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ABSTRACT 

Spatial Variability of Greenhouse Gas Emissions from Tropical Reservoirs 

David Rudberg 

 

Hydroelectricity has for a long time been considered climate neutral due to it being a 

renewable source of energy. During the last years however, studies have shown that 

emission magnitudes from hydroelectric reservoirs may be equal to those of fossil fuel 

power plants. Reservoir emissions are largest in tropical regions, where CO2 diffusion 

and CH4 ebullition are main contributors to the overall emission rate. It is also in tropical 

regions where extraction of hydroelectricity is expected to experience a sharp rise in 

coming years. In a study published 2011 it was hypothesised that previous estimates have 

completely missed ebullition hotspots in reservoirs, and thereby underestimated CH4 

emission by at least one order of magnitude. 

 

Spatial variability of CH4 ebullition rates has been estimated for two tropical reservoirs: 

nutrient-poor Chapéau d’Uvas Reservoir (CDU) and nutrient-rich Funil Reservoir (FUN). 

Spatial variability of diffusion and the total emission rate has furthermore been estimated 

for CDU. Additionally, two methods used for measuring gas transfer rates (a parameter 

important for explaining diffusion) have been compared. 

 

The obtained estimate in total emission rate was 3,094 mg CO2-eq m-2 day-1, which 

amounts to half of the average in the most recent global assessment for tropical reservoirs. 

The estimation of ebullition emission in FUN was 4,000 times lower than in CDU, likely 

due to a higher rate of increase in hydrostatic pressure during sampling in FUN. 

Similarities identified between CH4 ebullition, CO2 diffusion and CO2 concentration 

were: generally higher rates in bays and in the main inflow than in the main reservoir 

area. No statistically significant differences in spatial variability of ebullition between 

inflow areas and non-inflow areas were identified. The method-comparison for gas 

transfer rate measurements indicated that the discrepancy between the methods increased 

with higher average values measured. 
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REFERAT 

Rumslig Variation av Växthusgaser från Tropiska Vattendammar 

David Rudberg 

 

Vattenkraft har sedan länge ansetts vara klimatneutral eftersom den är en förnyelsebar 

energikälla. De senaste åren har dock studier visat att utsläppsnivåer från vattenkraft-

verkens magasin kan vara i samma storleksordning som de från kolkraftverk. Utsläpp från 

vattenmagasin är högst i tropikerna, där diffusion av koldioxid (CO2) samt uppbubbling 

av metan (CH4) bidrar stort till det totala utsläppet. Det är även i tropiska regioner som 

vattenkraftutvinning förväntas öka som mest de kommande åren. I en studie publicerad 

2011 antogs det att tidigare uppskattningar helt och hållet missat ”hotspots” av upp-

bubbling i vattenmagasin, och därmed underskattat utsläpp av CH4 med åtminstone en 

storleksordning. 

 

Rumslig variation av uppbubbling har uppskattats för två tropiska vattenmagasin: 

näringsfattiga Chapéau d’Uvas Reservoir (CDU) och näringsrika Funil Reservoir (FUN). 

I CDU har även uppskattningar för den rumsliga variationen av diffusion och det totala 

utsläppet från magasinet inkluderats. Därutöver har två metoder som används för att mäta 

gasöverföringshastighet (en parameter som förklarar stor del av diffusionen) jämförts där. 

 

Den totala utsläppsnivån uppmättes till 3 094 mg CO2-ekv m-2 dag-1, vilket uppgår till 

häften av uppskattade nivåer för tropiska vattenmagasin i den senaste globala under-

sökningen. Estimering av utsläpp från uppbubbling i FUN var 4 000 gånger lägre än i 

CDU, vilket troligtvis beror på ett kraftigare tilltagande hydrostatiskt tryck under 

provtagning i FUN. Likheter som identifierades mellan uppbubbling av CH4, diffusion av 

CO2 och koncentration av CO2 var: Generellt högre värden i vikar och i huvudinflödet än 

i huvudfåran av vattenmagasinet. Inga statistiskt relevanta rumsliga skillnader kunde 

identifieras. Metod-jämförelsen för mätningar av gasöverföringshastighet antydde en 

ökad avvikelse mellan metoderna för högre uppmätta värden. 

 

Nyckelord: diffusion, ebullition, tropiska vattenmagasin, vattenkraft, växthusgaser 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

 

Vattenkraft är den vanligaste förnyelsebara energikällan som finns världen över, och 

eftersom den inte utvinns från fossila bränslen beskrivs energiformen ofta som klimat-

neutral. På senare tid har dock allt fler studier uppkommit som visar på höga utsläpp av 

växthusgaser från vattenkraftmagasin. Det har till och med föreslagits att utsläpp från 

dessa magasin kan vara i samma storleksordning som utsläpp från fossil förbränning. 

Även om det finns olikheter bland forskningsresultat i frågan om storleken av utsläpp så 

råder nu konsensus om att utsläppen av växthusgaser från vattenmagasin är påtaglig. 

 

Växthusgasutsläpp från vattenmagasin sker främst i form av koldioxid och metan, som 

framför allt utvinns genom bakteriell nedbrytning av döda växter. Dessa utsläpp kan ta 

sig många former, men uppbubbling av växthusgasen metan från syrefattiga sediment 

samt diffusion (kemisk transport från nedbrutet material till atmosfären) av växthusgasen 

koldioxid har identifierats som två särskilt viktiga utsläppsvägar. Diffusion av koldioxid 

ökar vid ökad turbulens i ytvattnet, vilket främjas av ett snabbt vattenflöde och en stor 

vindhastighet. Diffusionen ökar därutöver med koncentrationen av koldioxid i ytvattnet. 

Ofta har rumsliga skillnader inom vattenmagasin inte tagits stor hänsyn till i studier där 

utsläpp uppskattas. Detta gäller i synnerhet för metanutsläpp. I en nyligen publicerad 

studie anses detta ligga till grund för att tidigare uppskattningar av metanutsläpp är för 

låga. 

 

Växthusgasutsläpp från vattenmagasin är i regel högst i tropiska områden; Det tropiska 

klimatet bidrar till kraftig tillrinning av material som kan brytas ned i vattenmagasinet 

och de höga temperaturerna där bidrar till ökad nedbrytningshastighet. Detta ökar i sin 

tur mängden koldioxid och metan som produceras och avges till atmosfären. Det är även 

i tropiska områden som den framtida expansionen av vattenkraft tros vara som störst, 

eftersom stora flodområden som ännu inte utnyttjats för utvinning av vattenkraft är 

belägna där. Brasilien är världens andra största producent av vattenkraft, efter Kina, och 

framtida vattenkraftanläggningar i landet planeras främst för tropiska Amazonas-

regionen. Trots att utsläpp från vattenmagasin i tropiska områden är av stor global vikt 

har magasin från dessa områden först på senare tid uppmärksammats av forskare. 

 

För att undersöka utsläpp av växthusgaser i tropiska områden genomfördes mätningar av 

uppbubbling av metan i två tropiska brasilianska vattenmagasin: näringsfattiga Chapeau 

d’Uvas (CDU) och näringsrika Funil (FUN). Mätningar av diffusion av koldioxid gjordes 

enbart i CDU. Provtagning av uppbubbling gjordes genom att placera ut trattar under 

vattenytan, rumsligt utbredda i vattenmagasinen men med störst andel i inflödes- och 

icke-inflödesvikar. Dessa trattar fångade gasbubblor vars metankoncentration fastställdes 

i laboratorium. Uppbubblingen av metan kunde slutligen bestämmas utifrån koncen-

trationen samt genom att ta hänsyn till hur lång tid trattarna varit utplacerade. 71 prover 

för uppbubbling av metan samlades in i CDU och 46 prover för densamma i FUN. 

Provtagning av diffusion av såväl koldioxid och metan utfördes genom att placera en 

flytkammare ovanpå vattenytan och koppla denna till en koncentrationsmätare. Genom 

att analysera skillnaden mellan gaskoncentration i flytkammaren i början och slutet av 

mätningen samt genom att ta hänsyn till tiden som mätningen pågått, kunde diffusionen 

fastställas. Provtagning av diffusion utfördes på 26 olika platser i CDU. 
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Utöver direkta mätningar av koldioxid-diffusionen mättes även koncentration av 

koldioxid i ytvattnet. Detta gjordes för att undersöka om det fanns något samband mellan 

ytvattenkoncentrationen och diffusionen av koldioxid. Koncentrationen av koldioxid 

uppskattades genom att låta ytvatten flöda genom en ekvilibrator. Denna åstadkommer 

kemisk jämvikt av gaskoncentrationer genom att dela upp vattenprovet i en vattenfas samt 

en luftfas. Den jämviktade luftfasen transporterades till en gasmätare som mätte 

koncentrationen av koldioxid i luftfasen. Genom att använda tidigare fastlagda samband 

mellan jämviktad gaskoncentration i luftfas och vattenfas, samt genom att korrigera för 

den gas som fanns i gasfasen innan jämvikt, kunde koncentrationen i ytvattnet 

bestämmas. Provtagning av koldioxidkoncentrationen togs kontinuerligt längs med 

huvudflödet i vattenmagasinet samt i tre inflödesvikar och två icke-inflödesvikar. 

 

En av utmaningarna för att kunna uppskatta diffusion av koldioxid är att beräkna 

hastigheten av gastransport över gränssnittet mellan vatten och luft (gasöverförings-

hastighet). I nuläget finns många metoder tillgängliga för beräkning av gasöverförings-

hastigheten, som var och en har fördelar och brister vad gäller användarvänlighet och 

kostnad. Här har skillnader mellan två kostnadseffektiva och frekvent använda metoder 

undersökts: vindhastighetsmetoden och kammarflödesmetoden. Vindhastighetsmetoden 

består i att mätningar av vindhastighet relateras till tidigare fastlagda samband mellan 

vindhastighet och gasöverföringshastighet. I kammarflödes-metoden mäts istället 

diffusionen och även koncentrationen i ytvatten och luft, och gasöverföringshastigheten 

bestäms därefter utifrån fastlagda kemiska samband mellan diffusion, koncentration och 

gasöverföringshastighet. Alla prover för bestämning av gasöverföringshastighet togs i 

CDU i samband med att diffusion uppmättes. 

 

Mätningarna visade att växthusgasutsläpp från CDU uppgår till 3 094 milligram kol-

dioxidekvivalenter per kvadratmeter och dag, vilket är hälften av vad som uppskattas som 

globalt medelvärde för tropiska vattenmagasin i den senast gjorda bedömningen, av Varis 

et al. (2012). Samband kunde ses i CDU mellan uppbubbling av metan, diffusion av metan 

samt koncentration av koldioxid, vars värden generellt var högre i vikar och i huvud-

inflödet än i huvudfåran av vattenmagasinet. Uppbubblingen av metan observerades 

minska med ökat avstånd från huvudinflödet och var relativt hög i änden av vikar i CDU. 

Uppbubbling i FUN var högst i vikar med inflöde. Inga statistiskt säkerställda skillnader 

i rumslig variation kunde dock observeras för respektive vattenmagasin. 

 

Jämförelse av uppmätta gasöverföringshastigheter visade att värden uppmätta med 

kammarflödesmetoden i regel överstiger de som är uppmätta med vindhastighetsmetoden, 

med 0,09 meter per dag. Skillnaderna mellan de två metoderna ökade med ökad 

genomsnittlig gasöverföringshastighet. 
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GLOSSARY 

 

allochtonous  originating from outside of a system 

anthropogenic  originating from human activity 

autochtonous  produced inside a system 

carbon cycle  use and reuse of carbon within a system 

continuous uninterrupted in time 

confidence interval estimated interval for a certain percentage of the values in 

a population 

discrete individually separate, with interruption 

equilibrium state when stability in a chemical reaction is reached   

eutrophic nutrient-rich 

hydrostatic pressure pressure exerted by a fluid due to gravity 

interquartile range range of the middle half of values, ranked by magnitude  

littoral location near the shore 

log-transformation transformation of a number x to log(x) 

oligotrophic nutrient-poor 

order of magnitude quantity measured as 10x in which x is the order 

riverine-Lacustrine relating to river and lake 

stoichiometry degree of difference in distribution between reactants and 

products in a chemical reaction 

transect straight line in which measurements are taken  

 

ABBREVIATIONS 

 

ANOVA analysis of variance 

CDU Chapéau d’Uvas Reservoir 

CV coefficient of variation 

FUN Funil Reservoir 

GHG greenhouse gas 

GWP global-warming potential 

IM inorganic matter 

OM organic matter 

SD standard deviation 

UGGA Ultraportable Greenhouse Gas Analyser 
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1. INTRODUCTION 

Hydropower-generated electricity is the most common form of renewable energy and 

plays an increasingly larger part of the global energy output. Between 1900 and 2008 the 

increase in output from hydropower was estimated to 1,000 TWh yr-1, with a total output 

of 3,300 TWh yr-1 (EIA, 2014). While many northern regions have used up most of their 

hydropower potential, tropical regions in Africa and Latin America only use 8-25 % of 

their hydroelectric potential (Kumar et al., 2011). Brazil, the world’s second largest 

hydropower producer (WEC, 2013) has laid out plans for the construction of 48 new dams 

until 2020 with a total capacity of 42,000 MW and with 80 % planned to be tapped in the 

Amazon region (Pyper, 2012). 

 

Hydropower has since long been regarded as a climate-neutral energy supply, but recent 

research has challenged this standpoint. Greenhouse gas (GHG) emissions from 

hydropower have even been suggested to be in the same range as emissions produced 

from fossil fuel power plants per unit of energy produced (dos Santos et al., 2006). Clear 

evidence has been found that carbon dioxide (CO2) and methane (CH4) play major roles 

in GHG emission from reservoirs (Barros et al., 2011; Mendonça et al., 2012). Other 

greenhouse gases, such as N2O, have been found to contribute with less than 10% (Guérin 

et al., 2008) to total net GHG emission from reservoirs. Previous studies have often failed 

to thoroughly examine the spatial variability for GHG emission (Roland et al., 2010) and 

current estimates have probably missed CH4 ebullition hotspot areas, i.e. areas where 

exceptionally many CH4 gas bubbles form in the sediment and rise to the water surface. 

CH4 ebullition is potentially the single largest source of GHG emission in many reservoirs 

(DelSontro et al., 2011). 

 

Hydroelectric reservoirs in tropical regions stand for the biggest contribution of GHG 

emission from reservoirs (Barros et al., 2011; Bastviken et al., 2010). In a study by 

Alcântara (2012) it has further been concluded that emissions from reservoirs in the 

Amazon basin is larger than emissions from other tropical areas. Despite the apparent 

importance of GHG emissions from tropical reservoirs, most studies on GHG emission 

have so far been conducted in temperate regions (Bastviken et al., 2010; Roland et al., 

2010; Hernandez-Paniagua et al., 2014). The current advancement of hydropower in 

tropical regions, their big contribution to GHG emission as well as the lack of studies in 

these regions provide reasons for further studies within the research field. 

 

One of the challenges in measuring GHG emission is the difficulty in estimating the gas 

transfer rate. The gas transfer rate has big implication on the GHG fluxes and thus on the 

total GHG emission (Gålfalk et al., 2013). The gas transfer rate cannot be measured 

directly but can for instance be estimated by using relationships with wind speed or be 

derived through measurements of diffusive flux and gas concentration in water and air. 

Various methods for estimating the gas transfer rate have been cross-examined in 

previous studies (Duchemin et al., 1999; Vachon et al., 2010; Gålfalk et al., 2013), but 

there is still no consensus as to which method is the most reliable. 

