu, et al., 

(2017) 

Skottenesjön, Sweden  

 

25.5  

 

Numbers in brackets denote 

modeled CO
2 fluxes in Erssjön by 

using manual pCO
2aq and 

estimated k for CO
2 from 

Natchimuthu et al. (2016) 

Natchimuthu, et al., 

(2017) 

Glan, Sweden 69.4 Direct measurement, sensor in 

chamber 

This study 

Glan, sweden 15.6 Measured pCO2 and modeled k 

from wind speed relationships 

This study 

Roxen, sweden 61.6 Direct measurement, sensor in 

chamber 

This study 

Roxen, sweden -17.2 Measured pCO2 and modeled k 

from wind speed relationships 

This study 

Vättern, sweden 13.3 Direct measurement, sensor in 

chamber  

This study 

Vättern, sweden 1.1 Measured pCO2 and modeled k 

from wind speed relationships 

This study 
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Uncertainties - method discussion 
Two different sampling methods were used in this study, pCO2-samples and Ch-samples. Both 

samples represent Ceq (see Equation 3), but the pCO2-samples was equilibrated in a syringe and 

the Ch-sample was equilibrated in a chamber. In the syringe, 70 ml of water was used, and the 

equilibrium was accelerated by shaking it for one minute. In the chamber, an unknown amount 

of water passed through it and the equilibrium was measured after 24 h. Natchimuthu, et al. 

(2017) suggests that Caq (see Equation 3) has a higher variability during the summer, probably 

because of upwelling event. If so, it means a higher variability of Caq affected the Ch-sample 

since more water passed through the chamber. It could be argued that a Ch-sample is more valid 

than a pCO2-sample from 70 ml of water. Natchimuthu, et al. (2017) also concluded that single-

point and single-time measurements are not representative. In this study, both pCO2-samples 

and Ch-samples were used in the CC-model. However, it may be of interest for further studies 

to examine differences of these two sampling methods.  

 

Sensors clearly have great potential to successful data gathering when it comes to monitoring 

of CO2 fluxes in lakes, however the drawback can be technical errors. About 40 % of the 

datasets provided by the sensors was in the end usable after accounting for both technical and 

human errors. The single principal issue was technical error which could be explained by moist 

inside the field sensor box inside the chamber. In August, the last week of field work there was 

a lack of sensors leading to only eight chambers out of 12 being equipped with a sensor. 126 

chamber deployments were carried out, whereof 112 was equipped with a sensor. In the end 39 

datasets from chamber deployments deemed reasonable to be used out of those. This yielded 

an unequal distribution of fluxes between the lakes, methods and months. A part of data 

preparations that was recognized to be very important several months after the field work was 

done, regarding the control of sensor data on a regular basis. The first month data was backed 

up consistently, however it was not controlled for errors. The errors were not discovered until 

numerous months later when data was controlled. If the errors were to be addressed, it had to 

be done simultaneously as the field work progressed. Faulty sensors caused multiple discarded 

samples because they were used for many days without being controlled if they worked 

properly. When observing the sensor data, it was noticed that chambers were not always cleared 

from gases properly (in some cases, humidity constrain gases inside the field box where the 

sensor sits). In those cases, it would be necessary to make sure that the sensors really were 

cleared, however no such action was taken. A computer would have been needed to be brought 

along in the boat, to be able to control if the sensor was properly cleared. Executing this in the 
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field would require a lot more time. According to instructions (Bastviken et al,. 2015) the 

chamber would normally need to be flushed for five minutes to be cleared. It was possible that 

the chambers were not flushed for five minutes, since the flushing time was not measured. This 

might have caused chambers to not get the headspace of the outside atmosphere, which led to 

sensors showing elevated levels of CO2, making the datasets gathered unusable. In some cases, 

it was hard to tell when the chamber had been deployed for a new measuring session due to this 

failure and it also made flux calculations incorrect leading to discarded samples.  

