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Abstract
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Methane (CH4) and carbon dioxide (CO2) are two important greenhouse gases. Recent studies
have shown that lakes, although they cover a small area of the globe, can be very important
natural sources of atmospheric CH4 and CO2. It is therefore important to monitor the fluxes of
these gases between lakes and the atmosphere in order to understand the processes that govern
the exchange.

By using the eddy covariance method for lake flux studies, the resolution in time and in space
of the fluxes is increased, which gives more information on the governing processes.

Eddy covariance measurements at a Swedish lake revealed a diel cycle in the fluxes of
both CH4 and CO2, with higher fluxes during nighttime than daytime. The high nighttime CO2

fluxes could to a large extent be explained with enhanced transfer velocities due to waterside
convection. For the diel cycle of CH4 flux it was suggested that waterside convection could
enhance the transfer velocity, transport CH4 rich water to the surface, as well as trigger ebullition.

Simultaneous flux measurements of CH4 and CO2 have been presented using both the eddy
covariance method and the floating chambers method of which the latter is the traditional
measuring method for lake fluxes. For CO2 the two methods agreed well during some periods
but differed considerably during others. Disagreement between the methods might be due to
horizontal heterogeneity in partial pressure of CO2 in the lake. The methods agreed better for the
CH4 flux measurements. However, it is clear that due to the discontinuous nature of the floating
chambers, this method will likely miss important high flux events.

The main conclusions of this thesis are:
1) the two gas flux methods are not directly comparable and should be seen as supplementary

to each other
2) waterside convection enhances the fluxes of both CH4 and CO2 over the water-air surface.

If gas flux measurements are not conducted during nighttime, potential high flux periods might
be missed and estimates of the total amount of gas released from lakes to the atmosphere may
be biased.
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Akademisk avhandling som för avläggande av filosofie doktorsexamen i meteorologi  
vid Uppsala universitet kommer att offentligen försvaras i Hambergsalen, Villavägen 16,  
Uppsala, fredagen 20 mars 2015, klockan 10:00. Fakultetsopponent: Dennis Baldocchi 
(University of California, Berkeley). Disputationen sker på engelska. 
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Metan (CH4) och koldioxid (CO2) är två viktiga växthusgaser. Nya studier har visat att sjöar, 
även om de endast täcker en liten del av jordens yta, kan vara mycket viktiga källor av atmo-
sfärisk CO2 och CH4. Det är därför viktigt att studera flöden av CH4 och CO2 mellan sjöar och 
atmosfären för att förstå vilka processer som styr gasutbytet. 

Genom att använda eddy kovarians metoden för att mäta flöden från sjöar, ökar upplös-
ningen hos mätningarna både spatialt och temporalt. Detta ger mer information om de proces-
ser som styr gasutbytet.  

Eddy kovariansmätningar från en svensk sjö visar att både flöden av CH4 och CO2 har en 
dygnscykel med högre flöden under natten jämfört med under dagen. De höga flödena av CO2 
under natten kan till stor del förklaras med att utbyteshastigheten, vilken är ett mått på hur 
effektivitet gasflödet är, förstärks av konvektionen i vattnet under natten. Det diskuteras att 
dygnscykeln av CH4 kan förklaras med att konvektionen i vattnet; förstärker det diffusiva 
flödet, transporterar vatten med hög halt av CH4 från botten till ytan och frigör bubblor med 
hög CH4 koncentration som bildats i sedimentet. 

Traditionellt mäts flöden från sjöar med flytande kammare. I denna avhandling presente-
ras samtidiga flödesmätningar av CH4 och CO2 med både flytande kammare och eddy kovari-
ansmetoden. För CO2 överensstämmer metoderna bra under vissa perioder, men avviker 
avsevärt under andra. Denna avvikelse kan bero på att partialtrycket av CO2 i sjön inte är 
horisontellt homogent. Metoderna stämmer bättre överens för CH4-flödena, men på grund av 
att de flytande kamrarna ger diskontinuerliga mätningar kommer denna metod ha svårt att 
fånga episodiska tillfällen med höga flöden. 

Huvudslutsatserna i denna avhandling är:  
1) de två flödesmätningsmetoderna är inte direkt jämförbara och ska istället ses som sup-

plement till varandra,  
2) konvektionen i vattnet kommer att öka flödena av CH4 och CO2 över en vatten-luft yta. 

Om gasflödes mätningar inte görs under natten kan potentiellt höga gasflöden missas. Detta 
kan leda till att uppskattningar av det totala gasutsläppet från en sjö underskattas. 
 
Nyckelord: eddy kovarians, flytande kammare, gasutbyte, koldioxid, konvektion i vattnet, 
metan, sjö-atmosfär  
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Metan (CH4) in ogljikov dioksid (CO2) sta dva pomembna toplogredna plina. Nedavne študije 
so pokazale, da so lahko jezera zelo pomembni viri atmosferskega CO2 in CH4, čeprav 
pokrivajo samo majhno območje sveta. Zato je pomembno preučiti postopke plinske 
izmenjave CH4 in CO2 v jezerih in v atmosferi. 

Meritve emisij CO2 in CH4  z metodo Eddy covariance, iz enega izmed švedskih jezer, 
kažejo, da imajo emisije CH4 in CO2 dnevni cikel z višjimi emisijami ponoči v primerjavi z 
dnevom. Hlajenje površinske vode ponoči povzroča podvodno konvekcijo. Domneva se, da 
bo ta vodna konvekcija povečala emisije difuzijskega CH4, voda z veliko količino CH4 pa bo 
prišla na površje, kar bo sprožilo kipenje. Čeprav je vodna konvekcija potreben parameter, 
morda ni dovolj, da bi povzročila visoke emisije CH4 ponoči. 

Visoke emisije CO2 ponoči se lahko v veliki meri razložijo tako, da se transferna hitrost, 
ki je merilo učinkovitosti emisij plinov, poveča zaradi vodne konvekcije ponoči. Domneva se 
tudi, da bodo parametri transferne hitrosti, ki temeljijo tako na hitrost vetra kot vodni 
konvekciji, dali boljše rezultate v primerjavi z meritvami, kjer prametri temeljijo izključno na 
hitrosti vetra. 