 

1.1 PURPOSE 

The aim was to study the magnitude and spatial variability in GHG emission to the 

atmosphere in two reservoirs in Brazil, with a focus on CH4 ebullition. Additionally, cross 

testing of two frequently used methods for estimating the gas transfer rate was made. 
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1.2 HYPOTHESES 

The study tested the following hypotheses: 

- GHG emission varies spatially 

- River inflow areas are CH4 ebullition hotspots 

 

The results were examined together with results from a project conducted by Stina K. 

Björkman (included in a supplementary part, APPENDIX G) in order to test the 

hypothesis: 

- Reservoir greenhouse gas emission is related to the amount and degradation rates 

of sediment organic matter 
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2. BACKGROUND 

This section starts off with a short introduction to global warming. Then, ways in which 

reservoirs are unique in terms of GHGs emissions are presented. This is followed by 

information on production and emission pathways of GHGs in reservoirs. Furthermore, 

current and planned development of hydropower-reservoirs in Brazil is presented. Lastly, 

results from previous research on GHG emissions from reservoirs as well as of gas 

transfer rates are provided. 

 

2.1 GLOBAL WARMING POTENTIAL OF CO2 AND CH4  

Solar energy that reaches the Earth is either absorbed, reflected as light or radiated. Much 

of the radiated energy pass through the atmosphere into space, but part of this energy is 

absorbed by gases in the lower atmosphere and re-emitted to the Earth as heat. This 

absorption and re-emission induce global-warming, as it increases the residence time of 

radiative energy in the atmosphere, making the atmosphere warmer than it otherwise 

would be. Gases contributing to this effect are called greenhouse gases (GHGs), and 

Global Warming Potential (GWP) is a metric used to estimate the relative contribution of 

different GHGs to global warming. GWP was adopted by the Intergovernmental Panel on 

Climate Change (IPCC) in 1990, and used in their first assessment report (Shine, 2009). 

It has since then become an international standard. GWP for any GHG is calculated in 

relation to the contribution of CO2 to global warming, in terms of CO2 equivalents (CO2-

eq). Consequently, CO2 has a GWP of 1 CO2-eq and GHG with higher or lower heating 

effect than CO2 has a GWP above or below this level respectively (EIA, n.d.).  

 

Gases have different residence times in the atmosphere, making it necessary to calculate 

GWP in relation to a set time horizon. The residence time for CH4, at 12 years, is low in 

comparison to the residence time for CO2, at up to 200 years (IPCC, 2001). This implies 

a decreasing GWP of CH4 with longer time horizons and an increasing GWP of CH4 over 

shorter time periods. 

 

The IPCC provides values of gases’ GWPs, which are presented in assessment reports. 

The first of these reports was published in 1990 and since then five assessment reports 

have been published, the latest in 2013. A standard calculation of GWP was established 

by IPCC in 1992 and considers a time horizon of 100 years, connecting CH4 with a GWP 

of 11 (Garrett, 1992). These estimates only considered direct GHG-effects. Indirect 

effects were incorporated in later estimates, increasing the GWP of CH4 to 25 CO2-eq 

(Home, 2007). In the latest assessment report by IPCC, GWP of CH4 is set even higher, 

at 28 CO2-eq (Myhre and Shindell, 2013). 

 

2.2 RESERVOIRS AS UNIQUE SYSTEMS FOR GHG EMISSION 

The anthropogenic construction and maintenance of dams create an environment that 

make reservoirs special in terms of GHG dynamics (Mendonça et al., 2012; Yang et al., 

2014). In most cases they produce and emit more GHGs than natural aquatic systems, 

such as lakes, rivers and oceans (Mendonça et al., 2012).  

 

Reasons for reservoirs being significant sources of GHG emissions to the atmosphere 

include the following: 
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- Reservoir construction involve the flooding of terrestrial vegetation. Before 

flooding, the plants in this area contribute as a GHG sink due to their photo-

synthesis. After flooding, the plants become available for bacterial decomposition, 

contributing as a net source of GHGs (Mendonça et al., 2012). This effect 

decreases with the ageing of the reservoir, at first exponentially and then more 

slowly (Barros et al., 2011). Around 10 years after flooding, the flooded biomass 

is to a large extent degraded and ceases to have notable effects on GHG emissions 

(Fearnside, 1995). 

 

- Reservoirs are wider and deeper than their respective inflow rivers, causing a rapid 

decrease in water velocity when water from rivers enters the reservoir area. This 

leads to an increase in sedimentation of organic matter (OM), particularly in the 

inflow bay areas. Microbial OM degradation there causes oxygen-free (anaerobic) 

conditions in the upper sediment layer and sometimes also in the bottom water 

(Gunkel, 2009; Mendonça et al., 2012). These processes are considered significant 

factors for increased CH4 ebullition (DelSontro et al., 2011). 

 

- Turbines in dams provide anthropogenic pathways of GHG, such as turbulent 

degassing directly after the turbines and further downstream reservoirs (explained 

in Section 2.4.2). These add to natural GHG pathways that can be found in aquatic 

systems in general (explained in Section 2.4.1). 

 

- Temperature shifts in reservoirs leads to changes of density in the water column, 

which in turn provokes mixing of the water layers. This mixing can be in form of 

upwelling or downwelling (explained in Section 2.4). Tropical reservoirs do not 

experience as big shifts in temperature during the year as reservoirs in temperate 

regions do, and thereby have fewer mixing events (Mendonça et al., 2012). This 

lack of mixing events inhibits oxygen rich surface water from mixing with 

oxygen-poor deep water. The result is a greater amount of anoxic bottoms and a 

higher production of CH4, which is confined to anoxic areas (further explained in 

Section 2.3). 

 

2.3 PRODUCTION OF CO2 AND CH4 IN RESERVOIRS 

Many of the processes in marine and freshwater systems that involve CO2 and CH4 take 

place in the sediment. They are driven by bacterial activity that uses the energy released 

in transforming OM in the sediment into inorganic matter (IM). This process is called 

mineralization and in short it means that the bacteria degrade dead organisms, turning the 

organic molecules into less complex molecules, in order to use the surplus energy released 

in this reaction (Jacobson, 2005). Heterotrophic aerobic bacteria consume oxygen in order 

to mineralize OM into IM, which result in the production of CO2. CO2 can thereafter be 

transported to the water column to be readily used by autotrophic organisms, such as 

plants. These organisms immobilize CO2 through photosynthesis, i.e. transform CO2 into 

OM by using solar energy. When autotrophs in turn die, they may sink to the sediment 

where they are degraded by heterotrophic bacteria, forming a carbon cycle (Madigan, 

2014). 
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Autotrophs mostly dwell in the upper part of the water column, where they can make 

effective use of the solar energy. Since oxygen is produced during their photosynthesis, 

the upper water column in reservoirs is often rich in oxygen. In the lower water column 

and in the sediment layer oxygen levels are generally low or absent, due to increased 

degradation through mineralisation. Methanogens, however, thrive under such 

conditions. These microorganisms rely on the anoxic process of methanogenesis for their 

energy provision, which result in the production of CH4 by reduction of various 

substrates, such as CO2 (Madigan, 2014). Thus, higher rates of anoxic bottoms is likely 

to increase the production of CH4. 

 

2.4 PATHWAYS OF CO2 AND CH4 IN RESERVOIRS 

There are several possible ways that the CO2 and CH4, produced in the sediment layer, 

may be accounted for as sinks or sources of GHG emissions in reservoirs. The most 

common of these can be seen in Figure 1. 

 

 

 
 

2.4.1 Natural pathways of CO2 and CH4 in reservoirs 

Some CO2 and CH4 emission pathways in reservoirs exist naturally. These emission 

pathways are observed in other aquatic systems as well, but reservoir systems provide 

specific properties to these emission pathways. 

 

2.4.1.1 Storage in sediment 

OM that reaches the reservoir and settles to the bottom, either from autochthonous or 

allochthonous sources, will eventually be subject of mineralization or long-term burial 

(Sobek et al., 2009). The organic carbon (OC) stored in the sediment is immobile and 

does not contribute to GHG emission during its burial. However, in sediment pore water 

CO2 and CH4 are produced and accumulated through the process of degradation, and 

contribute to GHG emission through diffusion and ebullition (explained further in 

Sections 2.4.1.2 and 2.4.1.3 respectively). Reservoirs have been estimated to bury more 

OM in their sediment than the entire ocean (Sobek et al., 2012), despite the fact that lakes 

only cover 2 % of the Earth’s surface, compared to the sea which covers 71 % (Sobek et 

al., 2009). 

 

 

 

Figure 1 Emission pathways for CO2 and CH4 in reservoirs. 
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2.4.1.2 Diffusion 

After production in the sediment, CO2 and CH4 may diffuse to above layers and also into 

the water column. This diffusive flux is driven by the gas concentration gradient in the 

medium or at the interface of two mediums. Diffusive fluxes may carry gases through the 

water column and also across the water-atmosphere interface, into the atmosphere 

(Mendonça et al., 2012). Hereinafter in this study, the use of the term diffusion only refers 

to diffusion across the atmospheric-water interface. 

 

Gases produced in the sediment layer need to be transported through the water column to 

the water-atmosphere interface in order to affect the concentration gradient. This makes 

gas solubility in water an important factor controlling the diffusive gas flux. Apart from 

differing between gases, the gas solubility is positively correlated to pressure and 

negatively correlated to temperature (Mendonça et al., 2012). Another controlling factor 

of diffusive gas flux across the water-atmosphere interface is turbulence at the water 

surface, usually caused by wind (Bastviken et al., 2004). 

 

Generally, diffusive emission of CO2 is greater than that of CH4, in terms of mass value 

as well as of CO2 equivalents. One explanation is that CO2 has higher solubility in water 

(Aylward and Findlay, 2008). Another explanation is that CH4 may be oxidized into CO2 

when it diffuses through the water column (Mendonça et al., 2012). Consequently there 

are limited possibilities for CH4 to reach the water-atmosphere interface and its 

contribution to diffusion is in effect often small. In stratified aquatic systems CH4 can 

escape through diffusion in times of overturn, but this has mostly been observed in 

temperate regions which experience large seasonal differences in climate (Bastviken et 

al., 2004). 

 

According to Aufdenkampe et al. (2011) and Roland et al. (2010), nearly all fresh waters 

contain concentrations of CO2 that are supersaturated in relation to the nearby 

atmospheric concentration. This implies that the flux of CO2 is almost exclusively 

directed toward the atmosphere. Some exceptions have been found, such as in extremely 

eutrophic reservoirs, where extensive photosynthesis prevents the accumulation of CO2 

in the surface water column. In such reservoirs there is a net diffusive increase of CO2, 

resulting in a negative contribution of diffusive GHG emissions (Barros et al., 2011).  

 

2.4.1.3 Ebullition 

Ebullition is the term for release of gas-saturated bubbles from the sediment. This 

physical release of gas is quick compared to the chemical process of diffusion. As bubbles 

rise, a fraction of them is dissolved in the water column (bubble dissolution). The part 

that is not dissolved is transported to the atmosphere. The rate of ebullition is negatively 

correlated to hydrostatic pressure. The hydrostatic pressure as well as the bubble 

dissolution increases with depth, and the rate of ebullition is therefore often higher in 

shallow areas than in deeper ones (DelSontro et al., 2011). 

 

CH4 is the only gas that contributes to GHG emission substantially through ebullition 

(Yang et al., 2014). A study by dos Santos et al. (2006) found that ebullition contained 

97.7 % CH4 and 2.3 % CO2. CH4 that is dissolved during bubble rise may become 

oxidised to CO2 or released through diffusion. 
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Bastviken (2004) suggests that ebullition primarily is related to the net CH4 production 

rate in the sediment and to the hydrostatic pressure needed to be overcome for bubbles to 

rise. DelSontro (2011) corroborates this theory by suggesting that shallow regions in 

reservoirs with anoxic sediment layer serve as hotspot areas for ebullition and that 

ebullition from those areas may contribute to the largest source of GHG in reservoirs.  

 

Ebullition has been found to be a heterogeneous phenomenon, spatially as well as 

temporally. DelSontro et al. (2011) found ebullition flux events to vary with up to five 

orders of magnitude and also identified strong differences in the frequency distribution 

for ebullition flux events. Since fluxes from ebullition are so heterogeneous it is difficult 

to estimate their contribution to GHG emissions (Bastviken et al., 2004). 

 

2.4.1.4 Advection through plants 

Plants rooted in the soil are capable of both reducing and enhancing CH4 production; the 

passage of oxygen through roots has been found to supress CH4 production in wetlands, 

while the degradation of dead roots boost CH4 production (Segers, 1998). Keppler et al 

(2006) suggested that plants could produce CH4 themselves, but this theory has since been 

challenged by others. For example, Nisbet et al (2009) argue that previous findings were 

caused by dissolved CH4 flux from plant transpiration or by extreme stress levels for 

plants not found under normal conditions, causing CH4-release through breakdown of 

plant tissue. 

 

Advection through plants has not been documented to have as great effect on GHG 

emission in reservoirs as diffusion or ebullition, except in areas with a high extent of 

rooted aquatic macrophytes, where emissions of GHG tend to be high (Peixoto et al., 

2015). 

 

2.4.1.5 Downwelling and upwelling 

Another fate of CH4 and CO2 is their transport to the upper and lower water layer through 

downwelling and upwelling (Mendonça et al., 2012). These are mixing events caused by 

differences in temperature or salinity within the water column (Sarmiento and Gruber, 

2006). Downwelling implies that surface water is transported to the bottom layer while 

upwelling implies the reverse transport of water. These two phenomena occur 

simultaneously but have different effects on CH4 and CO2, and consequently on GHG 

emissions. Downwelling makes oxygen available in previously anoxic regions of the 

reservoir, causing CH4 to be oxidized into CO2 and resulting in lower total GHG 

emissions. Upwelling, in contrast, transports water rich in CO2 and especially CH4 from 

the bottom to the surface water layer, increasing the atmospheric GHG release through 

diffusion (Mendonça et al., 2012). The rate of oxidation of CH4 in the event of upwelling 

is generally low due to the high speed of gas transport through the water column (Peixoto 

et al., 2015). In freshwater reservoirs this phenomenon usually takes place when the upper 

layer has lower temperature than the lower layer, and thus has higher density. Upwelling 

and downwelling may also be produced by winds, as these cause surface water to diverge 

or converge toward shore, resulting in upwelling and downwelling respectively 

(Sarmiento and Gruber, 2006).  

 

Tropical reservoirs do not experience big shifts in temperature over the year. 

Consequently, the temperature-driven mixing events that cause downwelling and 
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upwelling are rare in these reservoirs. Since reservoirs contain fresh water, mixing events 

due to differences in salinity are also unusual (Mendonça et al., 2012). 

 

2.4.2 Anthropogenic pathways of CO2 and CH4 in reservoirs 

Some CO2 and CH4 emission pathways found in reservoirs do not exist naturally but are 

instead directly linked to anthropogenic activity. These pathways exist as a result of 

decreased pressure and increased turbulence following the output of water downstream 

dams. 

 

2.4.2.1 Downstream gas emission directly after turbine outflow 

The consequences of turbulent mixing downstream the dam are in some ways comparable 

to those of upwelling (explained in Section 2.4). As deep-water is sucked into and through 

the turbine inlet it provokes turnover of the water column, increasing the amount of CH4 

near the water surface (i.e. in the river downstream the dam). The lower water level 

downstream the dam causes an immediate drop in hydrostatic pressure, facilitating the 

quick release of this CH4 to the atmosphere (Fearnside, 1995; Kemenes et al., 2007). 

