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1 Introduction

1.1 Greenhouse gases and northern rivers

Inland waters are a substantial net source of greenhouse gases to the atmosphere. Freshwaters are usually

supersaturated with carbon dioxide (CO2) with respect to water in equilibrium with the atmosphere, support-

ing an upward gas flux. They also release methane (CH4) and nitrous oxide (N2O) to the atmosphere. Global

annual freshwater emissions are estimated to be 2.9 Petagrams (Pg) CO2 [Raymond et al., 2013, Sawakuchi

et al., 2017, Marx et al., 2017], 103 Tg CH4 (0.65 Pg CO2-equivalent over 100 years) [Bastviken et al.,

2011]. Even though rivers and streams are small in surface area, they act as focal points for carbon exchange

between the water and the atmosphere [Raymond et al., 2013]. Most of the CO2 emissions, 2.58 Pg annually,

are estimated to originate from streams and rivers. In comparison, fluvial CH4 emissions were estimated to

be 26.8 Tg CH4 [Stanley et al., 2016]. The global budget of N2O and the aquatic component of it is highly

uncertain [Ivens et al., 2011, Ciais et al., 2014], but rivers can be an important source of the gas due to

denitrification of anthropogenic nitrogen in aquatic systems [Beaulieu et al., 2011].

Accurate estimates of the carbon balance of inland waters and their processes are needed for understand-

ing the global carbon cycle. CO2 emissions from rivers represent a large uncertainty in global freshwater

carbon budgets as rivers in the tropics and northern high latitudes, in addition to small-order streams, are

not well covered [Ward et al., 2017, Marx et al., 2017]. For instance, in the global estimates by [Raymond

et al., 2013], the Arctic was represented by extrapolating lower latitude data. Estimates of global CO2 fluxes

have been recently improved and increased, but the fluxes could still be adjusted several-fold [Ward et al.,

2017]. It is known that emissions from rivers are heavily concentrated: the Amazon river system alone is

estimated to account for 54% of global fluvial CO2 emissions [Sawakuchi et al., 2017].

Humans have greatly altered the global freshwater ecosystems. For rivers, damming and water control,

large surrounding land-use changes in forest, wetland, agricultural and urban areas, pollution from multiple

sources, introduction or harvesting of species and climate change together have implications for the carbon

balance of these systems. For example, reservoirs can trap organic carbon in sediments, while acting as CH4

production hotspots [Ward et al., 2017]. The role of CH4 emissions from boreal rivers has been previously

underestimated and received less attention, but it is now better recognized and it is expected that this role

will be amplified in the future [Campeau and del Giorgio, 2014]. High latitude environments experience

polar amplification of climate change further affecting their ecosystems. Warmer temperatures are expected

to decrease the rate of carbon storage and increase emissions of CH4 and CO2 from freshwaters [Carpenter

et al., 2011]. Understanding the emissions also aids in understanding human impact on them. In the

boreal region, forests, peatbogs, soils and lakes, connected by rivers, are sensitive to climate change. The

region contains large amounts of soil organic carbon and numerous rivers to transport it. Estimating spatial

variability of riverine fluxes in the boreal region and improving our understanding of the processes driving it

is therefore important [Hutchins et al., 2019].

Aquatic fluxes of biogenic gases can be measured or estimated in a number of ways, but it is complex

regardless of the way it is done and the measurements contain uncertainties; in addition the fluxes can be

highly variable [Mannich et al., 2017]. Gas fluxes from aquatic environments are typically measured using
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1) the floating chamber (FC) method; 2) the (water surface) boundary layer method; 3) the eddy covariance

(EC); and 4) the method of injection of inert tracer gas [Erkkilä et al., 2018, Cole et al., 2010, Mannich et al.,

2017, Lambert and Fréchette, 2005].

Floating chambers are chambers with an open bottom on the water surface, and inside these chambers

the concentration of chosen gases is measured over a period of time. From the time-series of concentration

measurements it is possible to estimate the gas flux between the atmosphere and the water surface. Multiple

chambers can be used to obtain point measurements and increase spatial coverage, particularly where other

measurements are not plausible, and they are relatively cheap and simple. The FC method is limited due

to shorter deployment times, if automatic chambers are not used, so that the temporal coverage can be

lacking. Another limitation is that gas fluxes are spatially heterogeneous, and single chamber measurements

cannot capture this variation. At the same time this allows multiple chambers to be used to measure spatial

variability in connection with e.g. the EC method [Mannich et al., 2017][Matthews et al., 2003]. Floating

chamber measurements in aquatic environments have a long history of more than 50 years (e.g. [Sugiura

et al., 1963], [Copeland and Duffer, 1964]), and they are still common due to their low cost and ease of

deployment and analysis. Their simplicity has also received critique, some of which is discussed in [Kremer

et al., 2003].

Another method is the EC method, where fluctuations in high-frequency measurements of vertical velocity

of air are combined with fluctuation measurements of gas concentration. The EC method measures a larger

area, with a footprint mostly upwind of the measurement location. The measurements are continuous, but

the analysis is complex and deployment is not cheap.

In headwater streams, the most robust method is considered to be the inert gas method, where gas

transfer is estimated by adding an inert tracer gas into the water whose concentration is measured, and the

known relationship between the injected gas and another gas is combined to estimate the flux. The method

does not allow for continuous measurement or measurement at smaller spatial scales, however [Marx et al.,

2017].

The fluxes can also be estimated by modelling, such as with the the boundary layer method (BLM). It es-

timates the fluxes based on some model that relates gas transfer to other variables, such as gas concentration

data, wind speed and temperature.

The data for this thesis were collected during the international KITEX campaign in summer 2018 using

the FC method on river Kitinen in Sodankylä in northern Finland. The aim of this thesis is to analyze these

measurements to gain an understanding of the emissions of the river, determine spatiotemporal variability of

the fluxes and compare the measurements to EC measurement data collected during the same campaign.

1.2 Transfer of gases at the air-water interface

Gases can be released to the atmosphere by turbulent and molecular diffusion at the water surface. For CH4,

also plant-mediated fluxes and bubbling are major forms of transport, as discussed in section 1.2.2.
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1.2.1 Transfer by molecular and turbulent diffusion

Gas transfer across the air-water interface is controlled by molecular and turbulent diffusion. An idealized

steady state gas-exchange process between the air and water boundary layers is depicted in Figure 1. Tur-

bulent diffusion occurs in the turbulent region shown in the figure, and this form of transport dominates the

movement of gases in water and air generally. Gas movement is inhibited by the water surface which then

acts as the limiting factor to gas transfer. More specifically it is molecular diffusion that controls the rate of

gas exchange, because it allows for much slower gas transfer than turbulent movement.

Figure 1: Idealized steady-state air-water interface. Circular arrows in the air and water phases depict the
turbulent boundary regions whose gas concentrations are Cair for air and Cw for water. In between these
are the thin, diffusive boundary layers in air and water where the concentrations approach each other. The
thickness of the atmospheric layer is typically δair < 0.1mm. The aquatic layer is thinner, δwater < 50µm.
There is a discontinuity in concentration at the interface, which depends on the solubility of the gas. From:
[Mannich et al., 2017]

Due to surface viscosity, a thin, laminar and diffusive sub-layer is formed in air and water, shown in the

figure on both sides of the surface. On the water side of the interface this diffusive sub-layer is 10-50µm

thick, and this aqueous layer controls the transport process for slightly soluble gases such as CH4 and CO2.

This is because the diffusion coefficients for the gases are several orders of magnitude smaller in water than

in air. For these gases, it can be assumed that the atmospheric boundary layer is insignificant in the limiting

gas transfer. There is a concentration discontinuity at the surface, and this is depicted in Figure 1 [MacIntyre

et al., 1995][Mannich et al., 2017][Upstill-Goddard, 2006]. While the rate of transfer is controlled by

molecular diffusivity in the sub-layer, the rate of transfer is also affected by the thickness of the layer which

can be altered by near-surface turbulence. Increased turbulence reduces the thickness of the boundary layer

and increases the gas fluxes [Zappa et al., 2007].

Diffusive gas transfer across the surface can be modeled by Fick’s law in one dimension:

F = k(CW − CE ) (1)
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where F is the gas flux, k is the gas transfer velocity, Cw is the gas concentration in the turbulent region of

water and CE is the gas concentration in water at equilibrium with the air [Mannich et al., 2017]. Fick’s law is

written using k to account for the bulk gas exchange, because the concentration gradient in the thin diffusive

layer cannot be directly determined [Bade, 2009]. The interface is considered to be in a local equilibrium

state. The equilibrium concentration CE can be calculated based on Henry’s law, if the concentration in

air is known. According to Henry’s law, the quantity of gas dissolved in water is linearly related to the

concentration of said gas outside the aqueous phase [Stumm and Morgan, 2012, chapter 5]:

CE = HCa (2)

where H is the dimensionless Henry solubility constant and Ca is the concentration of the gas in air. The

constant gives the linear relation between the concentration (or more generally, activity) of the gas in the

aqueous phase and in the gaseous phase in equilibrium. Using the ideal gas law, the mass concentration in

air Ca can be related to the measured mixing ratio q: [Livingston and Hutchinson, 1995]:

Ca = q
MgasPa

RTa
(3)

where q is the mixing ratio, Mgas is the molecular weight of the gas and Pa is atmospheric pressure, R is the

universal gas constant, and Ta is air temperature.