Običajno se emisije plinov iz jezera merijo s tehniko komor za lebdenje. Sočasno so 
predstavljene meritve emisij CH4 in CO2 tako s komorami za lebdenje kot z metodo Eddy 
covariance. Pri CO2 so emisije enotne z obema metodama v nekaterih obdobjih, vendar se 
bistveno razlikujejo v drugih. Do take razlike morda pride zaradi vodoravne heterogenosti 
delnega tlaka CO2 v jezeru. Metode se bolje skladajo z meritvami emisij CH4, vendar obstaja 
velika možnost, da bodo te meritve zgrešile trenutke pomembnih visokih emisij plinov, zaradi 
nestanovitnosti komor za lebdenje. 
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1. Introduction 

From 1990 to 2013 the Intergovernmental Panel on Climate Change (IPCC), 
has released five assessment reports summarizing the knowledge on climate 
change from published literature. In the fifth report the IPCC conclude that; 
“there is a clear human influence on the climate”. According to IPCC, the 
main cause of climate change is the increase of atmospheric greenhouse 
gases e.g. carbon dioxide (CO2) and methane (CH4), mainly due to burning 
of fossil fuels by humans. The atmospheric CO2 content has increased from 
320 ppm before the industrial era to today’s 400 ppm and CH4 has increased 
from 1.6 ppm to 1.8 ppm.  

An increase of atmospheric greenhouse gases will lead to an increase in 
the global air temperature. To predict how large this temperature increase 
will be and how the climate will develop in the future it is of great interest 
and importance to monitor the atmospheric content of these greenhouse gas-
es. Therefore, it is necessary to have good knowledge of the global carbon 
cycle for future climate predictions.  

Both anthropogenic and natural sources and sinks of atmospheric CO2 and 
CH4 are important parts in the global carbon cycle. The global carbon cycle 
describes how carbon is stored, processed, and transported between different 
domains such as; ocean, fossil fuel reservoirs, land, and atmosphere. The 
ocean and land domain are the largest carbon sinks. Freshwater systems, 
including lakes and rivers, have long been seen as only a funnel transporting 
carbon from the land domain to the ocean, without processing the carbon. 
Lakes only cover approximately 3% of Earth’s surface [Downing et al., 
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2006]. Even though lakes impact on the global carbon cycle, in terms of both 
processes involving CO2 and CH4, has during recent years been highlighted 
[Cole et al., 2007; Battin et al., 2009; Bastviken et al., 2011; Raymond et al., 
2013] According to Bastviken et al. [2011] lakes can outweigh the land sink 
by 25% taking into account CH4 release only.  

How much gas that is transported from or into a lake by diffusion is 
known as the diffusive gas flux and is mainly controlled by the partial pres-
sure difference between the gas in the water and in the air (Δpgas) and the 
efficiency of the gas transfer, the gas transfer velocity (k). Factors that con-
trol Δpgas are temperature, biological processes and chemical processes, 
while k is controlled by e.g. wind speed [e.g. Wanninkhof, 1992], spray 
[Woolf, 1993] and waterside convection [e.g. MacIntyre et al., 2001; 
Rutgersson and Smedman, 2010]. 

One way to estimate the diffusive gas fluxes, Fgas, from lakes is with the 
bulk flux estimation: 

 

 
0gas gasF K k p= ⋅ ⋅Δ  (1) 

 
where K0 is a gas specific solubility constant. 

When estimating the fluxes with the bulk flux estimation, Δpgas needs to 
be measured and k needs to be estimated from known parameters. Most 
commonly k is estimated and parameterized with only wind speed. Wind 
speed squared and wind speed cubed are two common ways to parameterize 
k in the ocean community. The most common k parameterization when esti-
mating the diffusive gas fluxes from lakes is; 

 

 1.7
, 102.07 0.21u cck u= +  (2) 

   
where u10 is wind speed at 10 m [Cole and Caraco, 1998].  

CO2 is a gas that is mainly transported to the atmosphere by diffusion. 
CH4, on the other hand, is transported with several different pathways, where 
diffusion is one of the least important. Consequently, using the bulk estima-
tion for estimating CH4 fluxes will largely underestimate the total CH4 flux. 

Instead of estimating the gas fluxes it is possible to measure the gas flux 
with different techniques. The floating chambers (FC) method and the eddy 
covariance (EC) method are two techniques. The FC method is a cheap and 
simple method, while expensive instrumentations are needed for the EC 
method. The largest differences between the two techniques is that the gas 
fluxes measured with the FC method will be discontinuous and represent the 
fluxes from a small area (≈0.03 m2), whereas the EC method will give con-
tinuous measurements representing a relatively large area (≈2000 m2).  



 13

In the lake community the FC method has in the past been the standard 
approach to measure gas fluxes, but in recent years more studies are using 
the EC method. However, there are still only a few long-term EC studies 
measuring lake CO2 fluxes  [e.g. Huotari et al., 2011] while long-term EC 
studies measuring lake CH4 fluxes are in principle absent. To get better 
knowledge on what processes that control the lake gas flux more long-term 
lake studies with continuous measurements are needed. 

1.1 Aim of the thesis  
The specific aims of this thesis were: 

• Quantify the fluxes of CH4 from lakes with the EC method and get 
more knowledge on the processes controlling CH4 fluxes (Papers 
I and IV). 

• Quantify the fluxes of CO2 from lakes with the EC method and get 
more knowledge on the processes controlling CO2 fluxes (Paper 
III). 

• Compare gas fluxes from lakes measured with the EC and FC 
methods (Paper II). 
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2. Sites and instrumentation 

2.1 Lake Tämnaren 
In Papers I, II, and III gas fluxes were measured at Lake Tämnaren, situat-
ed in central Sweden (Figure 1). Lake Tämnaren is an untypical Swedish 
lake in the sense that it is large, 38 km2, but has a mean depth of only 1.3 m 
(maximum depth 2 m).  

 

 
Figure 1. Left: Scandinavia and the location of the two lakes marked with 1 and 2. 
Upper right: Lake Tämnaren (60o09’N, 17o20’E) with the tower location marked 
with a dot. Lower right: Lake Erssjön (58o22’N, 12o09’E) with the tower location 
marked with a dot. 