 

The closer an inlet is positioned to the surface water layer in the reservoir, the more likely 

is it that the water it takes in will be more oxygenated and thus contain less CH4. A turbine 

inlet placed far down near the bottom of the reservoir in contrast is more likely to take in 

CH4-rich water. Thus, placing inlets higher up can reduce emission of GHG. Despite this 

being a simple mean of prevention, the water inlet is frequently placed in medium or 

lower parts of the dam (Mendonça et al., 2012). 

 

In a study by Guérin et al. (2006), the contribution of downstream gas emission to the 

total emission rate was significant; 9-33 % for CH4 and 7-25% for CO2. 

 

2.4.2.2 Turbulent degassing in downstream river 

Despite the usually high emission directly after the turbine, much GHG remain dissolved 

in the water only to be released to the atmosphere further downstream. The conditions 

created by the release of water at the dam, such as high turbulence and turnover, have 

been identified to increase GHG emissions even at distances of 40 km downstream the 

dam (Mendonça et al., 2012).  

 

2.5 DEVELOPMENT OF HYDROPOWER RESERVOIRS IN BRAZIL 

Brazil is the largest country in Latin America and the fifth largest in the world. Covering 

an area of over 8.5 million km2, it encompasses almost half of Latin America (IAEA, 

2013). Several big river systems are located in Brazil, including the Amazon River. With 

a length of 6,440 km it is the world’s second longest river. The mighty river systems puts 

Brazil as the country with the second largest hydroelectric potentials in the world, after 

China, with an annual theoretical capacity of 3,040 TWh (WEC, 2013). 

 

The development of large hydrologic reservoirs in Brazil started taking place in the 

beginning of the 1990’s (Soares et al., 2012). Between 2002 and 2011 the energy output 

from hydroelectricity grew with around 25 % and now it holds the place as the single 

most important energy supply in the country. 80 % of the total produced energy in Brazil 

comes from hydropower (EIA, 2014), but the developed capacity is only around 11 % of 
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the total available potential (Figure 2). Brazil has currently prioritized dam construction 

in the south-eastern regions, with humid-tropic environments. 

 
Figure 2 Hydroelectric potential in Brazil. Used with permission, from Hall (2011). 

 

In order to sustain its economic growth rate, the government of Brazil is planning to 

increase its energy capacity with 5,000 MW each year, with hydropower playing a major 

part in this expansion. 48 new hydroelectric power plants are scheduled to be constructed 

by 2020, delivering a total capacity of 42,157 MW. The Amazon region alone will 

account for 80 % of this output, tapped by 18 new reservoirs (Pyper, 2012). 

 

2.6 PREVIOUS RESEARCH 

Ever since the 1990’s, when the first climate assessment report was published by IPCC, 

research has been dedicated to estimating and revising previous estimates of GHG 

emissions. Furthermore, effort has been put into finding a suitable method for estimating 

gas transfer rates. 

 

2.6.1 Research concerning rates and variability of GHG emissions in reservoirs 

In the early 1990s, a missing carbon sink was discovered through the use of modelling 

carbon sources from aquatic sources. It was concluded that the amount of carbon 

delivered to the oceans is much smaller than the input of carbon into rivers (Aufdenkampe 

et al., 2011). Since then, the debate has been ongoing as to where the carbon loads into 

the rivers end up. Even after several revisions of models over the years it is concluded 

that only 5-25 % of sediment input in the rivers is transported to the oceans (Aufdenkampe 

et al., 2011). The processes of carbon sources, including their production, transport, and 

residence time, are heterogeneous and complex. This makes it difficult to estimate how 

big part of the carbon sink from aquatic sources can be allocated to burial in the sediment 

and to atmospheric emission to the atmosphere respectively (Mendonça et al., 2012).  

 

Louis et al. (2000) proposed that reservoirs might play a substantial role in closing the 

gap in the carbon flux budget. They estimated reservoirs to account for 2,600 Tg of CO2-

equivalents each year, a much higher emission rate than in previous estimates. The results 

challenged the prevailing idea of hydropower as a climate-neutral energy source. It 

provoked attention among researchers and led to more funding being directed towards 

estimating carbon fluxes in reservoirs (Mendonça et al., 2012). Subsequent estimates on 

GHG emission differed much in magnitude; while some reported findings of GHG 

emission rates in hydroelectric power plants as high as those from fossil fuel power plants 
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per unit of energy produced (dos Santos et al., 2006), others reported GHG emissions to 

be considerably smaller (Roland et al., 2010; Barros et al., 2011). Many of these estimates 

were based on a very limited dataset, sometimes reduced to only a few point measure-

ments for each reservoir, often near the terminal dams. This lacking representation of 

spatial variability was later pointed out as a reason for the varied results (Pacheco et al., 

2015). 

 

In a comprehensive study, published by Barros et al. (2011), previous results and 

literature emission values were analysed and correlated to different environmental 

parameters. They concluded that emissions of both CO2 and CH4 are negatively correlated 

with reservoir age. Furthermore they argued that previous findings on GHG emissions 

were overestimated due to the over-representation of young reservoirs used in the 

corresponding studies. Another correlation was made to latitude, indicating that tropical 

reservoirs emit more GHGs than reservoirs in other regions. This was of importance, 

given that most studies until that time had been conducted in temperate regions (Bastviken 

et al., 2010). It has later been determined that the emissions of GHGs in Amazonian 

reservoirs are greater (Abril et al., 2013) than their non-Amazonian counterparts 

(Alcântara, 2012). 

 

Into 2010, the main focus when estimating GHG emission had been on CO2 emission 

through diffusion and CH4 emission through turbulent degassing. Studies made on CH4 

ebullition led to different estimates but generally the impact of ebullition on GHG 

emissions was estimated as lower than that of other emission pathways. Previous results 

indicated a correlation between ebullition and depth, concluding its variability linked to 

differences in hydrostatic pressure as well as of bubble dissolution (Bastviken et al., 

2004). However, this failed to fully explain the high variations in ebullition (DelSontro 

et al., 2011). The greatest ever documented CH4 fluxes (150 mg CH4 m-2 d-1) were 

documented by DelSontro et al. (2010). They conducted an in-depth study on ebullition 

with highly spatially and temporally resolved measurements and found that ebullition 

provided the largest pathway for GHG emission, exceeding emission through turbine 

degassing and diffusion by two orders of magnitude. Results in a follow-up study 

(DelSontro et al., 2011) indicated that ebullition was notably higher in inflow areas than 

non-inflow areas. It was concluded that previous research have overlooked and thus 

underestimated GHG emission in previous research. 

 

The latest assessment of GHG emissions from reservoirs on a global scale was made by 

Varis et al. (2012). They found considerably higher emission rates in tropical reservoirs 

than in reservoirs located elsewhere; double that of the average GHG emission in boreal, 

temperate and subtropical reservoirs combined, when considering a time horizon of 100 

years (Table 1). 
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Table 1 Assessment of GHG emission from reservoirs in Boreal, Temperate, Subtropical and 

Tropical regions  (Avg = Average, SD = Standard deviation, n = number of reservoirs included 

for the estimations). Used with permission, from Varis et al. (2012). 

  
 

2.6.2 Research concerning method discrepancy in gas transfer rates in reservoirs 

The gas transfer rate is the physical gas exchange velocity across the water-atmosphere 

interface. It is affected by a variety of factors; the ones relevant for reservoirs include 

wind fetch and speed (Frost and Upstill-Goddard, 2002), rainfall (Ho et al., 2007) and 

convection (Sobek., 2015, pers. comm., November 2nd). Due to the many factors that 

contribute to the gas transfer rate it has been difficult to provide reliable estimates for it 

(Vachon et al., 2010). The widest spatial resolution so far has been derived by 

experiments conducted with gas tracers (Clark et al., 1995; Cole and Caraco, 1998; 

Crusius and Wanninkhof, 2003). The results of such experiments are related to wind 

speed, which provides a model of gas exchange which can easily be used (wind speed 

method). Gålfalk et al. (2013) argue that the extent of validity for such models can be 

questioned. They mean that only a few experiments, made for a few locations and limited 

time periods have been made, making it difficult to estimate the general use of such 

models. Vachon et al. (2010) argue that not all variability can be explained by wind speed, 

which is the sole explanatory variable in gas tracer models. 

 

Another method for measuring gas transfer rates consists of gas flux measurements with 

floating chambers (explained in Section 3.1.2.1), together with discrete measurements of 

gas concentrations at the water surface (chamber flux method). This provides simple, 

inexpensive and portable estimates of the gas transfer rate (Vachon et al., 2010). The 

credibility of such measurements solely depend on made observations rather than on the 

validity of a model. Vachon et al. (2010) found that measurements with the chamber flux 

method may be overestimated due to artificial turbulence generated by the chamber. 

Furthermore, they found that the effect of artificial turbulence on the estimation of gas 

transfer rates decreases nonlinearly with greater wind-induced turbulence. They 

concluded that the bias from the chamber flux method is largest in calm, low-turbulence 

waters, and thus in environments with low levels of wind speed. In a study by Gålfalk et 

al. (2013) the gas transfer rate was estimated with three separate methods, one being the 

chamber flux method. Measurements obtained with the chamber flux method had higher 

short-term temporal variability than the other methods, considered to derive from its 

relatively small spatial integration scale (less than 0.1 m2). 

 

Even though some results indicate an overestimation of gas transfer rates with chamber 

flux measurements (Matthews et al., 2003; Eugster et al., 2003; Kremer et al., 2003; 

Vachon et al., 2010), results from elsewhere indicate that the flux method yield 

measurements consistent with other methods (Guérin et al., 2007; Repo et al., 2007; 

Soumis et al., 2008).  
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3. METHODS 

In this section the method description, from sampling of GHGs and gas transfer rates to 

calculating and analysing these samples, is provided. 

 

3.1 SAMPLING PROCEDURES 

Several different types of samples were collected; surface water CO2 concentration 

samples; samples of different emission pathways; and samples of gas transfer rates. 

During all sampling, a YSI 6600 V2-4 Multi-Parameter Water Quality Sonde was used to 

gather data on atmospheric pressure. A Garmin Fishfinder 140 transducer was used to 

gather data on depth and temperature in the surface water. 

 

3.1.1 Sampling of surface water CO2 concentration 

Concentration difference between water and air together with the gas exchange velocity 

across the air-water interface regulate diffusive fluxes between these two mediums 

(Stumm and Morgan, 1996). Whereas gas concentration in air quickly equilibrates across 

the water surface, gas concentration in surface water can vary significantly from one 

location to the other (Sobek, 2015, pers. comm., August 11th). In this study, measurements 

of CO2 gas concentration in the surface water have been collected, by use of an 

equilibrator, as a complement of direct sampling of diffusive flux.  

 

The equilibrator (Figure 3) consisted of the following: 

- Pre-filter (1), for filtering big particles. This was lowered down in the water 

connected to a metal pole, which in turn was connected to the boat. The pre-filter 

was constructed with a cutlery rack from IKEA and a steel lid fastened on its top 

and bottom. A 100 µm nylon phytoplankton net was glued around its surface. 

- Polypropylene FDA Filter (2), for filtering small particles. 

- “Permselect membrane” (3), for allowing equilibration of gas and air. Water is 

restricted to the outside part of the membrane, while gases are allowed to travel 

through the permeable layer. 

- Battery-run pump (4) that connected the pre-filter with the polypropylene filter 

and pumped water through the whole circuit. 

- Control-mechanism for the pump (5), for stabilizing the pump speed. 

 

Input water was led through the outside of the membrane, where it was equilibrated and 

thereafter led out of the system through a silicon tube (6). During the residence time of 

water on the outside of the membrane, equilibrated gas was transported to the inner part 

of the membrane and to the Ultraportable Greenhouse Gas Analyser (UGGA, Los Gatos) 

where the concentration of CO2 was measured. The same gas was thereafter returned to 

the membrane, creating a closed system for gas equilibration. The pump speed was 

checked manually by use of a stopwatch and glass cylinder every 15 minutes when 

sampling with the equilibrator, to make sure it remained at a stable level. It was also 

frequently made sure that no air entered the outer part of the membrane, which would 

disturb the process of equilibration. Sampling was made at a boat speed of 6 km h-1 and 

sampling speed of the UGGA was 1 Hz. 
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Figure 3 Equilibrator, as mounted during sampling, containing pre-filter (1), 

“Polypropylene FDA filter” (2), “Permselect membrane” (3), water pump 
(4), control mechanism for the water pump (5) and tube for transporting 

water away from system (6). 

 

Approximately every half hour during sampling with the equilibrator, samples were 

collected as reference values for surface water CO2 concentration (headspace samples). 

These contained 10 ml air and 30 ml water, collected with a 60 ml syringe 1 m above and 

directly below the water surface respectively. Headspace samples were shaken for at least 

one minute after sampling, in accordance to guidelines from Gonzales-Valencia et al. 

(2014). The shaking was done in order to equilibrate the CO2 concentration between the 

air and the water in the samples. The air inside the headspace samples were injected into 

the UGGA the day after sampling, providing a peak response of CO2 concentration in 

ppm. The initial concentration of CO2 in the water sample could thereafter be estimated 

(APPENDIX D). The surface water CO2 concentration rates obtained with the 

equilibrator were adjusted to the corresponding concentration rates provided by the 

headspace samples. 

 

3.1.2 Sampling of emission pathways 

Samples were obtained for estimating the fluxes from CO2 and CH4 diffusion as well as 

CH4 ebullition. The sampling methods used for this are described below. 

 

3.1.2.1 Sampling of CO2 and CH4 diffusion 

In order to estimate the diffusion directly, a floating chamber was utilized (Figure 4). This 

constituted a cylinder body made out of hard plastic, with a diameter of 30 cm and a total 

height of 29.5 cm. It was closed to one side with the exception of a small hole which 

could be closed with a lid (1), and of two plastic ports. These ports were connected to the 

inflow (port no.1) and outflow (port no.2) of the UGGA, through silicon tubes (4 and 2 

respectively). By positioning the chamber with its fully open side against the water, air 

could still pass through the hole of the chamber. This prevented gas levels from 

accumulating inside the chamber. The outer part of the chamber was connected to a 

Styrofoam float (3) before being submerged in the water, to prevent the chamber from 

sinking. On one hand, submergence of chambers has in previous studies been seen to 

cause artificial turbulence, which in turn lead to an overestimation of the diffusion 
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(Vachon et al., 2010; Gålfalk et al., 2013). On the other hand, submergence is an effective 

way to prevent outside air from entering the chamber, which would lead to biased results. 

As a compromise, the chamber was submerged 8 cm, which was estimated as enough to 

prevent air leakage. 

 

Before measurements with the chamber were initiated, the level of GHG in the 

surrounding air was measured. This was done by relocating the silicon tube from port 

no.1 to the air, 1 m above water level. After one minute, when gas levels in the chamber 

had stabilized, the hole on the chamber was closed and the tube positioned in the air was 

reconnected to port no.1. This produced a closed system in which gas from the chamber 

was pumped into the UGGA through port no.1 and out again to the chamber from the 

UGGA through port no.2. Since the UGGA is sensitive to water intrusion, a water filter 

(5) was attached to the silicon tube connected to port no.1. A screen was connected to the 

UGGA to provide visuals of the concentration level continuously and in real time. All the 

data was stored in the UGGA to allow for analysis later on. 