The measurement of mass concentration in water, Cw, can also be conducted utilizing Henry’s law if the

device contains a gas phase at equilibrium with the surrounding water, so that the partial pressure of the gas

is measured in the gas phase. The dimensional Henry solubility constant KH relates the equilibrium aqueous

concentration to partial pressure in the gas phase, and it is also related to the dimensionless Henry constant

as follows:

KH =
Cw

pa
=

H
RTw

(4)

where pa is the partial pressure of the gas in air (at equilibrium with water), and Tw is the water temperature.

[Stumm and Morgan, 2012, chapter 5].

Gas transfer velocity k is dependent on turbulence near the interface, the kinematic viscosity of water and

the diffusion coefficient of the gas. Therefore the calculated k is gas-dependent, and k is usually expressed

as being dependent on the Schmidt number Sc: the ratio of water’s kinematic viscosity and the diffusion

coefficient. According to [Wanninkhof, 1992], assuming that

k ∝ Sc−
1
2 (5)

is reasonable in intermediate wind speeds and suitable for most applications. For smooth surfaces, −2
3 is used.

The Schmidt number is dependent on water temperature, and can be calculated as [Wanninkhof, 1992]:

Sc = 1911.1 − 118.11Tw + 3.4527T2
w − 0.04132T3

w (6)

for CO2 in freshwater. Knowing the Schmidt number, it is useful to normalize k for a specific Schmidt number,

typically Sc = 600 (e.g. [Beaulieu et al., 2012], [Alin et al., 2011]):
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k600 = k(
600
Sc
)−

1
2 (7)

where 600 is the Schmidt number for CO2 in freshwater at T = 20◦C.

CO2 gas transfer velocity is mainly controlled by turbulence and water temperatures [Marx et al., 2017].

Because the atmospheric boundary layer has a much faster renewal rate than the aquatic one, changes to

wind conditions on the surface are not thought to directly influence transfer velocity across the interface, but

areas with a large fetch allow the wind to affect the interface and increase fluxes [Duchemin et al., 1999].

Wind waves have been found to increase fluxes through microscale turbulence [Gålfalk et al., 2013]. Gas

transfer velocity is known to be related to river discharge and wind speeds due to their effect on surface

turbulence. A chamber study of a large river found wind speed and water current velocity to be positively

related to gas transfer velocity [Beaulieu et al., 2012]. The relative importance of water current velocity

versus wind speeds tends to increase when moving from the open ocean towards rivers and smaller streams,

so that in rivers and streams, water current velocity is stronger in influencing the transfer velocities [Alin

et al., 2011].

1.2.2 Ebullition and plant-mediated transfer of methane

CH4 can be released by bubbling and through plants in addition to diffusive transfer, and these can be the

most important forms of CH4 exchange as they allow the gas to avoid oxidation. When aquatic plants allow

CH4 to travel through them, their aerenchyma act as channels to the atmosphere. Bubbling often occurs after

organic carbon is remineralized in anoxic conditions in sediments. CH4 bubbles are created that transfer

the gas from sediments to the atmosphere and thus avoid the oxygenated top layer of the sediment and

the methanotrophs of the water column. Consequently bubbling can be the most important path for CH4

emission from wetlands and reservoirs. If plants are present however, they are commonly the dominant

mechanism for CH4 emissions because they allow direct transfer to the atmosphere [Chanton and Whiting,

1995].

In contrast to wetlands, rivers are well aerated. According to [Stanley et al., 2016], diffusive fluxes of

CH4 are likely more important in rivers and streams based on analysis of available data, but most studies

did not report ebullitive fluxes. Fluxes due to bubbling are excluded in global estimates due to lack of data,

but it is known that ebullition can be an important component of CH4 flux in flowing water: for instance,

[Baulch et al., 2011] estimated ebullition to make up for 20%-67% of the CH4 emissions from small streams.

[Campeau and del Giorgio, 2014] estimated nondiffusive fluxes to be dominant in boreal river systems. It is

also possible for CH4 exchange to be enhanced by microbubbles. According to [Prairie and del Giorgio, 2013],

in the boreal systems they studied, half of the measured fluxes were due to microbubbling that enhanced the

flux. Subsequently the gas transfer velocity estimates are larger than the share of the purely diffusive process.

[Beaulieu et al., 2012] suggested that their observed difference between gas transfer velocities estimated

from different gases might be enhanced by microbubbling as well.
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1.3 The aquatic carbon cycle

The flow of water allows carbon to move as part of Earth’s biogeochemical cycles. Inland waters, oceans, soils

and vegetation, the atmosphere and the sediments store vast amounts of carbon that moves between these

reservoirs through biological, chemical, physical and geological processes over various timescales. Organic

carbon is transformed over time into different forms by these processes and almost all organic molecules are

bioavailable in the right context. Water allows organic matter (OM) travel over ground and to enter soils

and rivers, the ocean and the sediments. On land and water surface, exchange is happening constantly with

the atmosphere [Ward et al., 2017]. Inland waters receive 2.7 − 2.9 Pg C yr−1 globally from land, chemical

weathering, fixation of carbon from the atmosphere and sewage input [Regnier et al., 2013].

The journey of this carbon begins with photosynthesis, where atmospheric inorganic carbon as CO2 is

taken up and transformed into organic compounds in the terrestrial biosphere and eventually mostly cycled

back to the atmosphere through respiration [Ciais et al., 2014]. Around 1.9 Pg C yr−1 of terrestrial carbon

is estimated to be transported from soils to inland waters globally [Regnier et al., 2013]. Rainwater, which

already has high dissolved organic carbon (DOC) concentrations, collects OM from vegetation throughfall. As

water travels through vegetation, transformation by biological processes creates inorganic carbon and these

are washed together with OM into soils. The surface soils already contain organic substrates from deposited

plant materials, and this mix of dissolved inorganic carbon (DIC), particulate organic carbon (POC) and

DOC has several paths for reaching inland waters. Groundwater and subsurface streams are formed through

infiltration, flowing along the landscape topography and transporting carbon. The speed of carbon movement

varies: in deep groundwater carbon moves very slowly in contrast to surface or near-surface water. If water

cannot infiltrate into the soil, it flows above ground instead and enters streams, rivers and waterbodies [Ward

et al., 2017].

Organic carbon is decomposed in both terrestrial and aquatic ecosystems by microbial processes through-

out the cycle. Local microbial community, the composition of OM and environmental conditions determine

the extent of decomposition. In inland waters OM decomposes particularly quickly due to excellent condi-

tions for microbes. These decomposition processes produce greenhouse gases like CH4 and CO2 and supply

the river ecosystem with nutrients. It is due to decomposition that inland waters become supersaturated with

CH4 and CO2 with respect to atmospheric levels and their degassing supports a carbon flux from surface

waters to the atmosphere. This effect is strongest in the tropics because warm temperatures speed up decom-

position [Ward et al., 2017]. Not all carbon in the water is decomposed however: physical erosion releases

recalcitrant POC resistant to mineralization, and particulate inorganic carbon (PIC) that is not released to the

atmosphere [Galy et al., 2015]. A fraction of the DOC is recalcitrant as well, as compounds in plant material

such as lignin are resistant to biodegradation [Raymond and Spencer, 2015]. Carbon that is not released

eventually reaches oceanic sediments [Regnier et al., 2013].

Approximately 0.5 Pg C yr−1 of DIC is transported to inland waters as mostly bicarbonate by chemical

weathering of carbonate and silicate rocks, and is thought not to escape to the atmosphere in inland waters

[Regnier et al., 2013]. Chemical weathering also releases OM from rocks, later allowing it to enter the

atmosphere and shorter biogeochemical cycles so that the age of organic carbon in rivers can vary in the

range of thousands of years. This ancient OM can be broken down by microbes and most of it is converted to
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gaseous form as CO2. In the Arctic, thawing permafrost will free large amounts of old OM to enter rivers and

streams where it can be broken down and return to the atmosphere as a positive feedback to climate change

[Ward et al., 2017].

Lakes, reservoirs and floodplains often have increased algal and plant production and provide a source of

OM into rivers. A high production increases DOC export, and it is known that the extent of wetlands is often

linked to increased DOC concentrations. This primary production fixes atmospheric CO2 that is transported

downriver where it can later be degassed [Ward et al., 2017]. A portion of this fixed carbon is retained and

buried in inland waters, however [Regnier et al., 2013].

In rivers and streams the concentration of greenhouse gases are determined by the sum of production,

consumption, total import and export of the gases [Ward et al., 2017]. Gases are imported from land,

exported to the ocean and the atmosphere and consumed and produced by microbial processes. Subsequently

there is large spatiotemporal variability in the CO2 content in rivers. In first-order streams up to 90% of CO2

is originated in soil processes. The CO2 concentration in groundwater is several times larger than that of

open flowing waters, so that when water first enters open streams, a high CO2 flux occurs during the first

meters. Further downstream the in situ conversion of OM in the river begins to dominate CO2 levels, and in

large rivers aquatic metabolism can account for up to half of the CO2 fluxes [Hotchkiss et al., 2015].