To the north of the lake there are agriculture fields. Otherwise the surround-
ing land is covered with forest. Lake Tämnaren has a lot of aquatic vegeta-
tion and approximately 8% of the shoreline area is covered by common read 
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(Phragmites australis). The lake is monitored by the Swedish University of 
Agricultural Science and the water quality indicates that the lake is eu-
trophic.  

The position of the EC tower was on a small island in the middle of the 
lake (black dot in Figure 1, square number 1). The nearest shore, to the EC 
tower, was approximately 1 km to the southeast.  

2.1.1 Instrumentation at Lake Tämnaren 
The EC tower at Lake Tämnaren (Figure 2) was 6 m high with three levels, 
1.4, 2.7, and 6 m above ground, equipped with propeller anemometers for 
wind speed and wind direction (Young, MI, USA) and radiation shielded and 
ventilated thermocouples for measurements of air temperature. The EC in-
strumentation was mounted 4.7 m above ground and the instruments used 
where: a sonic anemometer (WindMaster, Gill Instruments, Lymington, UK) 
for measurements of the three-dimensional wind components and virtual 
(sonic) temperature, a LI-7700 open gas analyzer for CH4 measurements (LI-
COR Inc., Lincoln, NE, USA) (Papers I and II) and an LI-7500 open-path 
gas analyzer for CO2 and H2O measurements (LI-COR Inc., Lincoln, NE, 
USA) (Papers II and III).  

Waterside data from Lake Tämnaren were measured from a float situated 
approximately 70 m west of the EC tower. The float was equipped with a 
waterside system to measure temperature using a radiation-shielded thermo-
couple (copper-constantan) at 0.3 m (InSitu instruments, Ockelbo, Sweden) 
(Paper I) and a SAMI sensor (Submersible autonomous moored instrument, 
Sunburts Sensors, MT, USA) continuously measuring every 30 min the par-
tial pressure of CO2 in the water (Paper II and III). 

The chambers used for FC flux measurements in Paper II were made 
from inverted plastic buckets covered with alumina tape and equipped with 
Styrofoam for better floating ability (Figure 2). 
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Figure 2. Big picture: The micrometeorological tower set up at Lake Tämnaren. The 
EC instrumentations are mounted on the third level. Lower right picture: Floating 
chambers, while deployed on the lake surface. 

2.2 Lake Erssjön 
The flux measurements in Paper IV are from Lake Erssjön, a lake situated 
in western Sweden (Figure 1). In Sweden approximately 73% of all lakes 
have a lake area between 0.01-0.1 km2 (available from SMHI, received 25 
November 2009). Lake Erssjön which has an area of 0.07 km2 is a more 
typical Swedish lake in size, compared to Lake Tämnaren. The water depth 
in Lake Erssjön is shallow, approximately 1 m, at the northeast and south-
west part of the lake. The maximum depth, 4.4 m, can be found approxi-
mately in the middle of the lake. Both the west and the east shores of the 
lake are surrounded by coniferous forest, while there is farmland northeast of 
the lake. The shores of the lake are covered with dense stands of emergent 
macrophytes (primarily Carex rostrata and Phragmites australis). 
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2.2.1 Instrumentation at Lake Erssjön 
The meteorological tower at Lake Erssjön was positioned on the northwest 
shore of the lake (Figure 1, square number 2). The tower was 6 m high and 
had three levels equipped with instrumentation. Levels 4.7 and 6 m above 
ground were equipped with propeller anemometers for wind speed and direc-
tion (Young, MI, USA) and radiation shielded and ventilated thermocouples 
for measurements of air temperature. On the first level, 2.4 m above ground, 
the EC instrumentation was mounted: a LI-7700 open gas analyzer for CH4 
measurements (LI-COR Inc., Lincoln, NE, USA) and a sonic anemometer 
(WindMaster, Gill Instruments, Lymington, UK) for measurements of the 
three dimensional wind components and virtual (sonic) temperature. The 
temperature in the water was measured every two hours using temperature 
sensors (Onset HOBO, Cap Cod, MA, USA). The sensors were deployed at 
levels 1, 2, 2.5, 3, and 3.5 m below the surface. 
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3. Methods for flux measurements 

3.1 Eddy covariance method 
The theory behind the EC method was developed already at the end of the 
1800s and states; the flux of a quantity between a surface and the atmos-
phere, F, is equal to the covariance between the turbulent fluctuations of the 
quantity and the turbulent fluctuations of the vertical wind. Still in the mid-
dle of the 1900s the EC method was highly limited because of the lack of 
instruments that could measure with high enough speed to capture all small 
scale turbulence (on the order of 10 Hz). The first high frequency instru-
ments could measure wind speed and heat. Thus, the first fluxes that where 
studied were momentum, sensible heat, and latent heat. It took until the 
1970s to develop the first instruments to measure CO2 at high enough fre-
quency to calculate CO2 fluxes with the EC method. Instruments to measure 
turbulent fluctuations of CH4 were not developed before the 2000s [e.g. 
Baldocchi, 2003; Aubinet et al., 2012].  

The Reynolds averaged conservation equation states; the time rate of 
change of the mixing ratio of a scalar, c, (i), and the advection of the scalar, 
(ii), are in balance with the flux divergence of the scalar in the two horizon-
tal directions, x and y, and in the vertical direction, z, (iii), and the source 
term of the scalar, Sc, (iv): 
 

 
,, ,c yc x c z

c

FF Fc c c c
u v w S

t x y z x y z

∂∂ ∂ ∂ ∂ ∂ ∂+ + + = − + + + ∂ ∂ ∂ ∂ ∂ ∂ ∂ 
 (3) 

 
              i                ii         iii                     iv 

where u, v, and w are wind speeds in the three different wind directions. If 
conditions are ideal the terms i, ii and iv in Equation (3) are equal to zero. 
This occurs when the wind and the scalar concentrations are in steady state, 
the underlying surface is flat and horizontally homogeneous and there are no 
sources or sinks of the scalar in the atmosphere. No advection also implies 
that the horizontal divergence of the flux is zero. Equation (3) can then be 
simplified to: 
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, 0c zF

z

∂
=

∂
 (4) 

Equation (4) states that the vertical flux of a scalar is constant with height 
i.e. measurement of the flux at a height z above the surface will be equal to 
the flux coming from the surface.  