 

 
Figure 4 Floating chamber connected to the UGGA, containing lid (1), 
connection ports (2 and 4), Styrofoam float (3) and water filter (5). 

 

Chamber measurements have been conducted in several previous studies (Kling et al., 

1992; Duchemin et al., 1999; Vachon et al., 2010; Rasilo et al., 2015). However, it has 

often been used together with discrete measurements, taken in the beginning and at the 

end of the sampling period (and sometimes in between) by use of a syringe (Bastviken et 

al., 2004, 2010). Such methods requite that chambers are revisited at least two times, 

which can be time consuming and labour intensive. By instead taking continuous 

measurements, as has been done in the present study and in a recent study (McGinnis et 

al., 2015), sampling can be done without the need of revisiting the sampling location. 

Measurements can furthermore be limited to the time it takes for the measured gas flux 

to reach a stable rate of increase or decrease. Stable rates could often be noted in less than 

a minute operating time; however, a sampling time of five minutes was applied so as to 

ensure reliable data collection and to account for possible temporal changes in the rates 

of flux. The UGGA sampled at a speed of 1 Hz. 
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3.1.2.2 Sampling of CH4 ebullition 

Ebullition was measured with funnels (Figure 5). These were made of truck canvas, with 

the lower part connected to a pair of steel bars forming a circle of 50 cm in diameter. Two 

air filled PET bottles were connected with rope to the upper part of the funnel (1), situated 

5-10 cm above the funnel when submerged in water. The bottles enabled a stable position 

of the funnel in the water during sampling, keeping it near the water surface. Each funnel 

was anchored with a ~4 kg weight to prevent drifting. Anchors consisted of stones in a 

cloth bag, used in FUN, or a cylinder block of cement (2), used in CDU. These were 

slowly submerged by use of a rope so not to disturb the sediment and cause the release of 

bubbles. The same rope used for the anchors was tied around an air filled plastic floater 

(3) and then, with two meters of rope apart, connected to one of the funnels. With this 

design, the funnel was ensured to float around the place where the weight had been 

submerged rather than directly above it, thus preventing sampling of bubbles released 

from the sediment due to movements of the weight. 

 

A glass bottle of 200 ml was completely filled with water and screwed onto the upper part 

of the funnel (4). Bubbles rising through the funnel would end up in this glass bottle, 

pushing away abundant water. After at least three hours the funnel location was revisited 

and the glass bottle was unscrewed from the funnel and closed with an airtight stopper, 

connected with a three-way silicon valve. This was done while holding the bottle upside 

down in the water, in order to prevent any gas from escaping. The bottle was then held 

upright and its three-way silicon valve was connected to a 60 ml syringe through a three-

way connector. Subsequently, the gas from the bottle was transferred to the syringe. The 

gas sample was injected into the UGGA within 24 hours, providing a peak response of 

CH4 ebullition in ppm. 

 

 

Figure 5 Funnel, as prepared during sampling, containing PET-bottles serving 
as floating devices (1), anchor (2), plastic floater (3) and glass bottle for 

ebullition trapping (4). 

 

Using funnels to measure ebullition is a common approach (DelSontro et al., 2010). 

Another common procedure is to measure the total emission of ebullition and diffusion 

instead of their individual emissions, by the use of long-time chamber measurements 
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(McGinnis et al., 2015; Rasilo et al., 2015). Measuring their total emission through long-

time chamber measurements can be time effective when there is no need to distinguish 

between the fluxes. However, if the contributions of each flux need to be determined after 

long-time chamber measurements, statistical analyses need to be conducted, which can 

be time consuming. A critique against long-time chamber measurements is the increased 

risk for leakage if air is allowed to pass in, which may happen when the water surface is 

unsteady. Another critique is that chambers may provoke artificial turbulence, over-

estimating fluxes (explained further in Section 2.6.2). Since funnels are situated below 

water level they do not risk leakage or disturbance of turbulence in this way. They can 

therefore be used for long-time sampling without producing biased measurements. 

 

3.1.3 Sampling for estimating gas transfer rates 

Two sampling methods (chamber flux method and wind speed method) were used in 

measuring gas transfer rates. 

 

3.1.3.1 Sampling for estimation with chamber flux method 

Estimation of gas transfer rates with the chamber flux method included floating chamber 

measurements (described in Section 3.1.2.1) and headspace samples (described in the end 

of Section 3.1.1). Floating chambers were used for measuring the diffusion rate and gas 

concentration in the air, while headspace samples were used for measuring the 

concentration levels in the water. The chamber flux method is used in several other studies 

(Bastviken et al., 2004; dos Santos et al., 2006; Bastviken et al., 2010). 

 

3.1.3.2 Sampling for estimation with wind speed method 

Measurements of gas transfer rates with the wind speed method included wind speed 

measurements, which were sampled with an Instrutherm AD-250 wind speed meter. 

Using wind speed measurements for estimating gas transfer rates is common practice 

(DelSontro et al., 2010; Roland et al., 2010; Pacheco et al., 2015). Samples of average 

stable wind speed were collected for 20-second periods, approximately three meters 

above water level in the direction of maximum wind flow. 
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3.2 SAMPLING LOCATIONS 

Sampling took place in the Chapéau d’Uvas and the Funil Reservoirs, located in southeast 

Brazil (Figure 6). Information on the two reservoirs, together with sampling locations 

within them, are provided below. In this section and onward, “end of bay” is defined as 

where the bay meets the river inflow. In effect, “entrance of bay” is defined as where the 

bay meets the main reservoir area. 

 

 
Figure 6 Locations of Chapeau d’Uvas and Funil Reservoir within Brazil. Map of Brazil 

provided by Brandenburg and Spielberg (2012), used with permission. 

 

3.2.1 Chapéu d’Uvas Reservoir 

Chapéu d’Uvas Reservoir (CDU) is located approximately 40 km northwest of Juiz de 

Fora, Minas Gerais State, amidst an Atlantic Forest biome (Soares et al., 2007). It has 

been operated since 1994 for drinking water purposes by damming of the Paraibuna 

River. The Paraibuna River in turn constitutes the largest hydrographic basin in southeast 

Brazil, traversing the states Rio de Janeiro, Minas Gerais and São Paolo. CDU holds a 

volume of 0.146 km3 and has an area of 12 km2 (Soares et al., 2007). Apart from the main 

river the reservoir receives water from smaller inlets. Mean and maximum depth are 12.2 

and 41 m respectively (Soares et al., 2007). Additional information on CDU is provided 

in APPENDIX A. 

 

3.2.1.1 Locations of CH4 ebullition flux sampling in CDU 

A total of 71 samples with funnels were collected according to Section 3.1.2.2. These 

were sampled between 10 am and 5 pm during a mean sampling time of 4.5 hours. A 

maximum of 15 funnels were sampled in one field day. Locations of funnel samples are 

displayed in Figure 7.  
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22 of the funnels were placed in five inflow bays, (bay no. 4, 7, 11, 16 and 17) with five 

funnels in each bay; except for bay 4, where four funnels where sampled; and in bay 16 

where three funnels were sampled. A total of 15 funnels were placed in four non-inflow 

bays (bay no. 2, 6, 9 and 15). The funnels in inflow and non-inflow bays were sampled at 

shallow levels (1, 2 and 3 meters depth). Nine funnels were sampled along the main 

stream in the reservoir area, from the dam to the main inflow. They were sampled 

approximately 1.5 km apart, in the middle as well as nearer the sides of the reservoir. 

Furthermore, transects with three funnels each were sampled in the main reservoir area; 

at the entrance of inflow bays 7 and 11, near the dam, in the middle of the reservoir 

(outside of inflow bay 10) and near the main inflow (before bay 17) respectively. Due to 

the relatively large size of inflow bay 10, it was sampled with five funnels along the 

middle of the stream. The main inflow was sampled with five funnels at equal distances 

from the river. 

 

 
Figure 7 Map of ebullition flux sampling with funnels in CDU, separated by 

location and together with bay numbering and indicators of dam and river inflow. 

 

3.2.1.2 Locations of CO2 and CH4 diffusion and gas transfer rate sampling in CDU 

For each of the sampling locations described below, samples with floating chambers as 

well as headspace samples and wind data were collected, according to the methods 

described in Sections 3.1.2.1, 3.1.1 and 3.1.3.2 respectively. A total of 26 samples were 

collected (Figure 8); along the main reservoir area (12 samples), in main area of bay 10 

(5 samples), and in each of the bays that were sampled with funnels, except for bay 15 (9 

samples). 
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Figure 8 Map of CO2 and CH4 diffusive flux sampling (chamber samples) and gas transfer 

rate sampling, together with bay numbering and indicators of dam and river inflow. 

 

3.2.1.3 Locations of surface water CO2 concentration sampling in CDU 

Samples of CO2 surface water concentration were obtained with the equilibrator, 

according to Section 3.1.1. This provided coverage along the main reservoir area, into 

inflow bays 10, 4 and 11 as well as into non-inflow bays 6 and 15 (Figure 9). For the 

different bays sampling was done in a zigzag pattern, in order to provide a high spatial 

resolution. In the main reservoir area and the main inflow area, sampling was made 

directly against the direction of flow instead of in a zigzag pattern. This was made so as 

to facilitate coverage of the entire reservoir length, from dam to inflow, in the limited 

time available. 

 

 
Figure 9 Map of CO2 concentration sampling with equilibrator in CDU, together with 

bay numbering and indicators of dam and river inflow. 
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3.2.2 Funil Reservoir 

Funil Reservoir (FUN) is located in the southern part of Rio de Janeiro State. It was 

constructed in the late 1960s by damming the middle to upper reaches of the Paraíba do 

Sul River (Terra et al., 2010) and has since then constituted an important source of 

hydropower in Brazil, with an annual output of 180 MW (Roland et al., 2010). The 

vegetation around the reservoir suffers from high erosion due to previous agricultural and 

pasture activities, and the oscillation of the water level due to damming control and high 

variations in rainfall intensity lead to a high input of littoral sediment (Branco et al., 2002; 

Terra et al., 2010; Mendonça et al., 2012). Consequently, the reservoir experiences 

excessive eutrophication, resulting in phytoplankton blooms and water quality 

degradation (Soares et al., 2012). Spatially heterogenic trends in nutrient content has been 

observed within FUN, with decreasing nutrient content in the riverine-lacustrine gradient 

(Soares et al., 2012). Additional information on FUN is provided in APPENDIX A. 

 

3.2.2.1 Locations of CH4 ebullition sampling in FUN 

A total of 46 samples with funnels were collected (Figure 10). Sampling was done in the 

main inflow (8 samples), in inflow bays (9 samples), in non-inflow bays (20 samples) and 

in the main reservoir area (9 samples). Non-inflow areas were sampled in the two main 

arms of the reservoir (arm 1 and arm 2), with the exception of three samples taken in a 

non-inflow bay along the main reservoir. The funnels at inflow- and non-inflow bays 

were sampled at a mean depth of 2 and 3.5 m respectively.  

 

 

Figure 10 Map of CH4 ebullition sampling with funnels in FUN, separated by 

location and together with indicators of dam and river inflow. 
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3.3 TIME OF SAMPLING 

Sampling was made during two episodes. The first was in FUN during March 15-28, in 

2015, when CH4 ebullition was sampled. The second was in CDU during April 7 to May 

18, when CH4 ebullition, CO2 and CH4 diffusion, gas transfer rate and surface CO2 

concentration were sampled (Table 2). 

 

 
 

During the period of sampling, Brazil was starting to recuperate from its biggest drought 

in over 80 years (Garcia-Navarro, 2015). The drought was caused by a delay in the usual 

rain period cycle and the regions of São Paolo and Rio de Janeiro were notably affected 

(Wheel, 2015). A few weeks before and during the data collection, the rain period had 

started and water was returning to the reservoirs after previously having run dry. Still, the 

water levels in the reservoirs did not reach normal water levels during the sampling 

campaign. 

 

3.4 LIMITATIONS IN SAMPLING 

There were a number of limitations in the sampling, restricting the amount of samples 

taken and emission pathways that were covered: 

- During the sampling campaign in FUN, measurements were taken for many 

different purposes; not only for the sake of the present study. The time at hand 

could therefore only partly be used for sampling funnels. 

- There were technical problems with chamber and equilibrator equipment during 

sampling in FUN. Due to these problems, and to a tight schedule, measurements 

with chamber and equilibrator were not made in FUN. 

- Faults existed with the sampling instruments used for measuring the emission 

downstream the dam. Despite several attempts in CDU, no reliable data for 

downstream measurements could be collected. Consequently, downstream gas 

emission and turbulent degassing downstream could not be quantified. 

- Emission from rooted plants has not been covered, due to limited time for 

sampling in FUN and due to the scarcity of such plants in CDU. 

- Downwelling and upwelling have not been covered in this study, since they 

generally do not contribute much to the GHG emission in tropical reservoirs 

(Mendonça et al., 2012). 

Table 2 Sampling schedule for CDU. 

 
Gas diffusion & 

gas transfer rate 
CH4 Eebullition 

Surface water CO2 

concentration 

07-Apr  x  

14-Apr  x  

15-Apr  x  

20-Apr x x  

23-Apr x x  

25-Apr   x 

27-Apr x x  

29-Apr x x  

04-May x x  

07-May x   

14-May   x 

18-May   x 
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- Ebullition of CO2 has not been covered. Its contribution to the total GHG emission 

in reservoirs has been small in previous studies (dos Santos et al., 2006; Yang et 

al., 2014). 

 

3.5 LABORATORY WORK 

Gas from ebullition and headspace samples were injected into a UGGA for further 

analysis. Injection was done within 24 hours of sampling. The result of injecting gas into 

the UGGA was a peak response in ppm. Integration of the peaks and conversion from 

ppm to concentration (mmol) was done with a previously established R-script and 

calibration curve respectively (Isodrova, A., 2015, pers. comm., March 27th). 

 

3.6 CALCULATIONS  

All measurements collected during sampling (Section 3.1) were subjected to calculations 

prior to analysis. Information on how the calculations were carried out is provided below. 

 

3.6.1 Calculations of surface water CO2 concentration 

Measurements of CO2 concentration had to be adjusted to response- and delay time as 

well as to concentration bias. 

 

3.6.1.1 Adjusting for response- and delay time 

Before the CO2 concentration measurements derived from the equilibrator were used for 

further analysis, they were adjusted in consideration to the response- and delay time of 

the equilibrator. These two parameters were estimated according to APPENDIX B. 

 

The equilibrator samples were adjusted to the response- and delay time of the system by 

use of Equation 1, according to Gonzales-Valencia et al. (2014). 

 

𝐶𝑒 =
𝑑𝐶∗

𝑒,𝑡

𝑑𝑡
𝑡𝑟 + 𝐶∗

𝑒,𝑡+𝑡𝑑
 

 
(1) 

Ce = Corrected concentration at time tx (ppm) 

tr = Response time, 351 s 

td = Delay time, 83 s 

C*
e,t = Sampled concentration at time tx + tr + td (ppm) 

 

3.6.1.2 Adjusting for concentration bias 

The CO2 concentration rates sampled with the equilibrator were furthermore adjusted 

according to reference CO2 concentrations so as to account for any possible bias, i.e. 

incomplete equilibration. This was done by applying the properties of the equilibrator 

membrane to a diffusion model, structured according to Fick’s second law (Equation 2). 

