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Abstract 
Methane is an important green house gas as it is responsible for 15-20 % of the green house 

effect. Marine environments in general and shallow near-coastal waters specifically may be 

important contributors of methane emissions but are as of today poorly studied.  In this study 

we measured total fluxes of methane from shallow near-coastal waters at two sites along the 

east coast of Sweden. The sea-to-air emissions of methane where captured using floating 

chambers. This gave measured fluxes as compared to earlier studies of the Baltic Sea where 

calculated fluxes are often used. Measured fluxes have the merit of not having to rely on 

several highly varying and complex variables e.g. mean wind speed and piston velocity that 

vary and give an uncertainty to the results.  

    The fluxes ranged from -2.14 to 0.37 mg CH4 m
-2

 d
-1

 with a mean of 0.05 mg CH4 m
-2

 d
-1

. 

The results show a correlation, however not strong, between depth and methane. No 

difference in flux between the study sites could be seen. We look forward to further studies 

using floating chambers on shallow near-coastal waters with longer sampling periods to catch 

seasonal variations.     

    Keywords: methane emission, methane flux, ebullition, diffusion, shallow near-coastal 

waters, total fluxes, floating chambers 
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1. Introduction  

    Methane (CH4) is responsible for about 

15-20 % of the green house effect [Bange 

et al., 1994 & Bastviken et al, 2004] and is 

also a sink for OH and a source of CO and 

O3 in the atmosphere [Bartlett et al., 1987]. 

Aquatic environments are supposedly a 

major source of atmospheric CH4 but 

studies are limited. Measurements and 

estimates of the sources and sinks of CH4 

are important as they can be used to draw 

conclusions regarding both the current 

state and predictions on coming changes to 

the world’s climate [Bange et al., 1994].  

    CH4 is produced in anoxic environments 

by methanogenic bacteria. When passing 

through the oxic water layer much of the 

CH4 from anoxic sediments may be 

oxidized by methanotrophic bacteria and 

most of the remaining CH4 will leave the 

water through diffusive flux [Bastviken et 

al., 2004, Mer & Roger, 2001]. An 

important aspect of oxidation is that it 

decreases the amount of CH4 which leaves 

the water surface for the atmosphere. As 

much as 30-99 % of the diffusive flux of 

CH4 produced in lakes may be oxidized 

before reaching the water surface. 

Considerable amounts of CH4 can however 

reach the atmosphere by means of 

ebullition without being exposed to 

oxidation [Bastviken et al., 2004]. Oceans 

have so far been attributed to a very 

moderate part of global CH4 emissions, 

e.g. 2 % according to Bange et al. [1994] 

or 8 % of natural CH4 emissions according 

to Whalen [2005], but additional studies 

are highly sought after. The oceanic areas 

with a large biological production, like 

near-coastal areas and estuaries, are 

estimated to account for circa 75 % of the 

oceanic CH4 emissions [Bange et al., 

1998]. Surface water in oligotrophic 

oceans is close to being in equilibrium with 

the atmosphere and thus has low 

atmospheric emissions of CH4. The low 

amounts of studies available and lack of 

regard to seasonal variations, however, 

leave these marine emission estimates 

fairly uncertain. Due to this it is desirable 

to further establish the total atmospheric 

CH4 contributed by oceans and near-

coastal areas. This study attempts to lay 

one further piece to the puzzle by 

examining CH4 emissions from shallow 

near-coastal areas of the Baltic Sea at the 

eastern coast of Sweden. 

    Freshwater lakes have been found to 

release more CH4 through ebullition in the 

more shallow parts than in the deeper ones 

[Bastviken et al., 2004; Bastviken et al., 

2008; Mattson & Likens, 1990]. This is due 

to the lower pressure on the sediment from 

the water column and a smaller CH4 

oxidation zone. We therefore hypothesize 

that near shore near-coastal areas of 

oceans, seas and estuaries are more likely 

to release CH4 in ebullition fluxes than 

open ocean waters. Ebullition has been 

found to occur most in lakes with a depth 

of four meters or less [Bastviken et al., 

2004] which is the depths the sampling of 

the study is carried out in. We hypothesize 

that the likelihood of catching the 

ebullition flux is high and that emissions 

would be higher for the shallowly placed 

chambers due to ebullition. The Baltic Sea 

can be divided into a number of basins 

(e.g. Bornholm Sea, Gotland Sea and Belt 

Sea) which have permanent salinity 

stratification [Bange et al., 1994]. Spatial 

differences in emissions between these 

basins can be assumed given the link 

between salinity and methane emissions. 