As already mentioned, the scalar flux is the covariance between the turbu-
lent fluctuations of the vertical wind and the turbulent fluctuations of the 
mixing ratio of the scalar. Many sensors that are used to measure the fluctua-
tions of the scalar do not measure the mixing ratio but the molar density of 
the scalar. The molar density of the scalar can change either if the amount of 
molecules is changed or if the volume changes due to pressure, temperature, 
and humidity variations. To take into account concentration changes that are 
not real changes in the concentration (arises because of volume changes), 
corrections can be added to the covariance: 

 

 
' ' ' ' 1 ' 'a c a v c

c c v
c a v a

m m
F w w w T

m m T

ρ ρ ρρ ρ
ρ ρ

 
= + + + 

 
 (5) 

where ρc is the molar density of the scalar, ρv is the water vapor density, ρa is 
the density of the air, T is the temperature and ma and mv are the molecular 
weights of air and water vapor respectively [Webb et al., 1980]. 

3.1.1 Eddy covariance data treatment 
The EC data in Papers I, II, III, and IV, was de-spiked and linearly de-
trended over 30 min periods. Prior to flux calculations the mean vertical 
wind was set to zero using the double rotation technique i.e. the wind vectors 
were first rotated into the mean wind direction and then tilt corrected around 
the horizontal axis. The typical time lag, due to the sensor separation be-
tween the instrument measuring the vertical wind fluctuations and the in-
strument measuring the fluctuations of the gas, was between 0.1 and 0.2 s, 
calculated as in Sahlée et al. [2008]. The gas density measurements were 
corrected according to Equation (5), with some modification for the LI-7700 
data to compensate for spectroscopic effects of temperature and atmospheric 
pressure [McDermitt et al., 2010]. In addition, the flux data was sorted by 
the following criteria: wind speed higher than 1 m s-1, wind directions com-
ing from the lake (Papers I, II, and III: 90o<wd<30o, Paper IV: 
200o<wd<260o), received signal strength indicator from the LI-7700 higher 
than 10% (Papers I, II and IV) and skewness and kurtosis in the range -2 – 
2 and 1 – 8, respectively [Vickers and Mahrt, 1997]. 
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3.1.2 Eddy covariance footprint 
The fluxes measured with the EC method represent the fluxes from an up-
wind area called the footprint. The footprint area will vary in size depending 
on e.g. wind speed, atmospheric stability and measuring height. Low wind 
speeds will make the footprint area reach further from the measuring posi-
tion, while an unstable atmosphere will make the footprint area positioned 
closer to the measuring point. In Papers I, II, and III the footprint area was 
estimated with the online one-dimensional model by Kljun et al. [2004]. For 
the EC setup at Lake Tämnaren, 80% of the footprint area originated within 
100 to 500 m from the tower for all meteorological conditions encountered. 
As the closest shore (Figure 1) was approximately 1 km from the EC tower, 
all fluxes presented in Papers I, II, and III represent fluxes coming from 
the lake. 

For the fluxes measured from Lake Erssjön (Paper IV), which is a much 
smaller lake compared to Lake Tämnaren, a two-dimensional aggregated 
footprint of the EC fluxes was calculated using an updated version of the 
footprint parameterization described in Kljun et al. [2004]. 

The footprint area showing where 80% of the fluxes originate from indi-
cates that most of the fluxes presented in Paper IV represent fluxes coming 
from the lake (Figure 3). 

 
Figure 3. EC footprint illustrating where 80% of the fluxes measured at Lake 
Erssjön originate from. 
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3.2 Floating chambers method 
FCs which were used in Papers II and IV are buckets turned upside down 
on the water. An air sample is taken from the FC at the start of the deploy-
ment and then a second air sample is taken at the end of the deployment. The 
deployment time varies depending on the gas that is being studied and what 
processes that are of interest. Using the difference in the concentration 
measured at the start and at the end of the deployment, the flux of the meas-
ured gas, FFC, can be calculated with a linear equation: 
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where V is the volume of the chamber, R is the ideal gas constant, T is the 
temperature, A is the area that the chamber covers, gasint and gasend are the 
initial and end air samples, and tint and tend are the start and end times of the 
deployment. The diffusive gas flux is partly driven by Δpgas. Because of the 
small volume of the FCs the partial pressure of the gas in the chamber will 
decrease with time which will consequently affect Δpgas and the flux. To take 
into account this artificial decrease in the flux over time inside the chambers, 
the linear flux estimations (Equation 6) can be corrected according to 
Bastviken et al. [2004]. However, this problem will only arise if the deploy-
ment time is long or the gas that is studied has large fluxes. In Paper II only 
30 min long deployment times where used and so Equation (6) could be used 
without any correction. 
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4. Carbon fluxes 

4.1 Carbon dioxide  
CO2 can be produced in the lake water and in the sediment, by respiration, 
and be transported to the lake from the surrounding soils. The production of 
CO2 in the lakes is normally larger than the external inputs. The main pa-
rameter effecting the partial pressure of CO2 in the lake is dissolved organic 
carbon [Sobek et al., 2005]. Globally approximately 87% of the lakes are 
supersaturated in CO2 compared to the atmosphere i.e. lakes normally act as 
a source of CO2 to the atmosphere [Cole et al., 1994].  

CO2 will get transported from the lake to the atmosphere with diffusive 
flux. Hence, the CO2 concentration difference between the water and the air 
and the transfer velocity will be the main parameters affecting the CO2 flux-
es. 
 

4.1.1 Carbon dioxide flux measurements 
In Paper III the EC method was used to measure the CO2 fluxes from Lake 
Tämnaren. The CO2 fluxes measured from September 2010 to September 
2012 had a mean value of 0.18 µmol m-2 s-1, which is in the same range as 
previous lake studies [e.g. Eugster et al., 2003; Huotari et al., 2011]. A diel 
cycle in the fluxes was observed with higher CO2 fluxes during nighttime 
compared to daytime. This diel cycle could not be explained by changes in 
the CO2 gradient between the water and the air or the wind speed.  