Reference CO2 concentrations were obtained by simultaneous collection of headspace 

samples during equilibrator sampling. 
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𝑑𝑀

𝑑𝑡
= 1000 · 𝐾 · 𝐴𝑀 · (𝐶𝑤 −

𝐶𝑒

𝐻
) 

 
(2) 

dM/dt = Mass transfer rate (mol s-1) 

K = membrane transfer coefficient (m s-1) 

Am = Area of membrane (m2) 

Cw = Dissolved CO2 concentration in the headspace samples (mol L-1) 

Ce = CO2 concentration, measured by the equilibrator (mol L-1) 

H = CO2 air/water partition coefficient (-) 

 

This equation can be simplified by grouping together the constant properties of the 

membrane affecting the gas flux into a single value, α (Equation 3). α is an estimation of 

the bias between the concentration measurements made with the equilibrator and those 

made with headspace samples.  

 

𝛼 =
𝐶𝑤

𝐶𝑒
 

 (3) 

α = Concentration bias of equilibrator (-) 

Cw = Gas concentration, measured by use of a headspace sample (ppm) 

Ce = Gas concentration, measured by use of the equilibrator (ppm) 

 

A total of 33 estimates of α were made, and the concentration sampled with the 

equilibrator was adjusted to the mean value of these (Equation 4). For estimated values 

of 𝛼 and �̅�, see APPENDIX C. 

 

�̅� =
1

33
 ∑

𝐶𝑤𝑖

𝐶𝑒𝑖

33

𝑖

  (4) 

�̅� = Mean concentration bias of equilibrator (-) 

Cwi = Dissolved CO2 concentration in the ith headspace sample (ppm) 

Cei = CO2 concentration at the ith headspace sampling location, measured with the equilibrator 

(ppm) 

 

3.6.2 Calculations of emission pathways 

Transformations were applied to the measurements of emission pathways so as to obtain 

GHG fluxes of mol m-2 day-1. 

 

3.6.2.1 Calculation of CO2 and CH4 diffusion estimates 

A linear regression was applied to the measurements of gas (CO2 and CH4) flux derived 

from each of the floating chamber measurements; the value of gas fluxes were regarded 

as the slope in the linear regression. The ideal gas law was applied to transform the gas 

fluxes into concentrations of moles per second and meter (Equation 5). During some 

sampling events, CH4 ebullition fluxes would enter the chamber. This caused a clear 

deviation from linearity in the sampled data, making it difficult to draw a linear regression 

representative to the whole sample. In those cases the linear regression was adjusted for 

by only including measurements observed before the ebullition took place.  
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𝐹𝑑 = 86400 · 10−6 ·
𝑘 · 𝑃 · 𝑉𝐶

𝑅 · 𝑇 · 𝐴𝐶
 (5) 

 

Fd = diffusive gas flux (mol m-2 day-1) 

86400 = transform second  day 

10-6 = transform ppm  amount 

k = gas flux derived from linear equation in chamber measurements (ppm s-1) 

P = total pressure in air (atm) 

VC = volume of air inside chamber during sampling (L) 

R = gas constant, 0.082056 L atm K-1 moles-1 

T = temperature in air (K) 

AC = area of chamber surface (m2) 

 

3.6.2.2 Calculation of CH4 ebullition estimates  

Integration of the sampled ebullition into concentration was made according to Section 

3.5. The CH4 ebullition flux was then calculated by accounting for the captured volume 

of bubble gas and for the time sampling was made. In order to produce a measurement 

per unit of area the flux was divided by the area of the funnel (Equation 6). 

 

𝐸𝐶𝐻4
=

𝑛𝐶𝐻4

𝑡𝑠 · 𝐴𝑓
 (6)  

ECH4 = ebullition flux of CH4 in the sample (mol m-2 day-1) 

n CH4 = amount of CH4 in the sample (mol) 

ts = total time of sampling (day) 

Af = sampled area, 0.20 m2 

 

3.6.3 Calculations of gas transfer rates 

Calculations were applied to the two different types of gas transfer rate measurements so 

as to derive gas transfer rates at meter per day. 

 

3.6.3.1 Calculations of gas transfer rates with chamber flux method 

Calculations of gas transfer rates according to the chamber flux method was made by 

applying headspace- and floating chamber measurements (Equation 7). 

 

𝑘𝐶 =
𝐹𝐷 

(𝐶𝑤 – 𝐶𝑤,𝑒𝑞  )
 (7) 

 

kC = gas coefficient, calculated from chamber flux method (m day-1) 

Fd = diffusive flux measurements (mol m-2 day-1) 

Cw = concentration of gas in the sample before equilibrium (mol m-3) 

Cw,eq = concentration of gas in the sample after equilibrium (mol m-3) 

 

Fd was calculated according to Section 3.6.2.1. Calculations of Cw and Cw,eq are provided 

in APPENDIX D. 
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3.6.3.2 Calculations of gas transfer rates with wind speed method 

Calculations of gas transfer rates with the wind speed method was made according to 

Crusius and Wanninkhof (2003), which applies previously established relationships 

between wind speed and gas transfer rates in their calculations. Conversion factors were 

applied in order to produce the standard units needed (explained further below). 

 

The gas coefficient is calculated as a ratio between two gases, denoted to a ratio of their 

respective Schmidt numbers (Equation 8). 

 

 𝑘𝑔𝑎𝑠1

𝑘𝑔𝑎𝑠2
=

𝑆𝑐𝑔𝑎𝑠1

𝑆𝑐𝑔𝑎𝑠2
 (8) 

 

kgas1, gas2 = gas coefficient of gas 1 and 2 (cm h-1) 

Scgas1,gas2 = Schmidt number of gas 1 and 2 (-) 

 

The Schmidt number for a gas is defined as the kinematic viscosity of water divided by 

the diffusion coefficient of that gas at a certain temperature. In order to obtain a gas 

transfer velocity of another gas, a function was used which relates the gas transfer velocity 

of a tracer (SF6) to that of CO2 for wind speed measurements (Equation 9 and 10). The 

variability due to temperature is accounted for by normalizing the measurements to a 

Schmidt number that corresponds to the temperature during sampling. A Schmidt number 

of 600 was used, in accordance with Crusius and Wanninkhof (2003). 

 

𝑘600 = 0.72 · 𝑈10 (for U10 < 3.7 𝑐𝑚 ℎ−1)  (9) 

k600 = gas coefficient normalized to the Schmidt number (cm h-1) 

U10 = wind speed at 10-m height (m s-1) 

 

𝑘600 = 4.33 · 𝑈10 − 13.3 (for U10 ≥ 3.7 𝑐𝑚 ℎ−1)  (10) 

k600 = gas coefficient normalized to the Schmidt number (cm h-1) 

U10 = Wind speed at 10-m height (m s-1) 

 

Wind measurements were taken at approximately 3 meters height. A conversion factor 

thus needed to be applied to derive the estimated wind speed at 10 meters height. The 

conversion factor (Equation 11) was supplied by Crusius and Wanninkhof (2003). 

 

𝑈10 = 𝑈3[1 +
(𝐶𝑑10)0.5

𝑣𝑘
ln (

10

3
)]  (11) 

U10 = wind speed at 10m height (m s-1) 

U3 = wind speed at 3m height (m s-1) 

Cd10 = Drag coefficient at 10m height, 1.3·10-3 (Large and Pond, 1981) 

vk = Von Karman constant, 0.4 

 

The gas transfer rate for CO2 was obtained by implementing the gas transfer velocity for 

SF6 (k600) together with its corresponding Schmidt number of 600 into Equation 8. The 

resulting equation (12) can be seen below. 
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𝑘𝑊 = 𝑘600(
𝑆𝑐

600
)−0.5 ·

24

100
 

 
(12) 

kW = gas coefficient, calculated from wind speed method (m day-1) 

k600 = gas coefficient normalized to the Schmidt number (cm h-1) 

Sc = Schmidt number (-) 

24/100 = transform cm h-1  m day-1 

 

3.7 DATA ANALYSIS 

Spatial interpolations of CO2 and CH4 diffusion, CH4 ebullition and CO2 concentration 

were made in order to provide a visualization of the spatial variability of GHG in 

reservoirs. It was furthermore used for deriving a value of GHG emission from the 

different emission pathways, representative for the whole reservoir. The use of spatial 

interpolation for these purposes is evident in previous research (dos Santos et al., 2006; 

Roland et al., 2010). Interpolation was made in Q-GIS through Inverse Distance 

Weighting (IDW). IDW interpolates a value by a weighted value of nearby measure-

ments, with the nearest measurements carrying most weight (Q-GIS Development team, 

2014).  

 

3.8 STATISTICAL ANALYSIS 

Statistical visual analyses were carried out in the form of boxplots, scatterplots and 

histograms, so as to provide an overview of obtained data. Statistical attributes of standard 

deviation, mean, coefficient of variance, minimum, maximum and median value have 

furthermore been calculated for the datasets. More complex statistical analyses that were 

carried out are explained below.  

 

3.8.1 Statistical in-depth analysis of spatial variability in CH4 ebullition fluxes 

In order to evaluate relationships between as well as within CDU and FUN concerning 

their spatial variability in CH4 ebullition fluxes, one-way analysis of variance (ANOVA) 

was performed in R. This type of test compares the mean value of one factor (in this case 

CH4 ebullition) within a sample group to the difference in mean value of the same factor 

between the sample groups, and tests the null-hypothesis that there are no statistically 

significant differences in the true mean value between any of the sample groups. The test 

result is given by relating a p-value and/or an observed F-value to the level of significance 

(α) chosen. A p-value indicates to what degree the null hypothesis may be true; a p-value 

lower than α implies rejection of the null hypothesis. An observed F-value needs to be 

compared with a critical F value taken from the same statistical distribution in order to be 

interpreted. The critical F value varies depending on the number of groups compared, the 

number of observations made and α. An observed F-value bigger than the critical F-value 

implies rejection of the null-hypothesis. The opposite, an observed F-value smaller than 

the critical F-value, suggests that the null-hypothesis cannot be rejected. In the present 

study a significance level of 0.05 have been regarded, which means that the statistical 

probability of rejecting the null hypothesis given that it is true, and thus attaining 

erroneous results, is five percent. 

 

There is a variety of different types of one-way ANOVAs that can be used, and the 

relevance of each depends on the structure of the data regarding normality of observations 
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in each group, equal variance between groups and independence among groups (Lund 

and Lund, n.d.). Test for normality was performed in R with the command “shapiro.test”. 

Test of equal variance between groups was done in R with the command “bartlett.test”. 

Results from these tests are found in APPENDIX F. It was further assumed that the 

measurements in the different groups were independent of each other. 

 

When using data with non-normal distributions and small unequal sample sizes, it is 

common procedure to perform non-parametric tests. Since the test results indicated non-

normality of data and due to the difference in sample sizes among groups, a non-

parametric resampling test was thus conducted. This test is different from other non-

parametric tests as it relies on the actual observations rather than ranks of data in its 

estimations. It has thus been reported as a more powerful tool than other non-parametric 

tests (Adams and Anthony, 1996). A linear regression model was first established using 

the “lm”-command in R and the actual observations, providing an observed F-value. The 

observations were thereafter randomly allocated across any of the groups while the 

position of the groups remained constant, and the test was re-run for 10 000 iterations, 

each iteration providing a unique, critical F-value. A p-value was calculated by computing 

the amount of critical F-values higher or equal to the observed F-value. Code for the non-

parametric resampling test are found in APPENDIX E. 

 

The test result from an ANOVA only gives information on whether there are statistical 

differences of means between groups or not; it does not give information about between 

which sample groups these potential differences may lie. In order to produce this 

information so called post-hoc testing was made with a pairwise permutation test. Code 

structure for this test was provided by Mangiafico (2015) and is especially designed for 

being used together with an ANOVA with resampling. A visual presentation of means 

and confidence intervals between groups was made (visual post-hoc analysis) so as to 

facilitate validation of the post-hoc analysis. If the means and confidence intervals 

between two groups are close it indicates great similarities between these. Code structure 

for the visual post-hoc analysis was provided by Kabacoff (n.d.). Code for the pairwise 

permutation test and the visual post-hoc analysis are found in APPENDIX E. 

 

3.8.2 Comparison of gas transfer rates 

The comparison of gas transfer rates was done with 28 sample-pairs, according to a Bland 

and Altman (2010): the difference in response between two methods of interest is plotted 

against their mean response. This visualizes the difference in agreement between the 

methods as a function of average sampled value. 

 

The mean bias between the methods was calculated as the mean difference in response 

between them. Standard 95 % confidence intervals for this bias were also produced. 

Furthermore, 95 % limits of agreements were calculated for the comparison. These 

constitute an alternative confidence interval for the bias, in which the statistical error rate 

in regard to the number of observations is accounted for. The interval comprised by the 

limits of agreement is always larger than the standard confidence interval and disparities 

between the two decreases with the number of observations made. A low number of 

observations will result in larger limits of agreement due to the higher error rate associated 

with the results. For further information on calculations of the confidence interval and the 

limits of agreement, see Bland and Altman (2010). 
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4. RESULTS 

In this section, results concerning magnitude and spatial variability of GHGs in CDU 

and FUN are presented. First, an overview of findings on GHG emission pathways is 

given. This is followed by findings on CH4 ebullition within as well as differences between 

CDU and FUN. Spatial variabilities of surface water CO2 and diffusion of CO2 and CH4 

are furthermore provided. Lastly, findings for as well as discrepancies in measurements 

between the two gas transfer rate methods (chamber flux and wind speed method) are 

presented. 

 

4.1 OVERVIEW OF EMISSION PATHWAYS 

Results calculated from interpolated measurements of GHG emissions are displayed in 

Table 3. CH4 has here been attributed a GWP of 25 CO2-eq, despite current estimates of 

28 CO2-eq (IPCC, 2013). This was done in order to provide homogeneity when 

comparing results to the latest global assessment, made by Varis et al. (2012). 

 

In CDU, diffusion was the pathway with the largest GHG emissions, with a rate of 37.64 

and 0.43 mmol m-2 day-1 CO2 and CH4 respectively, amounting to a total of 1,828 mg 

CO2-eq m2 day-1. Emissions from diffusion exceeded that from ebullition with 30 %. 

Diffusion of CO2 in CDU was 10 times larger than diffusion from CH4. 

 

Ebullition was the only pathway covered in FUN, and its rate of emission was estimated 

to 0.30 mg CO2-eq m2 day-1. This is 4,300 times smaller than estimations made for 

ebullition in CDU. 

 

 

Table 3 Calculated GHG emissions from diffusion and 
ebullition through interpolation with IDW (SD = Standard 

deviation, CV = Coefficient of variance). 

Measurement CDU FUN 

CO2 diffusion – Chamber measurements   

mean flux, mmol m-2 day-1 37.64 - 

SD, mmol m-2 day-1 30.54 - 

CV, % 81.14  

GHG emission, mgCO2-eq m-2 day-1 1656.16 - 

CH4 diffusion – Chamber measurements   

mean flux, mmol m-2 day-1 0.43 - 

SD, mmol m-2 day-1 0.30 - 

CV, % 70.65  

GHG emission, mgCO2-eq m-2 day-1 171.56 - 

CH4 ebullition – Funnel measurements   

mean flux, mmol m-2 day-1 3.17 7.38·10-4 

SD, mmol m-2 day-1 3.36 4.50·10-4 

CV, % 106.00 60.99 

GHG emission, mgCO2-eq m-2 day-1 1266 0.30 

Total GHG emission, mmol m-2 day-1 3093,72 - 
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The maximum value for the observations was a diffusive CO2 flux of 196.43 mmol m-2 

day-1. Mean and median was also larger for CO2 diffusion than for any other analysed 

pathway, exceeding mean flux of CH4 ebullition by eight times. Negative diffusive CO2 

fluxes, indicating a diffusion directed into the reservoir, were found for two observations 

(-6.2 and -6.4 mmol m-2 day-1), found in the middle of inflow bay 4 and outside of non-

inflow bay 15 respectively.  