The study sites are part of the same salinity 

stratification (situated ca 130 km apart, 

with a pH around 7) and similar results 

between the two sites might therefore be 

expected. However the influence of other 

factors like sea bottom and sediment 

character makes a spatial difference 

possible.  

    The study aims to measure the total flux 

of CH4 from open water and look at how 

different aspects like spatial difference and 

depth affect the emissions. By placing 

chambers designed to trap CH4 on the 

water surface and measuring the 

concentrations for initial, 30 minute and 24 
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hour values we were able to calculate the 

total CH4 fluxes leaving the water surface. 

The sampling is carried out in very shallow 

near-coastal areas, a zone where no 

measurements of CH4 emissions have been 

done previously.  

2. Method  

2.1 Study Sites 

    Two different sites were sampled, Askö 

and Hornsudde, both located on the 

Swedish east coast.  

    Askö is an island that resides in the 

Trosa archipelago. The island Askö is 

around 10 km long and 1 km wide. The 

vegetation on Askö was mixed deciduous 

and coniferous wood. Sampling was 

carried out at two locations. Both locations 

were small bays along the Askö shoreline 

and in close proximity to the laboratory 

(see Figure 1), one to the northwest (58° 

49' N, 17° 37' E)  and one to the southeast 

(58° 48' N, 17° 38' E). 

 

 
Figure 1. Copyright Lantmäteriet, medgivande 

I2010/0360. 

 

The biggest difference was that the seabed 

of the northwestern location was made up 

of sand and mud while the southeastern 

location had a rockier bottom. Both 

locations had moderate amounts of organic 

material and vegetation such as seaweed.  

The sampling took place during three 

separate days (20 – 22 april). The first day 

was a sunny day with a hearty breeze. The 

second day had mixed snow and rain while 

the last day had some rain but not as much 

as on the second day.  

    Hornsudde is a cape located southeast of 

Västervik. The samples were taken at the 

tip of the cape (coordinates 57°41’ N, 

16°44’E, see Figure 2) under two separate 

days (6 – 7 april).  

 

 Figure 2. Copyright Lantmäteriet, medgivande 

I2010/0360. 

 

The surrounding vegetation was made up 

of deciduous forest. The bottom of the lake 

was rocky from the shoreline and to a 

depth of circa 1 meter while the deeper 

waters seemed to have a moderate amount 

of organic material. Some brushwood grew 

in the more shallow waters close to the 

beach, although not in the immediate 

vicinity of the chambers. The sampling 

took place under two separate days. The 

first day of sampling the weather was calm 

with only some winds while the second 

day was a bit windier and colder.  

2.2 Field Sampling  

    At Hornsudde 40 chambers were used 

while at Askö 20 chambers were used due 

to time aspects and windy weather. The 

chambers at Hornsudde were placed in five 
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transects with eight chambers in each 

transect (see Table. 1), at Askö the 

chambers were placed in four transects 

with five chambers in each transect. The 

chambers were also placed with a depth 

gradient in mind, with each transect at 

Hornsudde going from a depth of 1 to 4 

meters while the transects at Askö ranged 

on a depth of 1 to 3 meters. When the 

wanted depths were found weights were 

added to the chambers to avoid drifting and 

they were then placed on the water surface. 

2.3 Sampling Procedure 

    The method used for measuring the CH4 

emissions is based on placing chambers on 

the water surface so that any CH4 leaving 

the surface through ebullition or diffusive 

flux will get trapped in the chamber, ready 

to be sampled. A detailed description of 

materials, methods and execution as well 

as some general tips and tricks will now 

follow. 

    The chambers are a relatively simple 

construction. A plastic bowl with a volume 

of 7489 ml is fitted out with an anchor 

rope, weights, foam for floatation, a tube 

for sampling and some reflective tape to 

stop it from heating up.  

    Each chamber was sampled just as it 

was placed in the water (initial sampling) 

and after 24 hours. Eighteen of the 

chambers (ten at Askö and eight at 

Hornsudde) were also sampled after 30 

minutes (see Table 1). The sampling 

depths and its distribution for both 

Hornsudde and Askö can be seen in Table 

2 and 3. 
 

 

Table 1. Overview of the sampling done for the 

two study sites. 

Location Initial 

samples 

(n) 

30 minute 

samples (n) 

24 hour 

samples 

(n) 

Hornsud

de 

40 8 40 

Askö 20 10 20 

 

 

 

Table 2. Distribution of depths in the transects for 

Hornsudde.  