To investigate the cause of the diel cycle, the transfer velocity, kmeas, was 
calculated from Equation (1), where Fco2 was measured with the EC method 
and ∆pco2 was calculated from air measurements of the partial pressure of 
CO2 and continuous (30 min interval) measurements of partial pressure of 
CO2 in the water.  

Setting kmeas as a function of wind speed (Figure 4a) revealed that kmeas 
had, especially for low wind speeds (lower than ≈6 m s-1), substantially 
higher values compared to the commonly used k parameterization by Cole 
and Caraco [1998] (Equation 2).  

During night when the water surface is normally cooling waterside con-
vection will be generated. Previous studies have shown that waterside con-
vection can enhance the gas flux [e.g. MacIntyre et al., 2001; Rutgersson 
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and Smedman, 2010]. The results in Paper III showed that a vast amount of 
the large kmeas were measured during conditions with relatively large values 
of the waterside convective velocity, w*w (Figure 4b). Waterside convective 
velocity is a measure of the strength of waterside convection defined as: 
w*w=(Bh)1/3, where h is the mixed layer depth and B is the waterside buoyan-
cy flux. Waterside buoyancy flux is defined as:  
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where g is the acceleration of gravity, a is the thermal expansion coefficient, 
Qeff is the effective surface heat flux defined as the sum of the total heat flux, 
longwave radiation and shortwave radiation, cpw is the specific heat of water, 
and ρw is the density of the water [Imberger, 1985; Jeffery et al., 2007]. 

 
Figure 4. Transfer velocities for different wind speeds a) the colors represents w*w. 
b) the yellow and blue squares represent the bin averaged values of kmeas in u=0.5 m 
s-1 intervals for conditions with w*w>4 · 10-3 m s-1 and w*w<4 · 10-3 m s-1, respective-
ly. 

To further investigate if waterside convection affects kmeas, the wind speed 
dependent parameterization by Cole and Caraco [1998] (Equation 2) was 
subtracted from kmeas (kmeas-ku,cc). This difference, kmeas-ku,cc, is an estimation 
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of how much all other processes, except wind speed, affect the transfer ve-
locity. Setting kmeas-ku,cc as a function of w*w showed that kmeas-ku,cc increased 
for larger w*w (Figure 5).  

 
Figure 5. Measured transfer velocities subtracted by the wind speed dependent Cole 
and Caraco [1998] parameterization as function of w*w. The red squares represent 
bin averaged values (bin size w*w = 0.5 m s-1) and the error bars represent the 25th 
and 75th percentiles for each bin. Reprint from Paper III.  

In Paper III it was concluded that the high nighttime CO2 fluxes to a large 
extent could be explained by the enhanced transfer velocity caused by water-
side convection. It was also shown that a parameterization of k, where water-
side convection is added to a solely wind based parameterization fitted better 
to measurements compared to a solely wind based parameterization.  
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4.2 Methane 
CH4 is produced in lake sediments by methanogenic bacteria and will be 
transported to the atmosphere with four pathways; diffusion, storage 
transport, ebullition, and transport through plants.  

The diffusive flux at the water-air interface is controlled by the gas con-
centration difference between the water and the air and physical processes 
affecting the transfer velocity.  

Storage transport is a special case of diffusive flux. During cases with an 
anoxic hypolimnion, CH4 can be stored in this bottom water. When the lake 
mixes, CH4 rich water is transported from the bottom to the surface which 
causes a large water-air gradient and consequently a large diffusive flux. 
Still, when CH4 comes into contact with oxic waters it is quickly oxidized 
and thus diffusive pathways of CH4 are normally small.  

When high amount of CH4 is produced in the sediment, air-bubbles with 
high concentration of CH4 can be formed. Theses bubbles, if triggered by an 
external mechanism, will get released from the sediment and go directly to 
the atmosphere without getting into contact with the oxic water column. This 
process is called ebullition and can be triggered by air pressure drop, chang-
es in the water column height [Mattson and Likens, 1990], and bottom shear 
stress [Joyce and Jewell, 2003].  

Flux through plants is also a transport which will result in large CH4 flux-
es, because CH4 does not come into contact with the water column. Plants 
transport CH4 through their stems with different mechanism depending on 
the plant species. Parameters that drive the plant flux are therefore different 
for different plant species e.g. air temperature, humidity [Yavitt and Knapp, 
1998] and solar radiation which affects the amount of biomass [Kankaala et 
al., 2004].  

Consequently, the shallow vegetated littoral zone of a lake, where ebulli-
tion and flux through plants is high, will have large CH4 fluxes. According to 
Juutinen et al. [2003] this zone can account for 66_77% of the total amount 
of CH4 released from a lake, but there can be large variations between differ-
ent lakes. 

4.2.1 Methane flux measurements 
In Paper I, CH4 fluxes from Lake Tämnaren were measured with the EC 
method during a period of two years, September 2010 to September 2012. 
The mean and median fluxes during this period were 30.5 and 7 nmol m-2 s-1, 
respectively. The size of the median flux is comparable to measurements 
from previous lake studies [Bastviken, 2009; Bastviken et al., 2011], while 
the highest fluxes (≈300 nmol m-2 s-1) which significantly increased the mean 
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flux, are more comparable to fluxes measured from peatlands and wetlands 
[Roulet et al., 1992; Baldocchi et al., 2012]. 

Analyzes of the daily changes of the CH4 fluxes from Lake Tämnaren re-
vealed that CH4 fluxes were substantially higher during nighttime compare to 
during daytime. This pattern was representative for a large part of the dataset 
(Figure 6).  

 
Figure 6. CH4 fluxes for the whole data set used in Paper I displayed at the time of 
day. The central line is the median, the edges of the boxes are the 25th (Q1) and 75th 

(Q3) percentiles and the upper respectively lower whiskers represent; Q3+1.5(Q3-
Q1) and Q1-1.5(Q3-Q1). 