 

In CDU, minimum CH4 ebullition was lower and maximum CH4 ebullition higher than in 

FUN. Further, the mean CH4 ebullition in CDU was seven times higher and the median 

CH4 ebullition 870 times higher than in FUN. The coefficient of variance for all made 

measurements was highest for CH4 ebullition in FUN, followed by corresponding 

measurements in CDU. The assumption of normal distribution was rejected for all sample 

groups (Table 4). 

 

Table 4 Statistics for sampled measurements of ebullition and diffusion in FUN and CDU  
(In order of minimum, maximum, mean, median, standard deviation, coefficient of variation, 

number of observations and distribution). 

 
 

4.2 CH4 EBULLITION  

Below, analyses of CH4 ebullition fluxes for CDU and FUN respectively are provided. 

Observed differences between CDU and FUN are then highlighted. Furthermore, results 

from statistical testing on spatial variability within and between CDU and FUN are 

presented. 

 

4.2.1 Spatial variability within CDU 

The CH4 ebullition fluxes within CDU ranged from magnitudes of 2·10-5 to 60 mmol  

m-2 day-1 and were generally higher in bays than in the main reservoir area. Inflow bays 

7, 16 and 17, as well as non-inflow bays 6 and 15 were among the bays with the greatest 

amounts of CH4 ebullition fluxes. High rates of CH4 ebullition flux were furthermore 

observed in the main inflow area and the main reservoir area as well as outside of inflow 

bay 16 and non-inflow bay 15. The lowest mean CH4 ebullition flux within all bays in 

CDU was observed in inflow bay 11 (Figure 11). 

 

 FUN CDU 

Ebullition, CH4 Ebullition, CH4 Diffusion, CO2 Diffusion, CH4 

min, mmol m-2 day-1 1.91·10-5 1.76·10-5 -6.38 0.05 

max, mmol m-2 day-1 13.76 59.08 196.43 1.47 

mean, mmol m-2 day-1 0.63 4.39 36.1 0.5 

median, mmol m-2 day-1 2.39·10-4 0.21 14.58 0.32 

SD, mmol m-2 day-1 2.54 10.01 50.95 0.44 

CV, % 401 228 141 88 

n 46 71 26 26 

Distribution Non-normal Non-normal Non-normal Non-normal 
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Figure 11 Interpolated CH4 ebullition flux in CDU, together with sampling locations, bay-

numbering, and indicator of dam location. 

 

The highest mean CH4 ebullition flux was found in the main inflow (Table 5). This is also 

where the maximum CH4 ebullition flux was observed (59 mmol m-2 day-1). Mean CH4 

ebullition flux was seven percent higher in inflow bays than in non-inflow bays; and 

lowest in the main reservoir area, where a maximum of 2.57 mmol m-2 day-1 was observed 

(Figure 12). 

 

Table 5 Statistical properties of CH4 ebullition flux for groups within 
CDU (MI = Main inflow, I = Inflow bays, NI = Non-inflow bays, MR 

= Main reservoir area). 

 MI I NI MR 

Mean value (mmol m-2 day-1) 16.82 6.67 6.21 0.76 

Standard deviation (mmol m-2 day-1) 21.96 11.76 7.23 1.28 

CV (%) 131 174 135 169 
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The groups all have their frequency distribution peaks between 1 and 10 mmol m-2 d-1 

(Figure 13). Maximum and minimum frequency of observed ebullition was lower in the 

main reservoir than in inflow and non-inflow bays. The asymmetric frequency 

distribution in the main inflow area is at least partly caused by the relatively few (five) 

samples taken there. 

 

 

  

 

 

Figure 12 CH4 ebullition fluxes from different sampling locations in CDU. 

 
Figure 13 Distribution of CH4 ebullition fluxes for different sampling locations in CDU. 
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4.2.2 Spatial variability within FUN 

Differences of nearly six orders of magnitude were observed between minimum and 

maximum CH4 ebullition rates in FUN. Furthermore, there was a difference of almost 

three orders of magnitude within the interquartile range. Rates of CH4 ebullition fluxes in 

FUN were higher in the bay areas and near the main inflow area than elsewhere (Figure 

14). The largest mean CH4 ebullition flux was observed in inflow bays (1.95 mmol m-2 

day-1) while the corresponding maximum (13.8 mmol m-2 day-1) was observed in the main 

reservoir area, near the dam. 

 

 
 

The largest median CH4 ebullition flux was observed in inflow bays. Corresponding 

observed median fluxes in the main reservoir area and the main inflow area were almost 

two and over one order of magnitude smaller respectively (Figure 15). 

 

 

 
Figure 14 Interpolated CH4 ebullition fluxes in FUN, together with 
sampling locations, bay-numbering, and indicator of dam location. 

 
Figure 15 CH4 ebullition fluxes from different sampling locations in FUN. 
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Highest mean CH4 ebullition flux and lowest CV was observed in inflow bays. In contrast, 

the lowest corresponding mean flux was observed in non-inflow bays and the highest CV 

in the main reservoir area (Table 6). Frequency distributions of CH4 ebullition fluxes for 

the different groups are displayed in Figure 16. 

 

Table 6 Statistical properties of CH4 ebullition flux for groups within 

FUN (MI = Main inflow, I = Inflow bays, NI = Non-inflow bays, MR = 

Main reservoir area). 

 MI I NI MR 

Mean value (mmol m-2 day-1) 0.04 1.95 0.01 1.15 

Standard deviation (mmol m-2 day-1) 0.09 3.96 0.02 3.53 

CV (%) 254 203 248 306 

 

 
Figure 16 Distribution of ebullition fluxes for different sampling locations in FUN. 

 

4.2.3 Differences between CDU and FUN 

The observed CH4 ebullition fluxes were larger in CDU than in FUN; the median was 

almost 1,000 times higher in CDU and the mean almost seven times higher. The 

distribution of these fluxes was asymmetric in both reservoirs, but in different ways. In 

CDU the median was closer to the maximum value than to the minimum value, while the 

opposite was found for FUN (Figure 17). The logarithmic frequency distribution (Figure 

18) indicates a right-skewed distribution for samples in CDU and a left-skewed 

distribution for samples in FUN. 
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4.2.4 Statistical in-depth analysis of spatial variability in CH4 ebullition fluxes 

Results from the ANOVA was F(6, 93) = 11.7 (p = 0.0001). The p-value was less than α, 

and thus the null hypothesis, that the true means between groups are equal in regard to 

CH4 ebullition fluxes, was rejected. Resulting graph from ANOVA-testing is provided in 

APPENDIX F. 

 

On one hand, comparisons of groups within the reservoirs did not yield significant results. 

Consequently, it was statistically rejected that differences in CH4 ebullition fluxes 

between groups, within the reservoirs, could be explained by differences in spatial 

variability. On the other hand, several comparisons made across the reservoirs yielded 

statistically significant results, indicating big differences in distribution of CH4 ebullition 

fluxes when comparing groups in CDU with those in FUN. Statistically significant results 

are listed in Table 7, from highest to lowest significance. 

 

 
Figure 17 Log transformed CH4 ebullition fluxes in CDU and FUN. 

 
Figure 18 Distribution of CH4 ebullition fluxes within CDU and FUN. 
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Results from visual post-hoc testing (Figure 19) indicate that mean CH4 ebullition fluxes 

are larger for groups in CDU than for groups in FUN. Furthermore, confidence intervals 

are on average smaller for groups in CDU than for groups in FUN. The most similar 

means and confidence intervals within CDU are found for the groups “Inflow bays” and 

“Non-inflow bays”; this is opposite to findings in FUN. 

 

 

Table 7 Statistically significant comparisons from post-hoc 

ANOVA testing of differences between groups in CDU, 
sorted from highest to lowest significance  (MI = Main inflow 

area, I = Inflow bays, NI = Non-inflow bays, MR = Main 

reservoir area). 

Groups compared p-value 

FUN NI CDU NI 5·10-5 

FUN NI CDU I  5·10-5 

FUN MR CDU NI  8·10-4 

FUN MR CDU I  8·10-4 

FUN MI CDU NI  0.003 

FUN MI CDU I  0.003 

FUN NI CDU MR  0.006 

FUN MR CDU MR  0.038 

FUN I CDU NI  0.045 

FUN I CDU I  0.0474 

 

 
Figure 19 Mean values (points) together with confidence intervals (whiskers) of CH4 ebullition 
flux, for all groups in CDU and FUN (I = Inflow, MR = Main reservoir, NI = Non-inflow, n = 

amount of samples). 
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4.3 SURFACE WATER CO2 CONCENTRATION 

Surface water CO2 concentration in CDU, when adjusted to concentration bias as well as 

response- and delay time of the equilibrator, ranged between 350-1350 µatm (Figure 20). 

Concentration levels were generally higher in bays than in the main reservoir area, with 

highest levels observed in inflow bay 4, followed by inflow bay 11. Along the main 

reservoir, highest CO2 concentration was sampled near the main inflow area and near the 

dam. Atmospheric CO2 concentration levels were observed at ~390 µatm. 

 

 
 

4.4 CO2 AND CH4 DIFFUSION 

Diffusion was only measured in CDU. The spatial variability of diffusive fluxes in CO2 

differed from that of CH4 (Figure 21). The largest diffusive fluxes in CO2 were observed 

close to the dam in the main reservoir area and close to the entrance of inflow bay 10. 

The largest corresponding fluxes of CH4 were observed at the end of bay 10 and in the 

main reservoir area. Average observed CH4 diffusion was 1.4 % the size of the average 

CO2 diffusion. 

 

On one hand, diffusive fluxes of CO2 from non-inflow bays were larger than for any other 

group, and the median CO2 diffusive flux observed there was higher than the maximum 

corresponding flux observed in inflow bays and the main inflow. On the other hand, 

diffusive fluxes of CH4 were larger in inflow bays than in non-inflow bays, and largest in 

the main inflow area (Figure 22). 

 
Figure 20 Interpolated surface water concentration in CDU. 
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Figure 22 CO2 and CH4 diffusion for different groups in CDU (MI = Main 
inflow area, I = Inflow bays, NI = Non-inflow bays, MR = Main reservoir 

area, All groups = All mentioned groups combined). 

 

 
Figure 21 interpolated CO2 and CH4 diffusion in CDU. 
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4.5 COMPARISON OF MEASURED GAS TRANSFER RATES 

A regression between magnitudes of gas transfer rates derived from the wind speed 

method and the chamber flux method (Figure 23) indicated an asymmetric distribution 

(r2 = 0.182). None of the methods is consistently measuring higher levels than the other 

but measurements with the flux chamber method were on average 0.09 m day-1 higher. 

Furthermore, the agreement between the methods decreases with larger measured 

averages (Figure 24). The limits of agreement were calculated to -0.73 and 0.91 m day-1, 

spanning an interval over five times wider than the standard 95 % confidence interval. 

 

 

 

 

 
Figure 23 Comparison between measurements of gas transfer rates derived from the 

chamber flux method (kC) and the wind speed method (kW). 
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Figure 24 Differences against averages in gas transfer rates derived from the 

chamber flux method (kC) and the wind speed method (kW). 
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5. DISCUSSION 
In this section, results on magnitude and variability on GHG emissions are discussed, in 

order to answer the hypotheses that GHG emission varies spatially and that river inflow 

areas are CH4 ebullition hotspots. Further, observed discrepancies between methods 

used in estimating gas transfer rates are discussed. 

 

5.1 MAGNITUDE OF GHG EMISSIONS 

The mean GHG emissions for CDU was estimated to 3,094 mg CO2-eq m-2 day-1 (Table 

3). This amount to less than half of the most recent global mean assessment of GHG 

emissions from tropical reservoirs (Varis et al., 2012) but lie well within the SD provided 

in that assessment. Estimated ebullition in CDU and FUN only amounted to 2.3 % and 

0.3 % respectively of the global mean estimate of CH4 emissions. Since ebullition is one 

of the major pathways of CH4 emission, the hypothesis of previous estimates having 

missed ebullition hotspot areas cannot be corroborated in the present study. 

 

Not all emission pathways have been covered. Most notable is the exclusion of 

downstream gas emission, which may partly explain why the estimation is lower than in 

the latest global estimate. However, even when generously adjusting for the exclusion of 

downstream emission, the estimation of GHG emission is less than half of that in the 

global assessment. CDU is oligotrophic, and is likely to have a generally lower 

degradation rate and a particularly lower anoxic degradation rate than more eutrophic 

reservoirs. If the reservoirs covered in the global estimate have a higher nutrient level 

than CDU has, it could explain the difference. This hypothesis has not been tested due to 

limited information on nutrient levels in CDU. 

 

Diffusion was the biggest emission pathway in CDU, contributing with 54 % of the total 

estimated emission there. In FUN the only pathway covered was ebullition, which contri-

buted with 0.295 mg CO2-eq m-2 day-1. This is over 4,000 times less than the estimation 

of ebullition in CDU and lower still than previous estimations made in FUN (Alcântara, 

2012). A larger ebullition rate in oligotrophic CDU that in eutrophic FUN was not 

expected, as production of CH4 often is especially high in eutrophic systems (Sobek et 

al., 2009). This is discussed further in Section 5.2.3. 

 

5.2 VARIABILITY OF CH4 EBULLITION 

CH4 ebullition fluxes had the highest CV of all emission pathways analysed (Table 4), 

indicating a high variability. Below, findings for variability in CH4 ebullition within 

CDU and FUN are discussed, followed by a discussion of observed differences in 

variability between these reservoirs. 

 

5.2.1 CDU 

The heterogeneity in distribution of CH4 ebullition was large within the reservoir, with 

differences of more than six orders of magnitude between the minimum and maximum 

fluxes (Table 4). The heterogeneity was not predominantly caused by extreme values, 

as a difference of 2.5 orders of magnitude can be noted within 50 % of the fluxes 

closest to the median (Figure 17). 
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Similarities between ebullition fluxes in inflow- and non-inflow bays are clearly visible 

in the visual post-hoc analysis; their statistical means and confidence intervals are close 

to identical (Figure 19). This challenges the hypothesis that shallow inflow bays have 

higher ebullition than shallow non-inflow bays (DelSontro et al., 2011; Sobek et al., 

2012). Rather, it indicates that inflows to the bays are too small to affect ebullition. The 

hypothesis of differences in CH4 ebullition among groups in CDU could not be 

statistically verified. Consequently it is not statistically justified to rule out the possibility 

that variability in ebullition between groups is the result of local or temporal variability.  

 

The largest CH4 ebullition rate in CDU was observed in the main inflow, exceeding 

corresponding rates in inflow bays. Greater rates of CH4 ebullition in the main inflow 

than in inflow bays was expected; the main inflow is likely to receive more allochthonous 

material than inflow bays due to a higher discharge. Consequently, this generally results 

in larger anoxic degradation rates in the sediment and a greater production of CH4. 

Nonetheless, only five observations were made in the main inflow area, compared to 22 

within inflow bays, and a clear conclusion can thus not be drawn from these measure-

ments alone. 