Hornsudde A B C D E 

Depth (m) 

1.2 1.2 1.2 1.2 1.1 

1.5 1.5 1.5 1.6 1.5 

2.0 2.0 2.0 2.0 2.0 

2.4 2.4 2.5 2.4 2.5 

2.8 2.8 2.8 2.8 2.8 

3.1 3.0 3.1 3.0 3.2 

3.5 3.6 3.5 3.5 3.5 

4.0 4.1 4.1 4.1 4.0 

 

Table 3. Distribution of depths in the transects for 

Askö. 

Askö F G H I 

Depth (m) 

1.1 1.2 1.0 1.1 

1.3 1.6 1.5 1.2 

1.6 2.0 1.8 1.5 

1.9 2.5 2.2 2.0 

2.1 3.0 2.8 2.2 

 

The sampling procedure is almost identical 

for initial sampling, 30 minute sampling 

and 24 hour sampling. The syringe with an 

attached gas-tight polycarbonate stopcock 

(Plastipak, Becton-Dickinson) was first 

rinsed in the air to make sure they were 

having the same concentration of trace 

gases. For the initial sampling the syringe 

is then connected to the chamber and 

pumped a few times to circulate the air in 

the chamber and make sure a fitting 

representation of the CH4 levels is reached. 

The syringe is then filled with the chamber 

air and both the chamber and syringe 

valves are shut. In addition, three water 

samples were taken to be used for 

measurement of pH and conductivity. This 

was done simply by lowering plastic 

bottles under the water surface and then 

capping them. 

    When back on land the samples were 

transferred from the syringes to prepared 

vials. The transfer from syringe to vial was 

carried out by piercing the rubber stopper 

with two needles (0.6 × 25 mm, Becton-

Dickinson), one attached to the syringe and 

one to let the saturated solution out, and 

inserting the gas sample into the vial, 

forcing the solution out through the second 

needle. When the solution level was close 

to reaching the needles they were pulled 

out to prevent the gas from leaking out. 
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The 20 ml vials used for sampling were 

filled with a saturated NaCl solution to 

allow for storage over a longer period of 

time. This was carried out by filling up a 

bucket with water and adding salt until 

saturation was reached, the solution was 

then occasionally stirred and stood for ca 1 

hour to allow dissolved gases to evade. 

The 20 ml vials were then filled with the 

solution and plugged with a butyl rubber 

plug (Apodan, Copenhagen, Denmark) 

with an attached needle (to allow excess 

water solution to escape). This procedure 

was repeated if any unwanted bubbles 

were found. Finally an alumina cap was 

added to make sure the rubber plug was 

held in place.       

    Sample concentrations where measured 

with a gas cromatograph using a flame 

ionization detector (GC-FID; Shimadzu 

GC-8, Poropack Q column). 

2.4 Statistics  

    In order to answer the hypothesis of the 

study statistical tests were carried out. The 

computer program SPSS was used for this 

and the tests used were Mann-Whitney U-

test, correlation test. 

2.5 Calculations  

    In this study we measured and compared 

the total flux of CH4 from open water to 

the atmosphere. Here we will describe the 

steps from gas chromatography to flux 

values. 

    Each transect was calibrated with CH4 

standards of 100 ppm and 1000 ppm (Air 

Liquide). Calibration values were then 

attained and multiplied with the areas 

given by the gas chromatography to get a 

ppm (parts per million) value.  

    The methane ppm was then used to 

calculate the amount of CH4 in milligrams 

using the following equation: 

 

         
     

 
      

     
        

 

Where P is the air pressure in pascal, X is 

the methane ppm of the sample, V is the 

volume of the chambers in 
m-3

, R is the 

universal gas constant (8.314), T is the 

temperature in Kelvin, M is the molecular 

mass of CH4 and multiplication with 1000 

is made to get the unit in milligrams 

instead of grams. 

    The CH4 amounts calculated for the 24 

hour and initial samples where then used to 

get the flux of CH4 over time with the 

following equation: 

 

    

  

                           
 
 

   

 

    Where t is the time in days (for example 

23.5 hours/24 = 0.98) and A is the area of 

the chamber in m
-2

. This way we get the 

flow in  mg CH4 m
-2

 d
-1

. 

3. Results 

    An interesting aspect to study is the 

behavior of emissions and fluxes of CH4 

over different depths. This is looked upon 

in the following section in order to be able 

to answer the hypothesis about lower 

emissions over increased depths.
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. 
Figure 3. Scatter plot showing the distribution of ppm samples taken after 24 hours over increasing depths. 