The main focus of Paper I was to investigate the cause of this diel cycle of 
the CH4 fluxes. Estimations of B (Equation 7) showed that the high CH4 
fluxes coincided with convective periods (Figure 7a and c).  
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Figure 7. CH4 fluxes left y axis and filled dots and B, right y axis and open circles 
for four periods with continuous time series. B>0 indicates a convective period and 
B<0 indicates a stable period. Reprint from Paper I. 

It was suggested that waterside convection might enhance the transfer veloc-
ity and consequently enhance the diffusive flux (as discussed in Paper III 
for CO2 fluxes). In combination with that, waterside convection may trigger 
ebullition and bringing CH4 rich water from the bottom to the surface. How-
ever, there were occasions when waterside convection was present but no 
increase in CH4 fluxes was measured (Figure 7b and d). Since the diel cycle 
was not observed for all convective occasions, it was discussed that the pres-
ence of waterside convection might not be sufficient for enhancement of 
CH4 fluxes. It is possible that the amount of CH4 produced in the sediment 
might be a limiting process.  

CH4 fluxes measured from Lake Erssjön with the EC method during 2013 
are presented in Paper IV. Since part of the estimated flux footprint at Lake 
Erssjön fell over land areas (Figure 3) additional measurements of CH4 flux-
es were made in the surrounding forest. These results showed that the soils 
in the forest acted as a sink of CH4 rather than as a source (as the lake does). 
It was concluded that, even if the footprint area covered a small part of the 
surrounding land, the positive CH4 fluxes measured in Paper IV originated 
from the lake. 

The mean flux from Lake Erssjön was 20.1 nmol m-2 s-1 and the median 
flux was 16 nmol m-2. This median flux value is substantially higher com-
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pared to the median flux presented in Paper I and to previous studies 
[Bastviken, 2009]. As a large part of the fluxes measured at Lake Erssjön 
originated from the littoral zone (Figure 3), this could be one reason why the 
median flux at Lake Erssjön is higher than median flux in Paper I, where the 
measurements were made in the center of the lake. 

CH4 fluxes might be highly variable in time with sporadic ebullition 
events and with increased fluxes during night (as seen in Paper I). Since, 
Lake Erssjön is a small lake, the total EC flux measured might be biased, 
both because of lack of nighttime measurements (omitted because erroneous 
wind directions or too low wind speed) and because the EC footprint only 
covered one part of the lake (Figure 3). Still, in Paper IV it is shown that 
interesting flux patterns and their possible regulations can be found using the 
EC method in small lakes. 

 For example, it was found that on April 23 the daily mean value of the 
CH4 fluxes was substantially larger than the rest of the days in April (Figure 
8a). Analyzing wind speed data and water temperatures at different depths, 
from five days prior to the high flux peak, showed an interesting pattern.  

 
Figure 8. Time series of the period: 18 of April to 25 of April a) Half-hourly mean 
values of CH4 fluxes in grey and daily mean values CH4 fluxes in black, b) 
wind speed, u, and c) water temperature, Tw, from different levels, denoted by the 
colors in the legend.. Reprint from Paper IV. 

Wind speeds decreased from being ≈7 ms-1 on April 18 to being only ≈4 ms-1 
between the 20 to 22 of April (Figure 8b). During the days when the wind 

0

20

40

60

80

F
C

H
4E

C (
nm

ol
 m

-2
 s

-1
)

a)

0

2

4

6

8

u 
(m

 s
-1

)

b)

18 Apr 19 Apr 20 Apr 21 Apr 22 Apr 23 Apr 24 Apr 25 Apr
6

7

8

9

T w
 (

C
o )

 

 
c)

1 m

2 m

2.5 m

3 m

3.5 m



 29

speed was low the lake water became thermally stratified with a temperature 
gradient of 2.5oC between the bottom and the surface water (Figure 8c). The-
se days when the water was stratified the CH4 fluxes were small (Figure 8a).  
On the 23 of April the wind speed started to increase and the lake mixed all 
the way to the bottom. This mixing of the lake coincided with the high peak 
in the CH4 fluxes (Figure 8). During mixing, CH4 rich waters from the bot-
tom will rapidly be transported through the water column and consequently 
result in high fluxes. 

The main conclusion in Paper IV was that using the EC method in small 
lakes can have advantages, because it can reveal interesting flux patterns and 
their possible regulations. Still, there are some aspects of using this method 
in small lakes that need to be considered. It was also suggested that in order 
to get representative total CH4 flux estimations from lakes, the fluxes need to 
be measured as continuously as possible and cover as much of the lake sur-
face as possible independent of which method is used. 
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5. Method comparison 

In the lake community it is common to use the FC method to measure gas 
fluxes. The EC technique, which has often been used for land and ocean 
studies, has in the past not been used that frequently over lakes. Today EC 
measurements are starting to be used for lakes as well and so it is important 
to compare these two methods to see if the fluxes measured with the differ-
ent approaches are comparable. 

In Paper II a comparison between the FC and EC methods was made for 
both CO2 and CH4 fluxes. The direct comparison of CH4 fluxes between the 
two methods shows that the methods give fluxes in the same magnitude 
(Figure 9a). Still, comparing cumulative CH4 fluxes over longer periods 
showed that the discontinuous FC method has a higher chance of missing 
high flux events that are captured with the continuous EC method. 
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Figure 9. Mean flux values of CH4 fluxes and CO2 fluxes of 4_6 FCs deployed in the 
flux footprint compared to mean values of a) CH4 fluxes measured with the EC 
method and b) CO2 fluxes measured with the EC method during the same time. The 
bars represent the maximum and minimum FC measurement during one deploy-
ment. The colors in the figure show the mean wind speed during the FC deployment 
period. The black line shows a 1:1 relation. The total number of direct comparisons 
for CH4 fluxes were 51 and for CO2 fluxes 28. 