The variation in the concentration of CO2 in rivers can be large and controls on it are complex. Inputs

of OM and the rate of decomposition by metabolic processes, and photodegradation through altering the

structure of DOC or oxidation, determine pCO2 in rivers, along with transport to the atmosphere and the

amount of primary production. Water temperature affects gas transfer, uptake and decomposition rates, and

so controls much of the CO2 concentrations underwater. Available solar radiation is important for degradation

and primary production. Terrestrial inputs of carbon account for most of the CO2 emissions from small

streams, but for larger rivers aquatic metabolism of OM in the river is controlling the emissions [Hotchkiss

et al., 2015]. Water flow is known to be related to increased degassing rates in rivers. [Campeau and

del Giorgio, 2014] suggested that a major mechanism explaining the lowered gas concentrations in water

with increasing flow could also be the reduction of gas production, with increasing flow reducing conditions

favouring it. With CH4, reaeration is expected to reduce methanogenesis; with CO2, flow can prevent biofilm

and aggregates from settling in the water column and DOC and POC on the riverbed.

CO2 can also be affected by acidity. The gas can go through hydration reactions in water, reacting with

H2O and OH-. The latter reaction is dependent on water pH, and it is enhanced at higher pH values, so

that water pCO2 is buffered to lower values as a result [Bade, 2009]. At over 10 pH the losses can begin to

compete with the diffusive process [Marx et al., 2017]. In turbulent systems chemical enhancement is not as

important for gas transfer [Bade, 2009].

While most carbon that is degassed exits water as CO2, an important component becomes CH4. Lakes

and floodplains are a major source of CH4 to the atmosphere, as methanogenic archaea form the gas in

anoxic conditions in the sediments of lakes and wetlands. 20-59% of particulate OM in these sediments is

estimated to be converted to CH4, although 30-99% of it is oxidized to CO2 in aerobic layers before it reaches

atmosphere [Ward et al., 2017]. In a stratified, humic, boreal lake, 80% of CH4 was consumed underwater

[Kankaala et al., 2006]. CH4 fluxes are spatially heterogeneous in streams, as the gas is not very soluble

and gas exchange in rivers is quick - resulting in a situation where supersaturated CH4 is outgassed over
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a short distance. Therefore high fluxes in a particular location are likely due to either local production or

high inputs of CH4. CH4 fluxes then vary considerably both spatially and temporally [Stanley et al., 2016].

CH4 concentrations depend on water temperatures [Campeau and del Giorgio, 2014], but some studies have

found temperature to be a weak predictor of CH4 [Stanley et al., 2016].

1.3.1 Human influence on the aquatic carbon cycle

Human impact on freshwaters is so large that they are considered some of the most degraded ecosystems. In

addition to altering human livelihoods and water use, anthropogenic influence affects freshwater hydrology

and the carbon cycle, causes the loss and introduction of species, alters the flow of nutrients and introduces

toxic substances into waters [Carpenter et al., 2011]. The movement of water itself has been altered in

numerous ways, so that human structures and practices are critical to the hydrological cycle on land. In many

rivers, the movement of water is heavily controlled as water is dammed into reservoirs and allowed to flow

through hydropower turbines. These practices affect groundwater, river flows, sizes of lakes and wetlands

and the seasonal movements, in what could be called the “hydrosocial cycle” [Krause, 2015]. Consequently

humans have a large part in affecting the movement of OM in a “hydrosocial carbon cycle”.

Humans have altered the movement of carbon on land and into freshwaters, through mining and agricul-

ture and related land clearing, plowing, planting, overgrazing to such an extent that humans move more soil

and rock than other geomorphic processes on Earth [Hooke, 2000]. Population density data, land cover and

other variables show that human disturbance mobilizes old OM from land into rivers [Ward et al., 2017].

Carbon input to rivers from land has increased by up to 1 Pg annually from before industrialization; of this,

0.4 Pg/year of additional carbon is estimated to be released as CO2 to the atmosphere, 0.5 Pg/year being

stored in sediments, and the remaining 0.1 Pg/year reaches the ocean [Regnier et al., 2013]. In streams

the released materials rich in carbon often stimulate methanogenesis [Stanley et al., 2016]. Carbon and

other nutrient cycles are connected and so agricultural land use has lead to increased nutrient loading in

waterbodies as well.

Human impact has the tendency to increase CH4 generation and release in rivers, and warming is expected

to increase production further. Direct anthropogenic impact occurs through damming, agricultural land-use

changes and other effects such as pollutants affecting CH4 cycling (e.g. hydrocarbon pollution is linked to

increased CH4 fluxes [Stanley et al., 2016]). Particularly relevant to Kemijoki is the conversion of dry land

into reservoirs through the damming of rivers. It is known that reservoirs trap sediment from rivers as a

carbon sink, but this leads to increased CH4 emissions from new anoxic layers in the sediments fueled by

increased primary production in the reservoir. Additionally, whereas dry land can be a CH4 sink due to its

aerated soils, when converted to a reservoir, OM decays in the newly flooded soils releasing high amounts

of CH4. In the first ten years of operation, reservoirs have high greenhouse gas emissions due to flooding of

land, which evens out over time. Smaller dams typically end up creating a flow-through wetland along the

river where higher atmospheric CH4 fluxes are probable [Ward et al., 2017][Stanley et al., 2016].

Variation in water level is linked to CH4 release at reservoirs, especially in eutrophic systems [Harrison

et al., 2017]. Changes in pressure can act as a disturbance to allow for bubbles of CH4 to release and

bypass oxidation in the sediments, where large amounts of the gas can be stored. Additionally ebullition is
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more important in shallow water, where bubbles reach the surface without dissolving in the water column

[Harrison et al., 2017].

CH4 from reservoirs is released both at the reservoir and downstream. Dams can prevent CH4 oxidation

and increase CH4 emissions due to the turbines and dam-created turbulence. It is estimated that 18% of

global anthropogenic CH4 emissions come from reservoirs, compared to lakes forming 6-16% of natural

CH4 sources [Ward et al., 2017]. However, 70-90% of reservoir fluxes were estimated to originate in tropical

regions [St. Louis et al., 2000], and similarly tropical lakes have higher fluxes for similar lake areas [Bastviken

et al., 2004].

1.4 The floating chamber technique

The measured internal flux of the chamber can differ from the ambient flux to be measured due to a variety

of reasons. The FC method is intrusive, and it comes with several problems: 1) FCs block wind and weather

effects, 2) chambers can generate artificial turbulence [Lorke et al., 2015] or otherwise disturb the interface,

3) FCs affect the gas concentration inside and thus the concentration gradient [Xiao et al., 2016], and 4)

ambient air could enter the chamber, or they could capture gas bubbles that can be used to study ebullition.

In spite of any issues, the FC method has been shown to be reliable under certain conditions, in winds less

than 8 − 10 ms−1, with a short fetch that limits waves and when no whitecaps are present [Kremer et al.,

2003]. [Gålfalk et al., 2013] found the method consistent with other methods in standing water.

Chambers can be anchored to ensure that the measurement occurs in a certain location. In flowing waters

this can be problematic, as the chamber skirts will resist water movement and cause artificial turbulence

under the chamber [Lorke et al., 2015]. If the chamber creates increased turbulence, the exchange rate

under the chamber is increased. The error due to chamber-induced turbulence is often unknown [Mannich

et al., 2017]. Free-floating chambers that drift with water do not suffer from this issue, but their coverage is

hard to control and they might face obstacles in the stream.

[Vachon et al., 2010] showed that the overestimation ratio of flux chambers depends on the turbulence

regime of the flow, and that the largest overestimation will be caused in calm environments, because artificial

turbulence caused by the FCs will be relatively less important in a turbulent environment. The amount of

artificial turbulence created depends on the chamber design and the environment the chamber is measuring.

[Mannich et al., 2017] suggest a method for correcting for this by estimating the factor of overestimation

depending on the ambient turbulence, but such a factor is not known beforehand and would require calibra-

tion. Proper chamber design and careful analysis is important to ensure reliable estimates and comparison,

however there is no standard chamber design. [Mannich et al., 2017] listed 36 different chamber designs

found in literature, with varying dimensions, deployment times and analysis methods.

1.4.1 Flux calculation

The ambient flux is estimated from gas concentration change inside the chamber due to the gas entering the

chamber headspace. As seen in eq. 1, diffusive gas transfer velocity depends on the concentration difference

between water and air above the surface. Gas concentration above the water surface is altered due to the

chamber, so that the static floating chamber method changes the process of gas transfer across the air-water
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interface. Therefore closed chambers have a non-steady state design. This should be accounted for in the

analysis by modelling.

To obtain the flux from the concentration time series there are multiple flux estimation models, the choice

of which can affect the flux estimate. As the flux from the water surface becomes disturbed by the presence of

the chamber over time, fluxes should be predicted at the moment of deployment. The initial flux represents

the undisturbed flux from the surface. When fluxes are relatively low for the chamber volume, the response

can behave linearly, and this is useful when the measurements have a low time resolution, such as when

samples are drawn from the chamber every several minutes.

The simplest model is the linear model, which assumes a constant rate of change in concentration. The

gas flux into the chamber can be calculated as follows: [MacIntyre et al., 1995]

F =
V
A

dC
dt

(8)

where F is the gas flux into the chamber, V is the volume of the chamber, A is the area covered by the chamber

through which the gas flux enters the chamber, and dC
dt is the rate of change in mass concentration of the gas

inside the chamber. The linear model assumes this slope to be constant so that the flux is unchanged from

the initial flux and the chamber’s presence is assumed to be negligible.