 

A decreasing rate of ebullition along direction of flow in the main inflow was identified 

(Figure 11). Areas further from the main inflow had significantly lower rates of CH4 

ebullition and the area near the dam contributed the least. The trend seems to be similar 

for smaller inflows; estimated CH4 ebullition fluxes were lower near the entrances of 

inflow bays 11 and 7 than further inside the same bays. In bay 10 there was furthermore 

a trend of decreasing ebullition fluxes along the direction of flow. Higher ebullition rates 

closer to river inflow was expected, as the rate of organic carbon sedimentation and 

consequently the organic carbon degradation rate is likely to be greater there. This trend 

has been identified in previous research (Peixoto et al., 2015). 

 

5.2.2 FUN 

There was a considerable heterogeneity in the distribution of CH4 ebullition fluxes within 

FUN. Relatively high rates of ebullition could be distinguished near the main inflow area. 

The rate of ebullition there did not always decrease along the gradient of the flow. Closest 

to the river, CH4 ebullition rates were smaller than a bit further into the reservoir, and a 

peak was seen where the main inflow area meets the main reservoir area. One explanation 

for this distribution may be that most of the allochthonous OM is sedimented a bit into 

the reservoir rather than at its entrance. In that case ebullition rates are likely to be higher 

a bit into the reservoir (Sobek et al., 2012). It may also be explained by errors in the 

sampling; near the river the water flow was greater, which in some instances made the 

funnel tilt during sampling, preventing it to have an optimal capacity for trapping bubbles. 

 

CH4 ebullition rates for the two inflow bays in arm 1 were relatively high and low 

respectively. In the bay with the lower estimated ebullition, only one observation was 

made; compared to in the inflow bay with the higher estimated ebullition, where four 

observations were made. Considering the fewer observations made in the former bay, the 

estimate there is less reliable; the observed ebullition there is more likely to derive from 

temporal or spatial variability at a local scale rather than be a result of low actual 

ebullition. In arm 2, inflow bays had higher rates of CH4 ebullition fluxes than non-inflow 

bays. However, these rates were lower than those observed in certain areas of the main 
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reservoir, such as near the dam (Figure 14). The high rates near the dam does not 

corroborate the hypothesis that CH4 production decreases as an effect of decreased OM 

input from rivers, and thus is likely to decrease with distance from river inflow. Due to 

time limitations when sampling in FUN not all inflow areas were identified, and there 

might have been an inflow area near the dam that was not identified. This would help 

explain the high rates of CH4 ebullition there. 

 

Some trends that could be distinguished between the groups were expected and others 

not. On one hand, CH4 ebullition fluxes was overall larger in inflow areas. This was 

expected as it can be linked to the influx and sedimentation of allochthonous OM in those 

areas. On the other hand, corresponding fluxes in the main reservoir area generally 

exceeded those in non-inflow bays. This was unexpected since the funnels in the main 

reservoir area generally were sampled at greater depth than funnels in non-inflow bays 

(29.2 m against 2.6 m). The hypothesis of differences in CH4 ebullition fluxes among 

groups in FUN could not be statistically verified in the statistical in-depth analysis. 

Consequently it is not statistically justified to rule out the possibility that the variability 

in CH4 ebullition fluxes between groups is the result of local or temporal variability. 

 

5.2.3 Differences between CDU and FUN 

The results obtained for CH4 ebullition fluxes were very different in the two reservoirs. 

In oligotrophic CDU the ebullition was generally much larger than in eutrophic FUN 

(Table 4). This result was unexpected; production of CH4 is often higher in eutrophic 

systems than in oligotrophic ones due to greater prevalence of anoxic bottoms, resulting 

from higher loads of autochthonous OM in sediments and more rapid degradation (Sobek 

et al., 2009). One possible explanation for the difference is temporal variability; sampling 

in FUN was made in the beginning of the wet season, following a drought. The 

historically low water levels resulted in a low hydrostatic pressure which may have 

facilitated ebullition in areas where this previously had been prevented1. When the water 

level rose again, as was the case during the sampling period in FUN, the most ebullition-

prone CH4 might already have been released from the sediment. The rising water level 

furthermore facilitated an increase in pressure, likely to have had a negative effect on 

ebullition fluxes. In contrast, the water level in CDU was more stable during the sampling 

period there, and observed CH4 ebullition rates might have been more normal due to this. 

The lack of previous assessments of ebullition rates in reservoirs during extreme 

conditions makes it difficult to further estimate how and to what extent the period of 

drought may have affected GHG emissions. 

 

The range of CH4 ebullition fluxes was half an order of magnitude wider in CDU than in 

FUN, mostly contributed to a higher maximum flux there (Figure 17). There were also 

considerable differences in spatial variability between the reservoirs; in FUN the CH4 

ebullition fluxes sampled in inflow bays were larger than in the main inflow, while the 

opposite was found in CDU. This indicates a difference between the reservoirs in the 

influence of their respective inflows on CH4 ebullition fluxes, but could also be a result 

of a bias during sampling in the main inflow in FUN (explained in end of Section 5.2.2). 

 

                                                
1 This phenomenon has previously been observed by Mattson and Likens (1990). 
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Results from the statistical in-depth analysis indicated significant differences between the 

two reservoirs (Table 7). This was expected, given the big differences observed in their 

CH4 ebullition flux distribution and magnitudes. No trend of especially high correlation 

was found for comparisons between the same groups, suggesting large differences 

between CDU and FUN in their respective spatial variability in ebullition. 

 

5.3 VARIABILITY OF CO2 AND CH4 DIFFUSION 

Diffusion was considerably smaller for CH4 than for CO2 (Figure 21) Lower rates of 

diffusion for CH4 were expected, as a natural consequence of the lower aqueous solubility 

of CH4. For both CO2 and CH4 the observed diffusion was large in inflow bay 10, but 

while diffusion for CH4 was largest furthest into the bay, the greatest rates for CO2 were 

observed near the bay entrance. Generally there was a positive trend with proximity to 

inflow for diffusive fluxes in CH4, while the trend was negative for diffusive fluxes in 

CO2. This difference in trend might be the cause of higher rates of photosynthesis than 

degradation in the end of bays; since CO2 is produced by degradation of plants and 

consumed in plants’ photosynthesis, a greater photosynthesis than degradation rate is 

likely to result in relatively low values of CO2 concentration (Sobek et al., 2005) and 

consequently low values of CO2 diffusion. CH4 is not consumed in photosynthesis, and 

is therefore likely to increase with increased photosynthesis.  

 

Observed diffusion and surface concentration of CO2 had similar spatial variability. 

Generally, concentrations were lower in the main reservoir area than in inflow locations 

(Figure 20 and Figure 21). Exceptions to this were the main inflow and inflow bay 4. In 

the latter, a net diffusive CO2 flux into the reservoir (-6.2 mmol m-2 day-1) was observed. 

Negative diffusive fluxes were rare events during the fieldwork, occurring only two times 

in total, and only for CO2. Since the concentration gradient is a driving force for diffusion, 

a negative diffusive gas flux implies lower surface water gas concentration than in the 

nearby air. This is not consistent with CO2 concentration measurements; in bay 4, 

measurements of CO2 concentration at the water surface (1350 µatm) were over three 

times greater than corresponding atmospheric concentrations (~390 µatm). It may be that 

the negative diffusive CO2 flux observed in bay 4 was local phenomenon, caused by low 

levels of CO2 at the sampling point. Since measurements with the equilibrator have been 

interpolated for the whole reservoir, such small variability is not noticeable in the 

interpolated results. In the main inflow area the observed wind speed and concentration 

of CO2 were relatively high. CO2 diffusion, which is positively correlated to these factors, 

would consequently be assumed to be high there as well. However, this was not the case; 

observed CO2 diffusion were relatively low for three out of four sampling events in the 

main inflow area. This finding is especially confounding since the hypothesis was that 

diffusive fluxes are higher in the main inflow area than in other areas2. It is possible that 

the small rates of diffusive fluxes, likewise to those measured in inflow bay 4, were local 

phenomenon. 

 

The diffusion of CH4 was always positive, indicating a higher CH4 concentration in the 

surface water than in the atmosphere. When comparing the observed rates in CH4 

diffusion (Figure 21) to those of CH4 ebullition in CDU (Figure 11) some similarities can 

                                                
2 The potentially high influx of allochthonous OM in inflow areas and the larger surface water turbulence 
as an effect of greater flow in these areas have been found to have positive impacts on diffusion rates 
(Roland et al., 2010). 
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be noted: greater rates than average in most bays and in the main inflow area as well as 

generally lower rates than average in the main reservoir area. One explanations to the 

observed similarities between diffusive CH4 flux and CH4 ebullition and their higher rates 

in bays is that they are both negatively correlated to water depth. Greater water depth 

implies greater likelihood of CH4 oxidizing into CO2, affecting CH4 diffusion negatively. 

It also implies greater hydrostatic pressure and bubble dissolution, affecting CH4 

ebullition negatively. Since the depth generally is relatively low in bays, rates of CH4 

diffusion and CH4 concentration there are higher. Another explanation is that inflow areas 

receive a higher influx of allochthonous OM than non-inflow areas. As mentioned earlier, 

the latter explanation fails to explain why inflow and non-inflow bays have similar levels 

of fluxes, and thus a depth dependency seems more likely. The lack of bathymetric data 

for CDU makes it difficult to conduct further analyses of these two hypotheses. 

 

5.4 DISCREPANCIES BETWEEN MEASURED GAS TRANSFER RATES 

Comparisons between the flux- and the wind speed method indicated that estimated gas 

transfer rates from the flux method on average were 0.09 m day-1 larger than the gas 

transfer rates estimated with the wind speed method. This is a lower bias than expected, 

considering how the two methods rely on completely different types of measurements. 

The estimations of wind speed was approximate, but it is likely that the variance due to 

this uncertainty was spread evenly across the actual wind speed, which would help 

explain the small bias. As can be seen in Figure 24, the agreement decreases with higher 

measured average gas transfer rates. On one hand, agreement was relatively high for 

measurements of average gas transfer rates below ~0.35 m day-1. On the other hand, the 

measurement bias increased threefold above this average measured value. Consequently, 

only average measured gas transfer rates of up to 0.35 m day-1 position themselves within 

the standard 95 % confidence interval. Since most averages obtained were below this 

value, the calculated confidence interval is not representative for measurements above 

0.35 m day-1. The higher discrepancy with increasing average measurements of gas 

transfer rates was unexpected. Considerable discrepancies have been identified in 

previous research but have in those cases decreased with wind speed. The findings here 

indicate the opposite. 

 

5.5 SUGGESTIONS FOR FURTHER RESEARCH 

The considerable differences between ebullition rates in CDU and FUN is likely to be 

connected with the higher rate of increase in water level in FUN during sampling, 

following the period of drought. If so, the effect of rise in water level may be more 

significant than ebullition hotspot areas in explaining the variability during periods of 

droughts. So far, research aimed at investigating the effect of droughts on reservoirs is 

missing. Findings in this report motivate more studies in that field. 

 

Within-bay variability makes it difficult to detect between-bay variability based on the 

limited amount of measurements made, especially since temporal variability is not 

accounted for. Future research aimed at identifying emission hotspot areas should take 

into account temporal variability as well as spatial variability of ebullition. So far, most 

estimates on ebullition are based on chamber- or, as in this case, funnel samples. By 

instead measuring ebullition with use of a sonar, as conducted by DelSontro et al. (2010, 

2011) it is possible to do estimations with higher spatial as well as temporal resolution. 
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Research with such resolution should furthermore be conducted for different times of the 

year and diurnally so as to produce more reliable estimates of ebullition. 
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6. CONCLUSIONS 

The total rate of GHG emissions for CDU was estimated at 3,094 mg CO2-eq m-2 day-1. 

The emission rate is only half of what is found in the most recent global assessment, 

despite adjustment for impact of emission downstream the reservoir. Emission from 

ebullition was lower than that from diffusion, which accounted for over half of the 

emission rates in the estimate. Ebullition estimates in FUN were much lower than in 

CDU, likely due to increasing hydrostatic pressure during sampling in FUN. 

 

Similarities between CH4 ebullition flux, CH4 diffusion flux and CO2 surface water 

concentration were identified in CDU: greater than average value in most bays and in the 

main inflow area as well as generally lower value than average in the main reservoir area. 

Furthermore, a trend of decreasing CH4 ebullition with distance to the main river inflow 

and the end of bays was identified in CDU. Diffusive fluxes of CO2 increased with 

distance from river inflow. The larger observed CH4 ebullition fluxes in bays are likely a 

cause of relatively low hydrostatic pressure there compared to in the main reservoir area. 

No significant difference between inflow- and non-inflow bays could be identified, 

suggesting that rivers in the studied inflow-bays are too small to affect ebullition. It may 

also be that variations on temporal and/or local scales obscure between-bay variability. 

 

In FUN, the rate of ebullition from inflow bays was the highest among the respective 

groups, exceeding rates in the main inflow area. Emission rates from non-inflow bays 

were similar to those found in its main reservoir area. Ebullition near the main inflow was 

relatively high but a clear trend of decreasing ebullition with distance to river inflow could 

not be identified. 

 

There are indications that support the hypothesis of the main inflow serving as ebullition 

hotspots. A clear case for this could however not be made, given the few samples taken 

and due to discrepancies between CDU and FUN. Significant differences in observed 

ebullition between any groups in the respective reservoirs, including inflow- and non-

inflow areas, could not be found with statistical testing. 

 

Comparisons between the flux- and the wind speed method for estimating the gas transfer 

rate produced a bias of 0.09 m day-1. This bias increases with measured average gas 

transfer rates above ~0.35 m day-1. These findings do not corroborate previous research, 

where the bias has been observed to decrease with higher average measured gas transfer 

rates. 
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APPENDIX A: GENERAL INFORMATION ON CDU AND FUN 

 

Table 8 General features of the reservoirs CDU and FUN. 

  CDU FUN 

Operation start 1994a 1969b 

State Minas Geraisa Rio de Janeiroa 

Main reservoir use Drinking watera Hydropowera 

Inflow rivers Rio Paraibunac Paraíba do Sulb 

Biome Atlantic Forestc Atlantic Foresta 

Nutrient status Oligotrophic Eutrophicd 

Altitude (m) - 440e 

Latitude (S) 21.58e 22.53f 

Longitude (W) 43.53e 44.57f 

Catchment area (km2) - 16,800e,g 

Reservoir area (km2) 12c 40g 

Reservoir volume (km3) 0.15c 0.89g 

Mean depth (m) 12a 20g 

Max depth (m) 41c 70g 

Average discharge (m3s-1) - 220e 

Annual precipitation (mm) 1,200a 1,490a 

Average air temperature (°C) 18.6a 20.5a 

a Mendonça (2015), pers. comm. 

b Roland et al. (2010) 

c Soares et al. (2007) 

d Soares et al. (2008) 

e Branco et al. (2002) 

f Google maps (2015) 

g Terra et al. 

(2010) 
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APPENDIX B: ESTIMATION OF EQUILIBRATOR RESPONSE 

AND DELAY TIME 

 

Method description 

In order to connect measurements of CO2 concentration sampled with the equilibrator to 

their appropriate coordinates, the samples were adjusted to the response- and delay time 

of the system. The delay time is the duration a gas particle travels through the system, 

before it has an effect on the equilibration. The response time is the time for the 

concentration to reach equilibrium. By conducting an experiment in which it was possible 

to rapidly change the concentration of input gas, estimates of delay and response times 

could be made. The experimental design can be seen in Figure 25. The input tube to the 

equilibrator was connected to a three way valve, from which two other tubes were 

connected to buckets of water with different concentrations of gas; one bucket filled with 

distilled water and one filled with normal tap water. The buckets of water were constantly 

stirred and gradually filled up with more water of the same type to provide long-time 

measurements with stable concentrations. The three way valve conducted as a switch, 

making it easy to change the type of water flowing into the equilibrator. Water flowing 

through the outer side of the equilibrator membrane was led out of the system by a tube 

connected to a sink. Gas from the water was on the same time allowed to transport to the 

inner side of the membrane and through the UGGA, facilitating equilibration of CO2. 