The direct CO2 flux comparison showed good agreement between the two 
methods for one study period, while the agreement was poor for the other 
period (Figure 9b). The reason for this discrepancy was further investigated 
by estimating the CO2 fluxes with the bulk flux estimations (Equation 1) 
using measurements of ΔpCO2 and k estimated according to Equation (2). The 
results showed that during nighttime when the discrepancy between the 
methods was largest, the bulk flux estimation (blue line in Figure 10) was 
more comparable to the FC measurements than to the EC measurements. In 
both Papers I and III it was shown that waterside convection can enhance 
the gas flux, which has also been stressed by other studies [MacIntyre et al., 
2001; Eugster et al., 2003; Rutgersson and Smedman, 2010]. As a conse-
quence, the fluxes were further estimated with a transfer velocity that had 
one part depending on wind speed, ku,cc, and one depending on waterside 
convection, derived in Rutgersson and Smedman [2010]. The new estimation 
of the gas fluxes (magenta line Figure 10), where waterside convection was 
added to ku,cc, agreed better with the EC measurement compared to the FC 
measurements during nighttime.  
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Figure 10. Time series of CO2 fluxes measured with the EC method, (black dots), 
CO2 fluxes measured with the FC method, (red dots),  CO2 fluxes calculated using 
ΔpCO2 and ku,cc (solid blue line) and CO2 fluxes calculated using ΔpCO2 and k 
dependent on both wind speed, ku,cc, and waterside convection, i.e. Rutgersson and 
Smedman (2010) parameterization (magenta line).  

These results suggest that the FC method does not properly account for the 
effect of waterside convection on the gas flux. However, previous FC studies 
have shown that FCs can capture enhanced gas flux due to waterside convec-
tion [Crill et al., 1988]. It is not clear why this is not the case in this study. 

If fluxes are horizontally heterogeneous in the EC footprint area, it is like-
ly that the fluxes measured with the two methods will disagree. It was dis-
cussed in Paper II that the disagreement between the two methods might 
instead be due to the horizontal heterogeneity in partial pressure of CO2 in 
the lake. 

Overall, it was show in Paper II that the FC and EC methods yield fluxes 
in the same order of magnitude. Nevertheless, there are important differ-
ences between the two methods that need to be considered. In both Paper II 
and IV it was seen that the discontinuous FC measurements will likely miss 
episodic flux events which can be very important when estimating total 
emissions from lakes. When studying fluxes in small lakes or the spatially 
variability of the fluxes in a lake, the FC method might be a better method to 
use compared to the EC method. Thus, the EC and the FC method should not 
be seen as two fully comparable methods but as supplementary to each other. 
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6. Summary and conclusions 

CO2 and CH4 are two highly potent greenhouse gases. To be able to model 
future climate it is important to have good knowledge of the atmospheric 
sources and sinks of these gases. Lakes and other freshwater systems have 
during recent years shown to be important sources of atmospheric CO2 and 
CH4. To understand what processes that govern the lake gas flux, long-term 
continuous studies of these gases from lakes are need. Unfortunately, these 
kind of studies are still sparse. 

The primary purpose of this thesis was to measure CO2 and CH4 fluxes 
from lakes with the EC method and to get more knowledge on the processes 
that govern the fluxes. The secondary purpose of this thesis was to compare 
the EC method to the FC method. The FC method has in the past been the 
primary method to measure gas fluxes from lakes. The two methods give 
fluxes that represent the flux from very different areas and hence they have a 
large difference in spatial coverage. Also the FC method is discontinuous, 
while the EC method measures continuously. 

In Paper III the CO2 fluxes were measured from Lake Tämnaren and the 
mean flux from two years of measurements compared well to previous stud-
ies. A diel cycle in the CO2 flux was captured with higher fluxes during 
night compared to day. This diel cycle could not be explained with changes 
in the gradient of CO2, between the water and the atmosphere, or the wind 
speed. The main conclusion in Paper III was that the high nighttime CO2 
fluxes could to a large extent be explained with enhanced transfer velocity 
due to waterside convection. It was also shown that a parameterization of k 
where waterside convection was added to a solely wind based parameteriza-
tion fitted better to measurements compared to a solely wind based parame-
terization.  

In Papers I and IV lake CH4 fluxes were measured from Lake Tämnaren 
and Lake Erssjön. The main focus of Paper I was to investigate the cause of 
the found diel cycle in CH4 flux, with substantially higher fluxes during 
nighttime compared to daytime. The results showed that waterside convec-
tion is the most likely process that could enhance the CH4 flux during night. 
However, it was concluded that convection is a necessary, but not sufficient, 
parameter causing the high nighttime CH4 fluxes. 

This large variability in the fluxes measured during night and day and al-
so between weeks and seasons found in Papers I and III, emphasizes the 
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importance of making long-term continuous measurements when estimating 
total CH4 and CO2 fluxes from lakes. 

In Paper IV it was highlighted that using the EC method in small lakes 
may give total CH4 flux estimations that could be biased, due to discontinui-
ty in the measurements (small and wind sheltered lakes) and because meas-
urements might only represent fluxes from one area of the lake (see Figure 
3). However, the results also show that the EC method will reveal interesting 
patterns and possible processes controlling the fluxes. In Paper IV it was 
concluded that the EC method may have potential in small lake systems even 
if there are some aspects that need to be further investigated. It was also 
stressed that to get representative total CH4 flux estimations from lakes CH4 
fluxes need to be measured as continuously as possible and cover as much of 
the lake surface as possible, independent of which measuring method is 
used. 

In Paper II, flux measurements, with the FC and EC method, of both CO2 
and CH4 fluxes were compared. The results showed that both methods yield 
fluxes in the same order of magnitude. Still, there are important differences 
between the two methods that need to be considered. Since the two methods 
measure the fluxes from different areas, the EC method is more advanta-
geous for measuring mean fluxes from a large area compared to the FC 
method which represents the fluxes from a small area and is more suitable 
for e.g. studies of spatial differences in the fluxes.   