Solving the differential equation for concentration leads to the following:

C(t) = (
A
V
)F0t + C0 (9)

where F0 is the initial flux, and C0 is the ambient initial concentration. The linear model is common, but it

is known to underestimate fluxes [Xiao et al., 2016]. [Silva et al., 2015] found the underestimation to be

in the range of 10-50% for a pond environment. With linear models, a quality-of-fit criterion is often used

to exclude poorly fit flux estimates, commonly R2 < 0.9 ([Matthews et al., 2003][Lambert and Fréchette,

2005]).

It is possible to choose a period from the measurement where the flux is calculated. Adjusting the starting

point can be done for example where the concentration time series has the steepest slope and the largest flux

[Duc et al., 2012].

In cases where this assumption of linearity in the concentration time series does not hold, a non-linear

model is useful in estimating the flux. In non-linear models dC
dt is time-dependent and the flux should be

estimated at the deployment time t = 0. Many non-linear models exist that can be applied. When the flux is

allowed to be reduced (or changed in general) linearly from the initial flux by an amount proportional to the

change in concentration, the exponential model follows [Silva et al., 2015][Xiao et al., 2016]:

dC(t)
dt
= (

A
V
)F0 − λ(C(t) − C0) (10)

where λ is a constant of unit 1
s . It can be seen that if λ = 0, no change from initial flux is present and the

model is the linear model. Solving for concentration shows the exponential form:

C(t) = (
A
V
)
F0

λ
(1 − e−λt ) + C0 (11)
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The exponential model does not assume any particular process (such as the chamber leaking) to cause the

curvature of the concentration-time plot. Non-linear models are most necessary when fluxes are higher and

the concentration behaves less linearly due to the lessening of the concentration gradient under the chamber.

[Xiao et al., 2016] therefore recommend using exponential regression over a water surface. [Silva et al.,

2015] similarly recommend non-linear regression for a pond environment, where the flux is known to be

underestimated by linear models.

A larger chamber volume can reduce the effect of lessening concentration gradient. [Mannich et al., 2017]

studied analytically in more detail the uncertainties related to static floating chambers. They recommend a

chamber design with a high V/A ratio, as this minimizes the change in chamber concentration over time

and thus the change in the concentration gradient over the interface, and so minimizes disturbance due to

the chamber. Earlier [Kremer et al., 2003] suggested the opposite, a low aspect ratio in order to optimize

how easily measureable the concentration changes are. Ideally an optimal chamber would strike a balance

between small changes in concentration to avoid altering the flux and measurement accuracy that is limited

by the size of these changes. A fan can be used inside chambers to ensure the homogeneity of the gas

inside. The difference between measurements with or without a fan in the field are small [Kremer et al.,

2003][Mannich et al., 2017].

The majority of the mathematical analysis by [Mannich et al., 2017] considers a linear modeling of

concentration over time based on two measurements and therefore the temporal aspect of the analysis is not

directly relevant for non-linear models or linear models over limited time periods.
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2 Materials and methods

2.1 River Kitinen and Porttipahta reservoir

Kitinen is a northern boreal river in Finnish Lapland and a major tributary of river Kemijoki (figure 2).

Kemijoki is the longest river in Finland at around 600 kilometres, and it flows across a large area of northern

Finland and has a watershed of 51000 km2. The river system contains a large number of other tributaries

such as Ounas and Luiro. The area includes some of the largest reservoirs inside the European Union: Lokka

and Porttipahta. Water exits them as rivers Luiro and Kitinen respectively. Water flows from the mesotrophic

Porttipahta reservoir into Kitinen southwards and through the town of Sodankylä. Further downstream

Kitinen connects both with the Luiro tributary and the main stem of Kemijoki at Pelkosenniemi. Kemijoki

continues from Pelkosenniemi to Lake Kemi and through the town of Rovaniemi, connects with the large

Ounas tributary and discharges into the Bothnian Bay [Zarubaev, 1973][Krause, 2010, chapter 3]. The rivers

of Kemijoki are characterized by large seasonal and annual variations in discharge due to the lack of lakes, the

long winter and abundant snow. A large portion of the region is covered by wetlands and forests. Upstream

from Sodankylä, over half of the drainage area is forests, and more than a quarter is wetlands [SYKE, 2019].

Due to the region’s wetlands, many of the rivers are humic-rich.

Kitinen has been changing since the last glacial period, which determined much of its form. But Kitinen is

far from a pristine river, and its current iteration was created after the Second World War through harnessing

the river for hydropower, and now its flow is controlled for producing electricity. The largest impact has been

from the construction of Lokka and Porttipahta reservoirs that started in 1967. After they were connected

by the Vuotso channel in 1981, water has been regulated at the Porttipahta dam. Kemijoki Oy alone owns

16 hydropower plants in the Kemijoki watershed, 7 of which are along Kitinen [Kemijoki Oy, 2019]. There

were big changes: a stream with barely any lakes was slowed down and formed into large reservoirs. The

first dam caused migratory fish to disappear from the previously famous salmon river. Hundreds of people

were relocated to make room for Lokka and Porttipahta, some lost their homes. Lokka covered the largest

marshland in Finland, and largest string bog in Europe, the Posoaapa bog. Unfelled then worthless birch

trees were left standing in the rising waters [Mustonen et al., 2010]. Spring floods in Kitinen ended, which

affected hydrological conditions around the region in places such as the now-protected Viiankiaapa mire

[Åberg et al., 2019].

Kemijoki has a rich history of different uses and conflict between these visions. From salmon fishing

and timber floating to hydropower and now nature tourism, different economic activities have defined the

river’s importance [Krause, 2010, chapter 4]. The previous phase in the river’s history is still ongoing, as

another major reservoir, the Vuotos reservoir, has been planned, contested and abandoned several times

after the 1950s. In 2002 a Finnish Supreme Administrative Court ruling officially ended the project [Krause,

2015]. However, in the spring of 2019, a smaller version of the reservoir was again rejected by the Supreme

Administrative Court [KHO, 2019].
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Figure 2: Kemijoki catchment area. Red lines depict the catchment borders. River Kitinen flows through
Sodankylä. Controlled water flow enters Kitinen from the Porttipahta reservoir. The measurement location is
marked as a gray dot on the map.
Base map: © OpenStreetMap contributors
Catchment areas: Finnish Environment Institute WMS map service
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2.2 Measurements and measurement site

Figure 3: Measurement locations on the river and their approximate coordinates. “Sauna” is the location
close to the bank of the river on the side of the observatory and its sauna. “Raft” is a measurement location
in the middle of the river, 10 meters apart from a measurement platform with instrumentation measuring the
river. “Opposite” is the river bank opposite to the sauna side. Polaria is the main building of the Sodankylä
geophysical observatory area. Base map: © OpenStreetMap contributors

Measurements for this thesis were carried out from late May 2018 to mid-September 2018 as part of the

international KITEX campaign in river Kitinen, Sodankylä. The measurement site was next to the Sodankylä

Geophysical Observatory located about 7 km south from Sodankylä. During the campaign, a variety of

measurements, focusing mainly on aquatic physics, were conducted both near the shore and in the river.

Measurements of CH4 and CO2 fluxes with floating chambers were carried out in three spots in the river. The

chamber measurement locations are depicted in figure 3. The northeastern spot near the river bank on the

observatory side is called “sauna”; the spot near the middle of the river is called “raft”; the third, southwest

spot near the opposite bank is called “opposite”. The river at the location was approximately 170 meters

wide. Each measurement was conducted with two replicate chambers measuring each spot simultaneously.

Each measurement lasted 30 minutes, and the chambers were rowed to the next location in between. On

each measurement day each spot was measured once.

Continuous EC measurements of the fluxes were conducted on the raft simultaneously. The EC measure-

ments utilized an ultrasonic anemometer (uSonic-3, Metek GmbH, Elmshorn, Germany), a LI-COR LI-7200

closed-path infrared gas analyzer for CO2 measurements (LI-COR Inc., Nebraska, USA), a closed-path gas

analyzer for measuring CH4 mixing ratio (Picarro G1301-f, Picarro Inc., California, USA), a Rotronic HC2

(Rotronic Instrument Corp., New York, USA) for humidity and temperature measurements, and a DOG2

MEMS inclinometer (TE Connectivity Ltd., Schaffhausen, Switzerland).

Surface water and air CO2 mixing ratio at 40cm and 240cm height from surface were measured with an
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Figure 4: The measurement location. The photo is taken from the side of the observatory. The measurement
raft can be seen on the right side in the middle of the river. On the left, another eddy covariance system of
the campaign is shown next to the river bank. Photo: Kukka-Maaria Kohonen

Ultraportable Greenhouse Gas Analyzer (UGGA) (Los Gatos Inc., USA) at the raft. Water temperatures were

also measured at the raft with an IKES-50 Pt100 water temperature probe (Nokeval Oy, Nokia, Finland).

A Nortek Vector (Nortek, Rud, Norway) Advanced Doppler Current Profiler (ADCP) instrument measured

current flow velocity. Because ADCP flow data covered only 6 of the chamber measuring days, daily mean

discharge data from the nearby Kelukoski hydropower plant was used, measured 12 km upstream from the

Geophysical Observatory.