 

    The methane ppm measured after 24 

hours show a tendency of higher values for 

the deeper chambers (see Figure 3). A 

correlation test was made (Kendall’s tau b; 

correlation coefficient r
 
= 0.359, p-value <  

 

0.001, number of samples n = 59, 

significance value for the null hypothesis is 

set to 5 % for all tests) and gave a weak 

correlation between 24 hour concentration 

and depth.  
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Figure 4. Scatter plot showing the fluxes of CH4 over a depth gradient at each sample point for both study sites.

The fluxes over the depths range from -

0.26 to 0.37 mg CH4 m
-2

 d
-1

 with a mean of 

0.12 mg CH4 m
-2

 d
-1 

(see Figure 4). It also 

shows several negative outliers for the 

shallowest depths. The negative fluxes do 

not equal low emissions of CH4 but rather 

the opposite as they are the result of high 

emissions in the initial samples. A 

tendency for increased flux with increased 

depth can be seen in figure 2 but it is not a 

clear trend. A correlation test was made 

and it pointed towards a correlation 

(Kendall’s tau b; correlation coefficient r = 

0.399, p-value < 0.001, number of samples  

n = 56), although it is weak. To certify that 

the three outliers of the shallowest depths 

did not skew the test they were removed 

before performing the correlation analysis.  
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Figure 5. Box plots comparing the 24 hour flux of CH4 between Hornsudde and Askö.

Box plots of the flux give similar results 

for both the study sites and a Mann-

Whitney U-test (p-value = 0.008, U =  

 

 

224.000, number of samples n = 59) 

strengthen this as the high U value make 

no difference in mean between the two 

sites distinguishable (as can be seen in 

Figure 5). 
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Figure 6. Scatter plot showing the 30 minute flow over depth.

       The samples taken after 30 minutes acts as 

a logical bridge between the initial and 24 

hour samples. They are either slightly 

lower or slightly higher than the initial 

sample and are differing more from the 24 

hour samples. A small change in CH4 

concentration from the initial samples to 

the 30 minute samples can result in a large 

positive or negative flow. This is due to 

how the equation handles that small 

amount of time as the 30 minute is 

compared to 24 hours. This is why there is 

a larger variation for the 30 minute than 24 

hour flow as can be seen when comparing 

figures 4 and 6. 

4. Discussion 

4.1 Understanding the Fluxes 

    Most chambers showed positive, albeit 

small, fluxes, however ten out of 59 gave 

negative fluxes, i.e. had higher initial than 

24 hour samples. The low fluxes may be 

explained by the sampling period, the 

measurements were carried out in may 

which is one of the months with the lowest 

emissions due to the cold temperature and 

low amounts of organic production and 

organic matter in the sediments [Bartlett et 

al., 1987]. The relationships between 

emissions, temperature and organic 

materials is further strengthened by Moore 

& Dalva [1993] who related variations in 

gas emissions to microbial populations and 

the availability of substrate (in this case 

organic materials) and also did tests of CH4 

emissions over different temperatures and 

got an average 6.6 times larger at a 

temperature of 23 °C than at a temperature 

of 10 °C. It should be noted that this study 

was carried out in a laboratory using soil 

columns. It is worth noticing that the 

sediments of near-coastal waters have a 

higher amount of organic materials than 
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sediments in the open ocean waters due to 

a higher biological activity closer to the 

shores [Valentine, 2002], this would point 

towards higher emissions from near-

coastal areas than the open ocean.  

    The negative fluxes may be caused by 

ebullition. As explained in the introduction 

the measured shallow near-coastal waters 

have a smaller zone of oxidation and a 

lower pressure on the sediment than open 

ocean waters making the release of bubbles 

more likely. This CH4 from ebullition is 

then measured at the initial sampling but 

by the time of the 30 minute and 24 hour 

sampling the CH4 has started to diffuse 

back into the water leading to lower 

measured values. There is a high chance 

that this happened for at least two of the 59 

chambers as these had significantly higher 

initial values, 23.4 ppm and 37.3 ppm to 

compare with the mean of 5.3 ppm. The 

methane ppm for the chamber with the 

highest initial ppm (37.3) then dropped to 

13.6 for the 30 minute sample. This shows 

that the rapid diffusion of CH4 back into 

the water is a factor for future studies to 

take into consideration. 

    The method of using floating chambers 

to store and sample diffusive fluxes has 

been proven useful in earlier studies [e.g. 