In this thesis it is concluded that the two gas flux methods are not directly 
comparable and should be seen as supplementary to each other. Finally, the 
main conclusion is that waterside convection will enhance the fluxes of both 
CO2 and CH4 over the water-air surface. If gas flux measurements are not 
conducted during nighttime, potential high gas flux periods might be missed 
and estimations of the total amount of gas released from lakes to the atmos-
phere will be biased.  
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8. Sammanfattning på svenska  

Flöden av metan och koldioxid från sjöar 
Koncentrationen av växthusgaserna metan, CH4, och koldioxid, CO2, i atmo-
sfären har ökat kraftigt sedan den förindustriella eran. Koncentrationen av 
CO2 har ökat från 320 ppm till dagens 400 ppm och koncentrationen av CH4 
har ökat från 1.6 ppm till 1.8 ppm. Denna ökning av växthusgaserna har lett 
till att jordens klimat har förändrats. Det är idag fastställt att ökning av växt-
husgaserna beror på människan, speciellt, på grund av den kraftiga förbrän-
ningen av fossila bränslen.  

I den globala kolcykeln beskrivs CO2s och CH4s naturliga och antropoge-
na, källor och sänkor. Det är viktigt att känna till den globala kolcykeln för 
att förutse hur vårt framtida klimat kommer att se ut.  

I den globala kolcykeln har vattendrag och sjöar tidigare beskrivits som 
en tratt som endast transportera kol från landytorna till havet. På senare tid 
har dock flera studier visat att detta inte stämmer [Cole et al., 2007; Tranvik 
et al., 2009; Bastviken et al., 2011]. Kolet som når sjön kan t.ex. sedimente-
ras, omvandlas eller emitteras till atmosfären som CO2 och CH4.  

Gasflödet över en vatten-luft yta (diffusiva gasflödet) styrs främst av 
skillnaden i gaskoncentrationen i vattnet och i luften, och av utbyteshastighe-
ten. Utbyteshastigheten är ett mått på hur effektivt gasutbytet över vatten-luft 
ytan är. Om man ska estimera gasflödet behöver man mäta gaskoncentratio-
nen i vattnet och i luften och utbyteshastigheten måste beskrivas och param-
eteriseras med hjälp av kända parametrar. Vanligtvis parameteriseras utby-
teshastigheten med endast vindhastigheten. 

 För att förstå vilka processer som styr gasflödet från en sjö är det viktigt 
att studera gasflödet så kontinuerligt som möjligt, både under dagen och 
natten, och även över längre perioder. Idag finns det endast ett fåtal kontinu-
erliga långtidsstudier där flödena av CO2 och CH4 har mätts från sjöar. Detta 
framhäver vikten av att göra fler sådana studier. 

Det huvudsakliga syftet i denna avhandling har varit att mäta flöden av 
CO2 och CH4 från sjöar med hjälp av eddy kovarians (EC) metoden och stu-
dera vilka processer som styr gasflödet. Det sekundära syftet med avhand-
lingen har varit att jämföra gasflöden uppmätta med två olika mätmetoder; 
EC metoden och flytande kammare (FC) metoden. FC metoden har traditio-
nellt varit den vanligaste metoden för att mäta gasflöden från sjöar. Dock så 
är flödena uppmätta med FC metoden diskontinuerlig och representerar gas-
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flödet från ett relativt litet område jämfört med EC metoden där flödena är 
kontinuerliga och representera flödet från en relativt stor yta. 

Resultaten i denna avhandling visar att både CO2 och CH4 flöden, upp-
mätta med EC metoden, ökar i magnitud under natten. Slutsatsen dras att 
konvektionen i vattnet är den mest sannolika process som ger denna flödes 
ökning under natten.  

Det föreslås att konvektionen i vattnet ökar CH4 flödet genom att påverka 
olika processer; 1) öka det diffusiva flödet av CH4 över vatten-luft ytan ge-
nom att öka utbyteshastigheten 2) transportera vatten innehållanden hög halt 
CH4 från botten till ytan 3) frigöra bubblor med hög CH4 koncentration som 
bildats i sedimentet.  

Eftersom samtida mätningar av både CO2 flöden och av CO2 koncentra-
tionen i vattnet och i luften gjordes, så kunde utbyteshastigheten estimeras. 
Utbyteshastigheten estimerad från mätningarna jämfördes med den vanligast 
förekommande parameteriseringen av utbyteshastigheten (vilken enbart tar 
hänsyn till vindhastigheten). Resultaten visade att utbyteshastigheten estime-
rad från mätningarna är mycket högre än den vanligast förekommanden pa-
rameteriseringen av utbyteshastigheten. Det visades även att konvektionen i 
vattnet var den troligaste orsaken till de höga utbyteshastigheterna estimera-
de från mätningar. CO2 flöden som estimeras med en utbyteshastighet som 
endast beror på vindhastigheten kommer alltså att underskattas vid tillfällen 
då det är konvektion i vattnet. Resultaten visar även att om parameterise-
ringen av utbyteshastigheten består av två delar, en del som beror på vind-
hastigheten och en som tar hänsyn till konvektionen i vattnet, så kommer 
parameteriseringen vara mer jämförbara med mätningarna än om en param-
eterisering används som endas beror på vindhastigheten.  

EC mätningar gjorda vid en liten sjö, visar att metoden kan ha potential 
att användas i små sjösystem även om vissa begränsningar finns och måste 
studeras mer. 

Resultaten av den direkta jämförelsen av gasflöden uppmätta med EC och 
FC metoden, visar att flöden uppmätta med de två metoderna har samma 
storleksordning. Eftersom gasflöden från sjöar kan ha stor variation i tid 
(högre under natten, vilket diskuteras ovan) så riskerar, FC metoden som ger 
diskontinuerliga mätningar, att missa tillfällen med höga flöden. Även resul-
taten av metod jämförelsen påvisar detta. Slutsatsen dras att de två metoder-
na inte skall ses som direkt jämförbara utan som komplement till varandra. 
EC metoden, som mäter flöden som representera ett stort område är mer 
fördelaktig till att mäta medelflöden från stora områden. Medan FC meto-
den, som representerar flödet från ett litet område, är mer lämplig för t.ex. 
studier av rumsliga skillnader i flödet.  

Den huvudsakliga slutsatsen av denna avhandling är att konvektionen i 
vattnet under natten kommer att öka gasflödet av både CH4 och CO2. Om 
mätningar av gasflödet inte görs kontinuerligt d.v.s. även på natten, så kan 
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höga gasflöden missas och globala estimeringar av CO2 och CH4 flöden kan 
således underskattas. 
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