Meteorological data available through the Finnish Meteorological Institute for pressure, wind speed, hu-

midity, temperature and solar radiation were available from the atmospheric station at the Observatory.

2.2.1 Chamber design and properties

Chambers used during the campaign are described in detail in [Bastviken et al., 2015, see supplement]

and shown in figure 5. The chambers were 8L polypropylene plastic dishes covered with aluminum tape to

protect from radiative heating. Styrofoam floats were wrapped around the outer wall of the chamber, giving

the chamber buoyancy and stability. A sampling tube was attached to an outing at the top of the chamber,

exiting through a rubber seal. At the end of the tube was a 3-way valve for drawing the manual samples. The

chambers were an anchored design floated close to a boat.

Measurements of chamber gas mixing ratios were taken with two methods. One set of measurements
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Figure 5: Pictures of the chambers used. On the left (inside) the logger box and the battery box are visible.
On the right (outside) shows the manual sampling tube with valve, the aluminum taping and the yellow
Styrofoam float around the chamber. From: [Bastviken et al., 2015, supplement]

was taken by drawing gas samples with syringes from the chambers into vials to be analyzed later. Four

samples were drawn into evacuated vials (Labco Exetainer®, Labco Ltd., Lampeter, Ceredigion, UK) from

the chambers over the measurement period with a 10 minute sampling interval. 328 vials were collected on

17 measurement days. CH4 and CO2 concentrations were analyzed from these samples with a gas chromato-

graph that uses a flame-ionization detector. The gas chromatograph used was an Agilent 7890A (Agilent

Technologies, Inc., California, USA) instrument combined with a Gilson GX-271 (Gilson Company Inc., Ohio,

USA) liquid handler and a Valco 10-port valve (Valco Instruments Co. Inc., Texas, USA).

Another set of measurements were automatic measurements of CO2 concentration taken with a Senseair

CO2 Engine® ELG (Senseair AB, Sweden) logger module over the same period. The sensor is described in

detail in [Bastviken et al., 2015]. The sensor had a 30 second time resolution, and also logged temperature

inside the chamber, which was used in the flux calculation. Because of this higher temporal resolution,

nonlinearity of the CO2 time series could be observed.

Attached to the top of the chamber were two boxes. The automatic CO2 sensor was attached to the lid of

the sensor box, while the other box contained batteries for the sensor. The sensor, the boxes and the chamber

were attached to each other with polyamide bolts and nuts, and the holes were sealed with rubber. The

sensor box had ventilation holes so that air could flow through, while the battery box was closed and sealed.

The sensor box had a plastic sheet to protect the sensor from condensation, and the sensor itself had been

painted with varnish for protection.

Figure 6 shows a drawing of the chamber cross-section. The gray circles in figure represent the floats. The

chamber’s base is flat and circular, and for the purposes of volume calculation the chamber can be considered

a truncated cone. The empty chamber has a volume of 8 liters. The gray boxes (1 and 2) in figure 6 show the

measurement device and the battery box under the top of the chamber. They were of two sizes: the sensor

box being 350 ml with dimensions 8.5 cm x 11.5 cm x 4.5 cm outside and the battery box was 180 ml with
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rbottom = 15.0 cm

h =
 12.5 cm

rtop = 13.75 cm

1 2
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  r3cm = 14.75 cm

Figure 6: Schematic of the chamber cross-section. Not to scale to emphasize the trapezoidal form. The
bottom is the open side of the chamber. Under the top are the automatic measurement device and the battery
box, numbered 1 and 2. Blue depicts the water level inside the chamber, so that the outer edges and the
floats are partially underwater. rtop and rbottom are the top and open bottom radiuses. r3cm is the radius of
the water surface inside the chamber when the skirts have been submerged to 3 cm depth. The gray circles
are the Styrofoam floats.

6.8 cm x 8.7 cm x 4.0 cm outside. The battery box was sealed so that its volume was removed from the total

gas volume.

The precision of the flux estimate depends on the precision of all the parameters that determine it. As

is often the case, they are not all well known [MacIntyre et al., 1995]. The gas chromatograph can be

considered precise. Temperature measurements are also relatively precise, as the flux is not very sensitive

to temperature changes. A 20 degree Celsius inaccuracy would result in approximately 7% difference in

measured flux. Volume is another consideration: equation (8) shows that the flux is proportional to the

ratio of the volume and area of the enclosure. Due to this the flux measurement is sensitive to relatively

small changes in the volume measurement. The “skirts” of the chamber will be submerged so that the water

height inside the chamber is 3 ± 1 cm, depending on the angle at which the chamber is lowered onto the

surface. One centimeter variation in the height of the chamber top from the water surface is approximately

10% change in height, and results in an 11% imprecision in the measured flux.

Uncertainty due to chamber overestimation of the flux through artificial turbulence in flowing water is

unknown, but according to [Vachon et al., 2010], the overestimation factor can be in the range of 1-10

depending on ambient turbulence and chamber design.

2.2.2 Gas sample analysis

The gas mixing ratio of CH4 and CO2 in the vials were analyzed with a gas chromatograph. Between every

20 vials reference measurements of pure nitrogen gas (indicating gas content in the empty vials) and gas

standards of known concentrations were conducted for calibration. The expected CO2 mixing ratios in the

calibration measurements were 0, 300, 600, 5000 and 10000 ppm respectively, and 0, 2.505, 5.01, 500 and

1000 ppm for CH4. The last two calibrations were not used because they were far outside the range of
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measured values and the measured concentrations would have been less accurate for the observed range.

32 vials were collected at a different location for tests and also excluded due to their errors, so that in total

73 flux estimates were calculated from 296 samples on 13 measurement days. During one flux measurement

vials got wet and measurements had to be repeated the following day so that 3 vials were excluded. 12 vials

were excluded from the analysis due to measurement error with the gas chromatograph resulting in zero

output or leaked vials having reduced or near-atmospheric values in both gases (and different to the values

given by the automatic sensor).

In total, 281 vials were included in the analysis. Mixing ratio time series data from the samples were

analyzed by calculating linear regression using the ordinary least squares method to estimate the concentra-

tion change in the chamber. Linear regression was chosen, because otherwise the nonlinear regression would

have been fit on only three data points in nearly a quarter of the measurements, and the best fit would have

been biased by random errors in the data. A quality-of-fit criterion was used to exclude flux estimates when

R2 < 0.9. 10 flux estimates were excluded for CO2 (13.5%), and 4 for CH4 (5.4%). For both of the gases two

were replicates, so that all chamber data from the raft location on 2nd of July were excluded.

2.2.3 Automatic sensor data analysis

Automatic CO2 sensor data were analyzed with a nonlinear regression model to capture the nonlinear be-

haviour better visible in the higher time resolution data. A nonlinear model with a simple exponent was fit

to the data:

c(t) = a + bk t (12)

where c is concentration, t is time, and a, b, k are fitting parameters. The fitting parameters were found by

a least squares fit using the curve_fit optimization function of the SciPy- package in Python, based on the

Levenberg–Marquardt algorithm. The initial slope in concentration was then given by:

dc
dt
(0) = b ln k (13)

This model results in a very similar fit to the exponential model (equation 10 on page 13), but is slightly

simpler to fit [Levy et al., 2011].

The start and end times for the measurements were taken from handwritten notes, but because the time

difference between the instrument and local time was not exactly constant throughout the summer, and

because some measurements had initial disturbance in the data, the measurement times had to be adjusted

so that the estimates could be calculated. In 6 cases the data were very linear, and due to problems in fitting

the curve, a linear model was used as a fallback method.

2.2.4 Estimation of gas transfer velocity

Gas transfer velocity was estimated from calculated CO2 flux estimates by equation 1 on page 6. The equi-

librium and surface water mass concentrations were calculated from measured air CO2 and surface water

CO2 mixing ratios and temperatures from UGGA and IKES-50 Pt100 data on the raft, according to equations
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2, 3 and 4. k600 was calculated from these according to equations 6 and 7, utilizing the water temperature

measurements and assuming −1
2 as the exponent for the conditions in Kitinen.
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Figure 7: Measured mean water temperature (orange), precipitation at the Tähtelä meteorological station
(green), and mean surface pCO2 (blue) between 15 June and 2 October.

3 Results

Results are presented in this section. First in section 3.1, environmental data are presented for water CO2

concentration, temperatures, meteorological variables and river discharge data. After that in section 3.2.1,

flux measurement results are shown for both CO2 flux chamber sample data and the automatic sensor data.

CO2 gas transfer velocity data are calculated from the automatic sensor data and shown in 3.2.2. Results for

CH4 fluxes are shown last, in subsection 3.2.3.

Chamber results shown begin from mid-June. Although measurements began in May 2018, the chamber

results for the first weeks were removed due to vial issues and because of a different measurement location.

The eddy covariance data covered a longer time period, but is compared with the chamber measurement

period in figures.