Each change with the switch facilitated the change in input from one water source to 

another, leading to sharp increases or decreases in CO2 concentration input to the UGGA. 

Response- and delay times were measured from these measured differences. A total 

number of six iterations were made, so as to get a good estimation of the response and 

delay time of the system. 

 
 

Calculations 

The method and calculations for adjusting measured CO2 concentration in the field with 

response- and delay time are provided by Gonzales-Valencia et al. (2014). The total 

response and delay time of the system was calculated by adding a polynomial regression 

to the concentration data of each iteration. Each iterations, in turn, was initiated with each 

 
Figure 25 Experimental design for estimation of response- and delay time. 
The arrows show direction of the water flow when circuits are in use  

(GC = Ultraportable Greenhouse Gas Analyser). 
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switch of input concentration. The response times for each iteration was set as the extreme 

point on that regression (the extreme point being a minimum point if switching from input 

of higher to lower concentration; and being a maximum point if switching from input of 

lower to higher concentration). The delay time was calculated as the time for the 

concentration to start negating itself from the previous trend, to reach a new steady state. 

 

Results 

Values of the estimated response- and delay times for the equilibrator are provided in 

Table 9. The delay time was 20 % lower when measured from a change of lower 

concentration to higher concentration. For the response time a similar trend could be 

noted, with the exception of iteration number 3.  

 

The normalized graphs that were used to calculate response and delay time can be seen 

in  

Figure 26-Figure 31. The delay time is presented as the grey line, cutting the graph. The 

response time for each iteration is the maximum/minimum point in the respective graphs. 

Mean values of the response- and delay times (351 and 83 s respectively) were used as 

correction factors for concentrations sampled with the equilibrator. 

 

Table 9 Measured response and delay times for the equilibrator. 

Iteration Response time (s) Delay time (s) Concentration change 

1 271 70 low-high 

2 367 93 high-low 

3 380 74 low-high 

4 410 88 high-low 

5 288 76 low-high 

6 392 96 high-low 

 

 
Figure 26 Response and delay time for the equilibrator, Iteration 1. 
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Figure 27 Response and delay time for the equilibrator, Iteration 2. 

 

 

 
Figure 28 Response and delay time for the equilibrator, Iteration 3. 

 

 

 
Figure 29 Response and delay time for the equilibrator, Iteration 4. 
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Figure 30 Response and delay time for the equilibrator, Iteration 5. 

 

 

 
Figure 31 Response and delay time for the equilibrator, Iteration 6. 
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APPENDIX C: ESTIMATION OF CONCENTRATION BIAS FOR 

EQUILIBRATOR 

 

The calculated points of α, sorted by field day, are provided in Figure 32. The differences 

are considerable, ranging from -1.3 to 3.4, with the greatest differences sampled during 

the first two days. A mean value of these was used as a correction factor for the 

concentration sampled with the equilibrator. 

 

 
Figure 32 bias-values (α) together with mean bias for the samples taken during running the 

equilibrator, grouped by day of sampling. 
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APPENDIX D: CALCULATION OF HEADSPACE SAMPLES 

 

A calibration curve and an R-script, provided by Isodrova (pers. comm., March 27th), was 

used to integrate the injected headspace samples and to transform output from area to mol 

CO2 and CH4. Subsequently, the ideal gas law was used to transform the injected moles 

of respective gas into partial pressures (Equation 13). 

 

𝑝𝑝𝑚𝑔 =
𝑛𝑔,𝑖𝑛𝑗 · 𝑅 · 𝑇𝑖𝑛𝑗

𝑉𝑖𝑛𝑗 · 𝑃𝑡𝑜𝑡,𝑖𝑛𝑗
 (13)  

ng,inj = amount of gas substance in injected sample (mol) 

R = gas constant, 0.082056 L atm K-1 moles-1 

Tinj = water temperature in sample when injected (K) 

Vinj = volume of sample injected (L) 

Ptot = air pressure when injected (atm) 

 

A headspace sample contains dissolved gas in water (water headspace) as well as gas in 

air (air headspace). The gas in the water headspace cannot be injected but its magnitude 

can be estimated with the partial pressure in the air. The partial pressure in the air is 

attained by injecting the air headspace and transforming the partial pressure with Henry’s 

law (Equation 14). 

 

𝐻 = 𝐵 ·
1

𝑅 · 𝑇0𝐾
 (14) 

 

H = Henry’s constant (mol L-1 atm-1) 

B = Bunsen coefficient (-) 

R = gas constant, 0.082056 L atm °K-1 moles-1 

T0K = temperature at 0°K, 273.15 °C 

 

After this, the amount of moles in the water headspace could be calculated (Equation 15). 

 

𝑛𝑤,𝑠 = 𝑝𝑝𝑚𝑔 · 𝐻 · 𝑉𝑤  (15)  

nw,s = amount of gas substance in water headspace (mol) 

ppmg = partial pressure of injected gas in gas headspace (‰) 

H = Henry’s constant (mol L-1 atm-1) 

Vw = volume of water headspace (L) 

 

The amount of moles in the gas headspace was calculated by applying the Ideal gas law 

but with values representative to the injection time (Equation 16). 

 

𝑛𝑔,𝑠 =
𝑃𝑡𝑜𝑡,𝑐 · 𝑝𝑝𝑚𝑔 · 𝑉𝑡𝑜𝑡

𝑅 · 𝑇𝑐
 (16) 

 

ng,s = amount of gas substance in total sample (mol) 

Ptot,c = air pressure when collecting sample (atm) 
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ppmg = partial pressure of injected gas in gas headspace (‰) 

Vtot = volume of total sample, 0.03 L 

R = gas constant, 0.082056 L atm K-1 moles-1 

Tc= water temperature when collecting sample (K) 

 

The total concentration of gas in the sample before equilibrium could then be calculated 

(Equation 17). 

 

𝐶𝑤 =
𝑛𝑔,𝑠 + 𝑛𝑤,𝑠 − 𝑛𝑎𝑖𝑟

𝑉𝑤
 (17) 

 

ng,s = amount of gas substance in total sample of air headspace (mol) 

nw,s = amount of gas substance in total sample of water headspace (mol) 

nair = amount of gas substance in total sample of atmospheric air (mol) 

Vw = volume of water in water headspace (m3) 

 

The total concentration of gas in the sample after equilibrium was calculated with 

Equation 18. 

 

𝐶𝑤,𝑒𝑞 =
𝑛𝑤,𝑠

𝑉𝑤
 (18) 

 

nw,s = amount of gas substance in total sample of water headspace (mol) 

Vw = volume of water in water headspace (m3) 
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APPENDIX E: R-CODE FOR STATISTICAL IN-DEPTH ANALYSIS 

 

Code for non-parametric resampling test 

#Loading of variables 

FUNCDUlist=read.csv("FUNCDUlist.csv", header = TRUE) 

#Attribute lists for easier handling 

list<-FUNCDUlist 

g<-FUNCDUlist$Type.1. 

y<-FUNCDUlist$log.Flux.CH4..mmol..m2.day… 

#Create model 

mod.org <- lm(y~g,list) 

# Save critical F-value 

fstat.org <- summary(mod.org)$fstatistic[1] 

# Vectors for Fstat from the null hypothesis 

fstat <- numeric(10000) 

fstat[10000] <- fstat.org 

nitt <- 9999 

# Randomisation function 

for(i in 1:nitt){ 

        temp.y <- sample(y, length(y), replace = FALSE) 

        mod.temp <- lm(temp.y ~g) 

        resamp.fstat <- summary(mod.temp)$fstatistic[1] 

        fstat[i] <- resamp.fstat } 

# Plot permutations and mark the F-value using the original data 

hist(fstat, 100, main="histogram of F-statistics for ANOVA", xlab="F ratio", ylab="Relative frequency 

distribution") 

abline(v = fstat.org, col = "blue", lwd = 2) 

# Get P-value under the Null hypothesis 

Pvalue <- length(fstat[fstat >= fstat.org]) / (nitt + 1)  

Pvalue 

 

Code for post-hoc pairwise permutation test 

#Run below for Post-hoc-testing, with results in form of matrix and list 

PM = pairwise.permutation.matrix(y,g,method="fdr") 

PM 

PL=pairwise.permutation.test(y,g,method="fdr") 

PL 

 

Code for visual post-hoc analysis 

#Run below for mean values with confidence intervals 

library(gplots) 

attach(mtcars) 

plotmeans(y2~g,xlab="Group", ylab="CH4 ebullitive flux, log(mmol/(m2*day))", main="Mean 

Values\nwith 95% CI", connect=FALSE) 
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APPENDIX F: PRE-ANOVA TESTING AND RESULTING GRAPH 

FROM ANOVA 

 

Pre-ANOVA testing 

Before ANOVA-testing was made, distribution of residuals (normal or non-normal 

distribution) within groups was determined. The null hypothesis of normality within 

groups was rejected for the groups “Main reservoir area” in CDU and “Non-inflow bays” 

in FUN (Table 10). 

 

 
 

The test for difference in variance among groups did not indicate statistical significance 

(p = 0.5509). The null-hypothesis of equal variances among groups could therefore not 

be rejected. 

 

Result from ANOVA 

The observed F-value as well as the frequency distribution of critical F-values from 

random sampling can be seen in Figure 33. 

 

Table 10 Results from testing degree of normality within groups. 

Significant results are marked in bold. 

Test-result for Normality p-value 

CDU Inflow bays 0.1462 

CDU Non-inflow bays 0.2461 

CDU Main reservoir area 0.01135 

FUN Inflow bays 0.3715 

FUN Non-inflow bays 0.01686 

FUN Main reservoir area 0.1431 

FUN Main inflow area 0.2549 
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Figure 33 ANOVA result displaying the critical F-values, obtained 

from resampling (bars) and the location of the observed F-value (line). 
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APPENDIX G: RELATION OF GHG EMMISSIONS TO AMOUNT 

AND DEGRADATION OF SEDIMENT OM 

 

This appendix is co-written by Stina K. Björkman and David Rudberg and is attached to 

their respective theses: “Spatial Variability in Greenhouse Gas Production in Sediments 

of a Tropical Reservoir” by Stina (here referred to as P1) and “Spatial Variability in 

Greenhouse Gas Emissions from Tropical Reservoirs” by David (here referred to as P2). 

 

The aim of this attachment is to answer the hypothesis: Reservoir greenhouse gas (GHG) 

emission is related to the amount and degradation of sediment organic matter (OM). 

Trends have been identified within the Chapéau d’Uvas Reservoir, between the 

parameters: production (P1) of dissolved inorganic carbon in sediment (DIC) and carbon 

dioxide (CO2) diffusive emissions (P2) as well as sediment pore water methane (CH4) 

saturation (P1) and emission of CH4 ebullition (P2). These parameters were considered 

to serve as suitable proxies to emissions of reservoir GHGs (P2) on one hand and 

degradation of sediment organic matter (P1) on the other. Sediment properties (from P1) 

were also included in the correlation test: carbon content and water content are indicators 

for amount of OM in the sediment, Carbon/Nitrogen-ratio (C/N-ratio) indicates the origin 

of OM (allochthonous OM has higher C/N-ratio than autochthonous OM) and sediment 

accumulation indicates the supply rate of new material. Mean values of the different 

parameters were used; with an exception for the parameter referred to as sediment pore 

water CH4 saturation, where instead the percentage of layers with at least 80 % of CH4 

saturation concentration was used.  

 

Correlations were tested for the sites sampled in both projects. Inflow bays are referred 

to as “I”, Non-inflow bays as “N”, main inflow as “MI” and main reservoir area as “M”. 

Values for sediment pore water CH4 saturation were obtained from triplicate samples 

(triplicates) in all but three sites (N-15, I-16 and I-17). Regression plots were made for 

CO2 and CH4 respectively in order to identify differences and similarities in spatial 

variability as well as trends in data for these two GHGs. Sediment properties were 

compared to CH4 ebullition since sediment pore water CH4 concentration, but not DIC 

production (indicating degradation in surficial sediment layers, where CO2 is produced), 

was affected by sediment properties according to P1. 

 

The resulting graph of the relation between CH4 emission and degradation, proxied by 

mean CH4 ebullition flux and sediment pore water CH4 saturation respectively  

(Figure 34), indicates a negative trend with a relatively high degree of explanation  

(R2 = 0.42). The negative correlation was unexpected, as it suggests that sites with higher 

pore water concentrations of CH4 have lower CH4 emission rates, contrary to the 

hypothesis. The negative trend remained, with slightly increased degree of explanation 

(R2 = 0.50), when only sites containing triplicates of sediment pore water CH4 

concentration were included in the regression. However, the relevance of this trend can 

be questioned, given the few measurements included and the variability in CH4 emission 

and sediment pore water CH4 concentration themselves. Neither of the sediment 

properties indicated correlation to mean CH4 ebullition, also here the correlations were 

found to be negative but with low rates of degrees of explanation; for sediment 

accumulation: R2 = 6·10-5; for water content: R2 = 0.01; for carbon content: R2 = 0.01; and 

for C/N-ratio: R2 = 0.08.  
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The resulting graph of relation between CO2 emission and degradation rate, proxied by 

mean CO2 diffusion and mean DIC production respectively (Figure 35), indicates a 

negative trend with a relatively high degree of explanation (R2 = 0.45). The sole cause of 

the trend, however, is the extreme value in CO2 diffusion for site N-2. This is likely 

explained by the relatively similar rates of wind speed during CO2 diffusion 

measurements at all sites but N-2, where wind speed was higher. Wind speed is, together 

with concentration differences in CO2 between water and atmosphere, explanatory 

variables for diffusion of CO2. Thus, high variability in wind speed may blur trends 

between CO2 diffusion and DIC. One way to test this hypothesis would be through a 

regression between concentration of CO2 and DIC, but since only two sampling locations 

matched between these, such a regression was not made. When N-2 was omitted from the 

regression an extreme, positive correlation was identified, with an R2 value of 1.0. This 

regression is based on only three points, thus its relevance can be expected to be low.  

 

It can be concluded that a negative trend was identified between CH4 emission and 

degradation, contrary to the hypothesis, even though the relevance of this trend can be 

questioned. A trend could also be noted between CO2 emission and degradation rate, but 

only a few points were included in that regression, making the estimation less reliable. 

No trends were identified between GHG emission and amount of OM. 

 

 
Figure 34 The mean of CH4 ebullition, in mg carbon m-2 day-1, plotted against the 
percentage of layers with a concentration of at least 80 % of the CH4 saturation 

concentration in pore water (called CH4 saturation) for each site (I = Inflow bay; MI 

= Main inflow; N = Non-inflow bay; M-17 = Main reservoir, outside of bay 17). The 
dashed line is a trendline, with R2 = 0.41.  
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Figure 35 The mean values of the DIC production in the sediment, plotted against the 
mean CO2 diffusion, both with unit mg carbon m-2 day-1 (I = Inflow bay; MI = Main 

inflow; N = Non-inflow bay). The dashed line is a trendline, with R2 = 0.45. 
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