Bastviken et al., 2004]. Other studies have 

utilized a calculated median flux derived 

from measured CH4 concentrations in the 

water and the median wind speed over the 

area [e.g. Abril & Iversen, 2002; Yang et 

al., 2010; Bange et al., 1998]. This is one 

of the pros of the method used in this 

study; it gives real, measured fluxes 

whereas the previously mentioned studies 

get approximations using uncertain 

factors. Had the water been supersaturated 

with CH4 there would have been a much 

higher flux of CH4 through diffusion [Abril 

& Iversen, 2002]. 

    Bartlett et al. [1987] measured the 

methane fluxes over a year along a salinity 

gradient at a salt marsh in the U.S.A. The 

results they received for April were similar 

to those of this study. March and April 

were the months with the lowest measured 

fluxes over all their sites. This helps 

explain, while having in mind the different 

situations and mechanisms between salt 

marshes and shallow near-coastal areas, 

the low fluxes attained during the 

sampling. 

4.2 Anaerobic Oxidation of CH4  

    Microbes that live in anaerobic 

environments in these sediments use 

several oxidants in a thermodynamically-

determined order [Valentine. 2002]. The 

oxidants (O2, NO3
-
, Fe(III), Mn(IV) and 

SO4
2-

) are consumed, SO4
2-

 being the last 

[Valentine, 2002; Martens et al., 1999]. 

When all of these oxidants are depleted, 

CO2 becomes the most thermodynamically 

safe, it oxidizes with H4 and produces CH4. 

This is called methanogenesis and is the 

last step in producing CH4 from organic 

carbon by methanogenic microorganisms 

[Duc et al., 2010]. The Baltic Sea has high 

amounts of sulfur and it is therefore likely 

that the process of going through the 

oxidants that leads to production of CH4 

takes longer than in the smaller seas 

previous studies often develops.  

4.3 Location 

    There is no discernable difference in the 

CH4 flux between Askö and Hornsudde. 

There are some variables that could 

explain this. Salinity, temperature and time 

of year were all relatively the same on both 

locations. The difference between the two 

locations was in the type of sediment, with 

Askö being sandier then Hornsudde. This 

could have led to a larger methane 

production if the amount of organic 

material was higher as well [Mer & Roger, 

2001]. 

4.4 Study Evaluation 

    Three samples were destroyed during 

the sampling period, one of them being an 

initial sample and two being 30 minute 

samples. This led to one less 24 hour flux 

measurement and two less 30 minute flux 

measurements. 
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    The method used in this study is not 

suited for studying ebullition for a number 

of reasons. Ebullition that might be trapped 

in the chamber can diffuse back into the 

water over time. No distinction between 

ebullition and other fluxes can statistically 

be proven with so few chambers. Any 

ebullition that we got in our chambers was 

down to pure chance. To correctly measure 

ebullition using this method, a greater 

number of chambers and a longer period of 

sampling are needed. The ebullition that 

was measured in some initial samples 

shows that there are bubbles in the 

sediment, but not how common they are. 

Most of the samples with high initial 

values were in the more shallow depths 

and chances are that the sediment was 

stirred up by the oars and/or the anchor 

weights leading to bubbles of CH4 

reaching the chamber. When placing the 

chambers at the first sampling area 

Hornsudde only one weight was added to 

each chamber. This caused some of the 

chambers to drift slightly overnight, 

leaving them at new depths. Extra weights 

were added to the chambers placed at Askö 

to prevent this from happening again. In 

spite of this one chamber at Askö drifted 

due to faulty fastening.  

    The flux from aquatic vegetation is not 

measured with this method but it is 

estimated to constitute only a minor part of 

the CH4 flux to the atmosphere at the time 

of measurement (spring) due to the low 

amount of vegetation above water surface 

level. 

5. Conclusions 

 There is a generally positive flux of 

CH4 with a mean of 0.12 mg CH4 

m
-2

 d
-1

 from sea-to-air.
 

This is 

during the season when fluxes are 

the lowest. 

 

 A statistical analysis showed a 

weak correlation between flux 

values and depth and no evidence 

of a difference in flux between the 

two study sites. 

 

 Floating chambers are a viable 

method for measurement of 

methane in shallow coastal areas 

however windy weather among 

other aspects act as inhibitors of a 

widespread adoption outside of 

lakes. 

 

 Further studies using this method 

are needed e.g. to see how much 

higher emissions are during the 

summer months. 

 

 Further studies measuring 

ebullition and diffusive flux 

separately with proper methods are 

sought after. 

 

 The fluxes attained in this study 

confirm earlier claims of a 

relatively low contribution of 

methane emissions from oceanic 

and coastal areas. 
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