3.1 Surface pCO2, temperature, precipitation, wind speed and discharge

Figure 7 shows precipitation, water temperature and surface pCO2 at the measurement location. The mean

pCO2 between 15 June and 13 September was 874 ± 153 µatm (mean ±SD). Surface pCO2 was always su-

persaturated: lowest early in the summer between 600 and 800 µatm, peaked in late July and early August

at 1200 µatm, and fluctuated between 800 and 1000 µatm for the rest of the measurement period. A lower

value close to the average on 1 August was measured between the two peaks. The figure shows that the

high pCO2 values occurred during the highest surface water temperatures, and both fell to lower levels in

August. Between 23 June and 13 September, surface pCO2 was significantly correlated with discharge, but

with R2 < 0.1 (β = 1.417, p = 0.013, R2 = 0.078).

Near Sodankylä the summer was warm and low in precipitation before August. May 2018 in Sodankylä

had a +4.7◦C, June -0.6 ◦C, July +5.5◦C and August +1.9◦C difference from the average in 1981-2010 [FMI,
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Figure 8: Daily averages of discharge at Kelukoski (purple) and wind speed (green) at the flux measurement
location during the campaign.

2019]. Precipitation statistics show that May was especially dry at 29% of the monthly average precipitation

over the 30-year period, with June at 78% and July at 62% also below the average. August was slightly

above average at 121% precipitation. Figure 7 shows that over a month before 22 July there was little rain.

On 22 July, following an exceptionally dry May and June, the biggest daily precipitation of the summer was

observed (41 mm d−1).

Discharge and wind speed can be seen plotted in figure 8. Mean daily wind speed varied mostly between

2 and 4 ms−1, and its highest values were measured at the start and at the end of the measurement period.

Discharge at the Kelukoski hydropower dam jumps between certain values, with the mean value at 65 ±

38 m3s−1. Discharge was lower in June, 20 − 50 m3s−1, reached 130 m3s−1 in mid-July and stayed over

100 m3s−1 for a week before starting to fluctuate between 20 m3s−1 and up to 130 m3s−1. A feature of the

discharge measurements at the dam is that the values jump between classes of values. This reflects the

artificial component of discharge at the dam. The discharge is calculated as a daily mean, which might not

represent the flow velocity at the measurement location at the measurement time. From 6 August onwards

Kemijoki Oy increased the flow through the Porttipahta dam due to the dry summer. The water levels in

Lokka and Porttipahta were subsequently low in August due to the dry early summer and the high demand

for electricity [Kemijoki Oy, 2018].
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Figure 9: Time series of the CO2 flux measured with the automatic sensors in the chambers. Fluxes based on
a nonlinear fitting of the automatic sensor data are shown with error bars depicting the replicate measure-
ments; dashed line shows the evolution of the mean estimated flux. Measurements without error bars are
missing either replicate measurement.

3.2 Flux measurements

3.2.1 Carbon dioxide flux

Figure 9 shows the series from automatic sensor CO2 fluxes based on nonlinear fitting, and figure 10 shows

the sample-based linear fit time series of the fluxes. The overall automatic sensor mean flux was 0.83 ±

0.54 µmol CO2 m−2 s−1 (mean ± SD) over the measurement period. Both of the figures show a similar time

evolution, except for 8 and 15 August. The lowest fluxes were measured early in the summer on 28 June and

11 July. The automatic chamber values at the raft in the middle of the river they were 0.24 µmol CO2 m−2 s−1.

Following that, the highest fluxes were measured on 19 and 26 July, 1.94 and 1.69 µmol CO2 m−2 s−1 re-

spectively. On 1 August all fluxes were low: 0.25 µmol CO2 m−2 s−1 at the opposite and raft locations and

0.50 µmol CO2 m−2 s−1 at the sauna side river bank; higher fluxes were measured again later in August. The

variation between locations was greater on days when higher fluxes were measured.

Table 1 shows mean CO2 fluxes measured with the chambers. All measurement locations with the cham-

bers resulted in similar fluxes. The data were skewed towards lower values from the means: a Kruskal-

Wallis test on the difference in means between different locations was not significant (H = 0.81, p = 0.67,

nopposite = 12, nsauna = nraft = 13 ).

Fluxes mostly followed a similar time evolution, 8 and 15 August being exceptions. On those days the

fluxes in the middle of the river were three times those measured elsewhere. This is apparent in figure 9,

but not in figure 10. This points out that the measurement in the middle of the river started saturating, and
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Figure 10: Time series of the CO2 flux estimated from vials drawn from the chambers. Fluxes are based
a linear fit to the 30-minute concentration measurement with vials drawn from the chamber. Dashed line
follows the mean of the two replicate chambers; the fluxes for the individual chambers are shown with the
error bars, if both replicate measurements are included.

Table 1: Mean fluxes (mean±SD) for automatic sensor CO2, the sample flux estimates, and estimated
CO2 transfer velocity k600 for automatic chamber data for all locations.

Location Automatic CO2 flux (µmol CO2 m−2 s−1) Sampled CO2 flux (µmol CO2 m−2 s−1) k600 (cm h−1)

All 0.83 ± 0.6 0.42 ± 0.2 17 ± 9
Sauna 0.80 ± 0.6 0.40 ± 0.2 17 ± 10
Raft 0.99 ± 0.6 0.48 ± 0.2 19 ± 9

Opposite 0.68 ± 0.4 0.37 ± 0.2 14 ± 7
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Figure 11: The evolution of concentration of CO2 inside a chamber. Mixing ratio of the gas (ppm) is shown
as a function of time. Data are from one of the chambers on 15 August 2018. 15:26 to 15:56 the chamber
measured the middle of the river. Dark blue shows the concentration as measured by the automatic instru-
ment inside the chamber. The orange line shows a nonlinear regression fit to the automatic sensor data; the
green dashed line shows the initial flux based on a nonlinear model. Light blue shows the concentrations
determined from three sample vial data points. The red dashed line shows the linear regression plotted to fit
the sample concentration data. The difference between the mixing ratios of the sensor and samples are due
to the calibration of the automatic sensor.

the linear model underestimates the flux. Figure 11 shows the data recorded by an automatic CO2 sensor

module on 15 August in one chamber. The measurement started significantly saturating only in the middle

of the river, where the flux was much higher. The mixing ratio reached over 700 ppm whereas in the other

two measurements it stayed under 550 ppm through the 30 minute period. The plot also shows the linear

model underestimating the initial slope.

Figure 12 shows the measured fluxes at the raft location compared to the EC measurements. The overall

median EC flux was 0.34 µmol CO2 m−2 s−1, and the daily median value varies less over the measurement

period than the mean chamber fluxes. The lowest values were recorded early in the summer. Following a

similar time evolution as the chamber measurements at the raft, the highest median EC fluxes were measured

in late July when it reached 1.5 . During that time the flux had larger variance, seen in the figure as peaks

in the interquartile range. The daily median value dropped below 0.5 µmol CO2 m−2 s−1 soon after, and EC

fluxes stayed relatively even through August and September, fluctuating closer to the overall median value.

Mean chamber fluxes at the raft were always higher than or close to the median EC fluxes. On average

they were 3.3 times the daily EC median; they were up to 5.5 times the EC median on 15 August. On 8 and

15 July when the chamber measurements in the middle of the river differed the most from other chamber

fluxes, EC values stayed close to their median value. On those days the flux was much closer to the EC values

27



2

Figure 12: Comparison of the CO2 flux time series measured with the chambers in the middle of the river
(raft) and EC fluxes. Dashed lines show fluxes based on a nonlinear fitting of the automatic sensor data (in
black) and fluxes based on a linear fit of the data from drawn samples (in orange). The error bars show
both of the replicate chamber measurements if available; the dashed line connects the mean fluxes from the
chamber measurements. Blue line depicts the median EC flux, light blue shows the range for the middle
50%. There is no EC data in early September, resulting in the spike in the figure.

Table 2: Coefficients, p-values, and coefficients of determination for multiple regression of CO2 flux with
wind, discharge and pCO2.

Location adj. R2 pCO2 Discharge Wind
Sauna 0.130 β = 0.0015 p = 0.119 β = 0.0023 p = 0.553 β = 0.0639 p = 0.675
Raft 0.625 β = 0.0021 p = 0.002 β = 0.0053 p = 0.043 β = 0.0455 p = 0.508

Opposite 0.302 β = 0.0018 p = 0.021 β = −0.0004 p = 0.879 β = 0.0335 p = 0.604

near the river banks, where the flux was 1.25-2 times the EC median.

Multiple linear regression of the automatic sensor fluxes (table 2) with wind speed during measurement,

daily mean discharge at Kelukoski and surface pCO2 during measurement as predictors showed no significant

correlation to wind speed in any fluxes (α = 0.05). In the middle of the river (raft), significant predictors

were surface pCO2 and discharge, most of the variation being explained by pCO2; at the west river bank

(opposite), only surface pCO2 was significant. At the eastern side (sauna), none were significant.

The correlation between flux and discharge, wind speed and pCO2 can be seen in figure 13, with the

corresponding values of multiple linear regression in table 2 .

3.2.2 CO2 gas transfer velocity

Figure 14 shows a time series of CO2 flux measurements and gas transfer velocity (k600) estimates at the

raft for both chambers and EC. Mean chamber gas transfer velocity estimate is 17 ± 9 cm h−1. Gas transfer
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a) b)

c)

Figure 13: Correlation of the measured CO2 flux at all 3 locations with a) mean daily discharge measured at
Kelukoski hydropower plant, b) wind speed measurements, and c) surface CO2 concentration measurements.
The dots show fluxes calculated from individual chamber measurements.