 

There were mainly three uncertainties of data analysis. The first was due to technical problems 

with the gas chromatograph machine, data from June of Roxen was missing. That is why 

comparing pre-summer to post-summer was not possible in Roxen. In Glan, sensor data from 

June could not be used, thus a comparison of the two periods was only possible in Vättern.  

 

The second uncertainty was due to wind speed data. The data was retrieved from the nearest 

weather station, hence not at the same place as the measurements which means the wind speed 

may differ from the weather stations and the actual measuring points. This needs to be 

considered in the results from the calculation models, since wind speed was used to calculate 

the flux. The third uncertainty of the data analysis is the assumed CO2 air average concentration. 

Normally Air-samples are used in the calculations for the k-wind model, however the Air-

samples in this study ranged from 350 to 450 ppm which yielded too large variation. Therefore, 

an assumption of 400 ppm CO2 air average was used for all calculations. Normally there would 

be no need for such an assumption which makes the k-wind models less reliable. This may 

affect the calculations of the equilibrium and thus the result. If the air had a lower CO2 

concentration than 400 ppm, the emissions may be higher than the results of the calculations. 

Despite the uncertainties of the CC-model, it was used in this study to be able to compare 

methods and detect any differences. The uncertainties are also reasons why sensors (direct 

measurements) are more reliable than k-wind models (modeled measurements). A sensor gives 

a value of the concentration right away and less assumptions are needed than in the in k-wind 

models. 

 

 

Further Studies 
It may be of interest for further studies to examine the depth as a variable. In this study, Vättern 

was the lake with lowest CO2 emissions and also the deepest. Hence it would be interesting to 
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examine if there is a possible correlation between depth and CO2 fluxes. The summer of 2018 

was warm, and it may have affected the fluxes, but further studies are needed to determine that. 

According to Kelly et al., (2001) colder lakes have a lower respiration rates than warmer lakes 

which affects CO2 fluxes. Therefore, the temperature would be another interesting variable to 

examine. There is normally a correlation between depth and temperature, which means that 

increasing depth equals colder temperature. Deep lakes consist of larger volumes which takes 

longer time to heat up, thus these variables might be of importance for CO2 fluxes.  

 

To know if it is a sink or if it is a source of CO2 emissions, more measurements from different 

diurnal periods are needed. For example, morning, noon, afternoon and night measurements. 

This study’s measurements are conducted between 9 am to 5 pm, which means that it covers 

less than a half diurnal. Daytime measurements showing only uptake of CO2 does not mean that 

the studied lake is a carbon sink. To better understand the general fluxes of CO2 from lakes, 

nocturnal measurements are also needed. During the day there is photosynthesis and at the night 

respiration dominates, alas positive flows (CO2 emissions) most likely occurs at nighttime, 

which this study does not cover. Albeit, in further studies daytime measurements need to be 

supplemented by nocturnal measurements as well. The need for nighttime measurements view 

is shared by others (Selvam, et al., 2014) but in their field work, wild animals made it dangerous 

to sample during nighttime. In Sweden the obstacles would mainly be getting people to work 

at night time. Talking out of experience performing this type of labor, the difficulty would also 

increase with darkness.  
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Conclusions  
 CO2 fluxes from sensors ranged from -36 to 152 mmol m-2 d-1.  

 CC-model fluxes ranged from -29 to 58 mmol m-2 d-1. 

 There were differences in CO2 fluxes between the methods in this study, no correlations 

were found. Sensor fluxes yielded higher emissions and lager variation in general than 

fluxes from the k-wind models. 

 The only lake which displayed an uptake of CO2 was Roxen in August according to 

both methods. The measurements from Vättern and Glan resulted in CO2 emissions.  

 There was a difference between the lakes, where Glan and Roxen were similar to small 

lakes with higher emission than Vättern which yielded lower emissions. 

 Where tests were possible to perform on differences between the months, Glan and 

Roxen showed higher emissions in June than August. Vättern had more consistent 

fluxes during the summer where no difference between June and August was found.  

 Differences in CO2 fluxes were rather found between methods than different type of 

freshwaters. Direct measured fluxes yielded higher emissions in general than modeled 

fluxes.  
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