Table 3: Coefficients, p-values, and coefficients of determination for multiple regression of chamber k600
with wind and river discharge.

Location adj. R2 Discharge Wind
Sauna -0.121 β = 0.058 p = 0.598 β = 0.957 p = 0.823
Raft 0.248 β = 0.126 p = 0.025 β = 1.12 p = 0.476

Opposite -0.177 β = −0.0021 p = 0.973 β = 0.9747 p = 0.582

velocity followed overall the same pattern as the flux measurements as it is derived from those and the

surface concentration measurements in the middle of the river. The mean of daily median EC k600 estimates

was 11 ± 11 cm h−1. Some gaps are present in the EC-derived gas transfer velocity data. Variability in the EC

flux data results in peaks in the gas transfer velocities, most pronounced on 12 July.

A multiple linear regression of gas transfer velocity k600 with wind speed and discharge as predictors

results in neither being significant at the sides of the river (α = 0.05) (table 3). In the middle, discharge is

correlated with k600. Figure 15 shows this correlation, and the coefficients of multiple linear regression are

shown in table 3.

3.2.3 Methane

Figures 16 and 17 show time series of the CH4 chamber measurements and a comparison to EC measure-

ments. Mean fluxes for all locations are shown in table 4. Mean chamber flux was 0.0084±0.0047 µmol CH4 m−2 s−1.
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Figure 14: k600 calculated from EC measurements compared with the chamber measurements. Orange line
depicts the median value from EC measurements, light orange shows the range for the middle 50%. The
error bars in black show both of the replicate chamber measurements if available; the dashed line connects
the mean values from the chamber measurements.

a) b)

Figure 15: Correlation of chamber k600 at all 3 locations with a) mean daily discharge and b) wind speed.

Table 4: Mean fluxes (mean±SD) of CH4 from sample data for all measurement locations.
Location Mean CH4 flux (µmol CH4 m−2 s−1)

All 0.0084 ± 0.0047
Sauna 0.0081 ± 0.0044
Raft 0.0095 ± 0.0052

Opposite 0.0078 ± 0.0044

30



Figure 16: The CH4 flux time series measured with the chambers. Fluxes are estimated with a linear fit to
the 30-minute concentration measurement with vials drawn from the chambers. Error bars show the two
replicate chamber measurements, dashed line their mean.

4

Figure 17: Comparison of the CH4 flux time series of chambers and EC measurements. Chamber fluxes from
the middle of the river (raft, black dashed lines) and EC flux medians and interquartile range (blue and light
blue) are shown.
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A similar general time evolution as in the CO2 measurements was observed: lower values in June up to 11

July; highest values being measured with the chambers on 26 July (0.025 µmol CH4 m−2 s−1); after that the

flux stays closer to the mean, with values larger than 0.010 µmol CH4 m−2 s−1 measured again in late August

and early September. The peak in 19-26 July is less pronounced in CH4 measurements, being less than twice

the value on 2 July. The difference between the locations on 8 and 15 August is not as pronounced as in CO2,

but on 15 August the mid-river flux was on average 2.9 times the fluxes near the banks.

The median EC CH4 flux was 0.0028 µmol CH4 m−2 s−1. The EC measurements had smaller daily variation

compared with the chamber measurements. As with CO2 measurements, the chamber values are larger than

EC median values in all but one case (28 June). The chamber measurements in the middle of the river were

on average 2.9 times the daily EC median values, and reaching over 6.5 times EC median on 26 July.

A large difference in flux between the chambers at the eastern side of the river (sauna) on 1 August is

noticeable. This is likely due to a bubble entering the chamber. In the individual mixing ratio measurements,

a sudden jump to 200 ppm CH4 in one chamber occurred; in the replicate chamber, an increase to 10 ppm

was observed, while in the other locations the concentration never rose above 6 ppm.

a) b)

c)

Figure 18: Correlation of the measured CH4 flux at all 3 locations with a) mean daily discharge measured at
Kelukoski hydropower plant, b) wind speed and c) water temperature during the chamber measurement.
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Table 5: Coefficients and p-values for multiple regression of CH4 flux with wind and river discharge.
Location adj. R2 Discharge Wind Water temperature
Sauna 0.300 β = −2.323 ∗ 10−5 p = 0.437 β = 0.0021 p = 0.019 β = 0.0004 p = 0.217
Raft 0.553 β = 0.0001 p = 0.001 β = −0.0014 p = 0.084 β = 0.0005 p = 0.052

Opposite 0.138 β = 3.77 ∗ 10−5 p = 0.265 β = −0.0002 p = 0.806 β = 0.0005 p = 0.117

Figure 18 shows the correlation between wind speed and discharge to the CH4 flux measurements, with

the coefficients of multiple linear regression shown in table 5. Multiple linear regression at the raft with

temperature, wind and discharge results in discharge being significant (α = 0.05). On the western side

(opposite), none were significant. On the eastern side (sauna), wind speed was a significant predictor.
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4 Discussion

4.1 CO2 fluxes and gas transfer velocity

The mean automatic chamber CO2 flux over all the locations was 0.83 ± 0.54 µmol CO2 m−2 s−1. For compar-

ison, [Lauerwald et al., 2015] modelled global river pCO2 and CO2 fluxes based on available environmental

data. They estimated the flux from an estimate of k600 made from river flow velocity and stream slope data,

and they used stream slope, net primary production, temperature and population density data to predict

pCO2. The gas concentration gradient then was used in predicting the flux, in addition to the the gas transfer

velocity. Transfer velocity in the study was estimated from stream slope and stream flow velocity data, as

they were used as proxies for turbulence. They gave large Boreal-Arctic rivers a global CO2 flux estimate

of 305 (251 − 364) g C m−2 yr−1, equal to 0.81 µmol CO2 m−2 s−1. This value is close to the flux observed in

Kitinen with the chamber method. Their estimate used a mean pCO2 of 984 µatm, which is higher than the

measured 874 µatm, and so that their k600 estimate (9.4 − 11.0 cm h−1) was lower than estimated here.

Smaller streams are given higher flux, higher pCO2 and higher k600 estimates in their study as well.

pCO2 is known to decrease downstream, towards a lower, stable, often supersaturated level, controlled by

in-stream processes. In a comparison study of boreal river networks, this value was found to be around

640 µatm in rivers over 100 km long [Hutchins et al., 2019]. These values were observed in the early summer

in Kitinen. The influence of land sources of carbon at our measurement location have likely diminished from

the upstream regions, and pCO2 has not been able to recover from degassing along the way. [Campeau and

del Giorgio, 2014] reported a range of pCO2 values for boreal rivers of 500− 10000 µatm. The measurement

location here has values toward the lower end, which is expected for a large river.

CO2 fluxes measured with floating chambers in 1995 at the Porttipahta reservoir were lower than on the

river (0.23 − 0.60 µmol m−2 s−1), comparable to other northern ponds, lakes and reservoirs [Huttunen et al.,

2002]. The water CO2 concentration at the reservoir was found to be 2-19 times the atmospheric equilibrium

level, values much higher than measured here. The fluxes along Kitinen are still higher, as the increased gas

exchange enabled by turbulence in the river allows for it, even if CO2 concentrations are larger upstream.

The summer was very warm and dry. pCO2 peaked the day following the large rain event after a dry early

summer (figure 7 on page 23), and the highest CO2 fluxes were observed. pCO2 already had an increasing

trend along with the water temperatures. The next pCO2 peak followed the next larger rain, during the

summer temperature maximum. Temperatures started declining in August, and the following more evenly

spread precipitation did not coincide with equally large pCO2 peaks. The measurement location is along a

large river, and in-stream production of CO2 from degradation of OM and respiration are expected to be the

major controls on pCO2. Although temperatures are important for processes producing CO2 in the water, the

amount of carbon exported into the rivers depends on multiple environmental factors outside the river as

well.

The first peak in pCO2 (figure 14) on 23 July was associated with a high flux in the EC measurements

and simultaneously high gas transfer velocity estimates. Similarly high flux is apparent in the chamber

measurements on 19 and 26 July, and this occurred during high discharge. The second peak of high pCO2 on

4 August was not accompanied with high fluxes in the EC measurements, leading to low k600 estimates. The

low chamber measurements on 1 August were measured when the pCO2 values were at their lowest between
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these two peaks with low gas transfer velocities.

4.2 CH4 fluxes

The CH4 flux (0.0084±0.0047 µmol CH4 m−2 s−1) was slightly lower than the median diffusive flux for rivers

[Stanley et al., 2016] found in literature, 0.86 mmol CH4 m−2d−1 ≈ 0.01 µmol CH4 m−2 s−1. A similar estimate

(0.012 µmol CH4 m−2 s−1) for diffusive CH4 flux in boreal rivers was given by [Campeau and del Giorgio,

2014]. Discharge was a significant predictor of flux only in the middle of the river, as with the CO2 fluxes.

Temperature was only a nearly significant predictor of CH4 flux in the middle part of the river, where the

temperature measurements were carried out. Comparing the CH4 fluxes to those measured at the reservoir,

the values were approximately a tenth of those measured in 1995 at Porttipahta with flux chambers (0.04 −

0.08 µmol CH4 m−2 s−1) [Huttunen et al., 2002]. The fluxes at Porttipahta were among the lowest flux rates

in similar northern systems. The fluxes on the river are even lower, because methanogenesis is limited in

rivers, and most CH4 would be released quickly downstream.

pCH4 is usually not quantified, but [Hutchins et al., 2019] found that it did not decline downstream, as

is the case with pCO2. Temperature has been found to be important in controlling the CH4 concentration

([Campeau and del Giorgio, 2014]), but such a strong link was not visible in the flux measurements here.

The ebullitive flux of CH4 was not measured, and the contribution of possible microbubbling to the

measured flux was not considered. In CH4 measurements a single instance of ebullition was observed on 1

August. The sudden jump to 200 ppm equals an input of approximately 1.6 ml of CH4 into one chamber. The

flux was heightened in the other chamber as well, but it is difficult to determine when the increase occurred

exactly and how quickly due to the second measurement missing. The CO2 concentration change in the

samples of the other chamber were similar to the other locations, indicating no sudden change in the other

gas. It is possible that CH4 levels in surface water were heightened by the CH4 bubbling source, increasing

the diffusive flux and/or the microbubbling flux into the other chamber as well.

4.3 Spatiotemporal variability and comparison with EC

Chamber measurements resulted in 3.3 and 2.9 times the fluxes measured with the EC method for CO2

and CH4 respectively. FCs often give larger fluxes when compared with EC, which can occur even in still

waters. EC measurements were also continuous whereas chambers were only deployed on certain days and

mostly during daytime, which could affect the FC flux estimate [Erkkilä et al., 2018]. Importantly, anchored

chambers in flowing waters are expected to enhance the flux through chamber induced turbulence, and can

strongly overestimate the flux [Lorke et al., 2015][Vachon et al., 2010]. The amount of overestimation here

is unknown. But if the fluxes are increased by chamber induced turbulence, this could possibly be reduced by

adjusted chamber designs. In a study by [Lorke et al., 2015], they explored designs such as one with more

streamlined chamber walls, as it could reduce the amount of disturbance in the flow. They also performed a

laboratory study on a design with no submerged skirts. This design instead used a thin plastic foil to close the

airspace above the water, which was effective, but requires mounting the chamber to some structure, such

as a float. They also considered whether this overestimation could be corrected for by measuring the flow
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velocity. They could not find a link between the gas exchange velocity and flow velocity in their field study,

suggesting that observed turbulence could depend more on river topography.

Fluxes were similar between the three locations in both measured gases, and seemed to follow similar

time evolution, highest fluxes being observed in late July. pCO2 was the only variable to consistently predict

the CO2 flux between them. The fluxes at the middle location were distinguished by stronger correlation to

discharge, although it did not predict much of the variation alone. The same correlation is seen in the gas

transfer velocity estimates. The quicker gas transfer with higher discharge might be explained by inhomo-

geneous flow, and higher flow in the middle of the river could lead to larger chamber induced turbulence

when the water current velocity was higher. The gas transfer velocity estimates from EC measurements did

not have a similar correlation to discharge, which could support the idea of chamber over-estimation of flux.

Further analysis with the river flow velocity data could have been possible, which would have been more

informative than discharge data if it was available on the days of the chamber measurements. Higher time

resolution flow data would have made it possible to observe the daily variation in flow, and improved the

analysis. With this data, seeing whether the effect of wind on gas exchange was more important during times

of low flow rates would have been useful in determining the effect of river flow on fluxes.

The river flow in Kitinen is heavily controlled by the 7 hydropower plants along it. The discharge at

Kelukoski jumps between certain higher and lower values, so that the turbines can follow the needs of

electricity production. If discharge affects the fluxes, then the dam operation can be considered one of the

controls on the fluxes. Since hydropower has completely altered the surrounding ecosystems and the flow

in the river, anthropogenic changes to the carbon cycling as well should be considered part of the impacts

of electricity production in the region. These chamber measurements link discharge to mid-river CO2 fluxes,

although the correlation is not strong.

Some spatial variability over the river cross-section was observed in the fluxes. There remains the question

of why the mid-river CO2 flux was so high on 8 and 15 August in comparison to the other days. The mid-

river fluxes were three times the river bank fluxes, but such a clear difference only lasted over two chamber

measuring days. Surface water pCO2 was average, and no increased flux was observed in the EC flux at the

raft. Discharge was high on those days. The fluxes near the banks of the river were close to the early summer

minima, even though the measured surface pCO2 was higher. This suggests that the fluxes near the river

banks were low, but it is uncertain why. There is a lack of data on spatial pCO2 variation from which to draw

the conclusion. Because a difference of similar scale is seen in CH4 measurements on 15 August as well, a

gas transfer velocity difference could explain the variation. In contrast, a sudden spatial gas concentration

difference might be easier to explain by a process at the river banks. pCH4 and pCO2 have been found to be

correlated in studies of boreal rivers, so that comparing the fluxes alone will not provide a cause [Hutchins

et al., 2019][Campeau and del Giorgio, 2014]. Although the concentrations of these gases are driven by

different mechanisms, correlation of their concentrations is not only due to the loss through degassing.

Other reasons can be the similar drivers of local metabolism and the common link to DOC of the gases, and

the impacts of flow on the retention of DOC and the production of the gases [Campeau and del Giorgio,

2014]. Further studies on possible spatial variability of carbon gas fluxes in rivers are needed. Measuring the

spatial variation in other variables, especially gas concentration and possibly turbulence, could help reveal

the causes of this kind of spatial flux difference, and more continuous measurements could elucidate the
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scale of it.

CO2 concentration began saturating on days with high flux, and this could not be captured with the linear

models used with the sample data. The automatic sensor fluxes analyzed with nonlinear regression resulted

in roughly double the flux estimates on average, when compared with sampled results using linear regression.

In order to use linear models in such cases, the linear model would have to be used on a shorter time period

of data. The sampling rate should be higher than once in ten minutes, or the chamber design could be

altered into one with a larger volume. If the chamber designs were altered to account for chamber induced

turbulence as well, reducing the overestimation of fluxes would result in less nonlinearity. Rivers are known

to allow for quick gas exchange due to their flow, and nonlinear regression makes estimating the initial flux

more accurate, which is especially important when the fluxes are clearly nonlinear over 30 minute periods,

being enhanced by turbulence. Using nonlinear regression with floating chambers has been recommended

previously for this reason [Xiao et al., 2016][Silva et al., 2015]. This recommendation is useful for river

environments.

The boreal region is large and remote, and often fluxes are upscaled to estimate larger scale and global

values (e.g. [Lauerwald et al., 2015], [Hutchins et al., 2019]). Subsequently more studies of northern

rivers are needed for this to be accurate. Further measurements can clear the picture of carbon cycling

in high latitude rivers to aid in model construction. The northern boreal region is expected to experience

intense changes to temperatures and runoff in the coming decades, changes to primary production and

carbon transport to waters, while the many rivers of the region allow for effective transport of carbon to the

atmosphere. Improved understanding of the variability of fluxes, carbon in rivers and processes affecting it

will be valuable in the near future.

4.4 Conclusions

Fluxes from northern rivers and spatial variability of fluxes in rivers at this scale have been studied little.

The boreal region contains large amounts of soil organic matter with numerous rivers to transport carbon.

The KITEX campaign was unique in its scope, studying northern boreal river Kitinen in international co-

operation, with eddy covariance systems used to observe multiple gases, and extensive hydrological mea-

surements carried out. The chamber measurements in this thesis aimed to quantify CO2 and CH4 fluxes

on the river, and their possible spatiotemporal variation across the 170 meters wide river cross-section.

The CO2 fluxes measured with floating chambers using nonlinear regression resulted in a mean estimate

of 0.83± 0.54 µmol CO2 m−2 s−1 (mean± SD), values consistent with other estimates for similar systems. The

CH4 mean flux (0.0084 ± 0.0047 µmol CH4 m−2 s−1) was slightly lower than the median for multiple types of

systems in literature. The mean CO2 gas transfer velocity estimate was 17 ± 9 cm h−1.

The fluxes were similar between the three measurement locations over the summer. The fluxes evolved

similarly, and the highest chamber fluxes in both gases were observed mid-to-late July. The mean chamber

fluxes were 3.3 and 2.9 times the eddy covariance median values for CO2 and CH4 respectively. Floating

chamber fluxes are expected to be larger, as their measuring approaches differ.

Discharge was significantly correlated to fluxes in the middle of the river. The better correlation could be

due to inhomogeneity in river flow and chamber-induced turbulence enhancing the flux. The over-estimation
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of flux due to chamber-induced turbulence is unknown, and likely increases the floating chamber fluxes

observed here. This uncertainty could be reduced by a different chamber design.

Some differences in fluxes over the river cross-section were observed. On two measuring days in early

August, the mid-river CO2 fluxes were three times those observed near the banks. The difference was also

measured in CH4. No clear explanation emerged, but measuring variation in surface water gas concentrations

and flow could clarify the causes of similar observations in further studies.

The CO2 concentration time series is nonlinear during the 30 minute measurement period especially on

days with higher fluxes. Taking this into account is necessary for accurately estimating the flux in flowing

waters with static chambers. Modelling the flux nonlinearly and using measurements with a higher time

resolution help in estimating the initial flux, while using a chamber design with a higher volume respective

to the flux would reduce the saturation and change in flux in the chamber.
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