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Abstract 

Lakes contribute significantly to the global natural emissions of methane (CH4) and carbon 

dioxide. However, to accurately incorporate them into the continental carbon balance more 

detailed surveys of lacustrine greenhouse gas emissions are needed, especially in respect to 

spatio-temporal variability and to how this affects the upscaling of results. We investigated 

CH4 flux from a small, wind shielded lake during 10 field trips over a 14-month period. We 

show that floating chambers may be used to calibrate the relationship between gas transfer 

velocity (k) and wind speed at 10 m height (U10) to the local system, in order to obtain more 

accurate estimates of diffusive CH4 flux than by applying general models predicting k based 

on U10. We confirm earlier studies indicating strong within-lake spatial variation in this 

relationship, and in ebullitive CH4 flux within the lake basin. However, in contrast to the 

pattern reported in other studies, ebullitive CH4 flux was highest in the central parts of the 

lake. Our results indicate positive relationships between k and U10 at very low U10 (0 – 3 m s
-

1
), which disagrees with earlier suggestions that this relationship may be negligible at low U10 

values. We estimate annually averaged open water CH4 emission from Lake Gerzensee to be 

3.6 - 5.8 mmol m
-2

 day
-1

. Our data suggest that estimates of greenhouse gas emissions from 

aquatic systems to the atmosphere based on the upscaling of short-term and small-scale 

measurements can be improved if both spatial and temporal variability of emissions are taken 

into account. 
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1 Introduction 

Lakes, rivers and wetlands are a major source of carbon dioxide (CO2) and methane (CH4) to 

the atmosphere [Bastviken et al., 2004; Cole et al., 2007; Tranvik et al., 2009]. The amount of 

these potent well-mixed greenhouse gases [Myhre et al., 2013] emitted by freshwater bodies 

has been argued to offset part of the carbon sink capacity of the terrestrial realm [Cole et al., 

2007; Bastviken et al., 2011]. Therefore, the inclusion of freshwater bodies in the global 

greenhouse gas balance has been called for [Cole et al., 2007; Battin et al., 2009; Bastviken et 

al., 2011]. Lakes form an important part of the terrestrial freshwater bodies [Downing and 

Duarte, 2009]. The number of field studies measuring greenhouse gas emissions from lakes 

is limited, however, and often such measurements are representative of only a section of the 

examined lakes and performed during a short time of the year. Only few studies are available 

which document variations in greenhouse gas emissions of individual lakes over an entire 

seasonal cycle [e.g Miettinen et al., 2015; Wik et al., 2016]. As a consequence, upscaled 

estimates of global greenhouse gas emissions from lakes are largely based on short-term, 

small-scale measurements [Bastviken et al., 2011]. Similarly, the spatial variability of gas 

flux across lake basins, and the effects of variables such as lake morphology and wind 

direction on these spatial patterns have received relatively little attention in previous studies 

[Schilder et al., 2013; Vachon and Prairie, 2013; Wik et al., 2016]. Improving our 

understanding of temporal and spatial variability in fluxes of greenhouse gases from lakes is 

therefore essential for upscaling field measurements, and for the incorporation of freshwater 

systems into the terrestrial greenhouse gas balance. 

Up to 50 % of the open water CH4 emissions by lakes occurs via diffusive flux (F) at 

the air-water interface [Bastviken et al., 2004], while F is the main mode of emission for the 

more soluble CO2 [Bade, 2009]. Gas bubbles formed in and released from the sediment 

(ebullition, E) is the other main pathway of open water CH4 flux from lakes [Bastviken et al., 

2004]. A widely used method to quantify F from lakes is to estimate F from the lake surface 
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based on wind speed and surface water concentrations of the gas of interest by applying the 

following equation: 

 

(1)              

 

where F is diffusive flux (mmol m
-2

 day
-1

), Caq is the surface water concentration (mmol m
-3

), 

Ceq is the theoretical surface water concentration of the gas in equilibrium with the air 

(calculated following Henry’s Law), and k is the gas exchange coefficient (m d
-1

). Empirical 

relationships between wind speed at 10 m height (U10) and gas transfer velocity are 

frequently used to estimate k. There are a number of datasets available to model k based on 

wind speed [e.g. Liss and Merlivat, 1986; Cole and Caraco, 1998; Crusius and Wanninkhof, 

2003], typically based on tracer gas experiments using SF6. Several studies have pointed out, 

however, that the choice of one model alone can cause F estimates to differ from 50 – 200 % 

between models [e.g. Cole et al., 2010; Schubert et al., 2012; Schilder et al., 2013]. 

Furthermore, there are major differences in the relationship between U10 and k at low wind 

speeds between these models. Some models indicate no relationship at low wind speeds [e.g. 

Crusius and Wanninkhof, 2003] (model C in their Figure 3), others a linear relationship, but 

with slopes varying between models (0.17 to 0.72; e.g. [Crusius and Wanninkhof, 2003], 

model A in their Figure 3; [Liss and Merlivat, 1986]), while Cole and Caraco [1998] propose 

an exponential relationship. It remains unclear to what extent these general models can be 

applied to lake types not included in the calibration data, and whether they are able to 

successfully predict varying k and F at low wind speeds. The case has been made that the 

relation between U10 and k is best calibrated to the local system [Schilder et al., 2013; Vachon 

and Prairie, 2013] and that floating chambers, if properly designed, can be used to do so, 

using diffusive CH4 flux to infer k [Cole et al., 2010; Gålfalk et al., 2013; Schilder et al., 
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2013]. Recent studies have shown that lake morphology and within-lake spatial heterogeneity 

in Caq and k may be causes for discrepancies between models that predict k based on U10 

[Read et al., 2012; Schilder et al., 2013; Vachon and Prairie, 2013]. These studies suggest an 

effect of lake size and shape on the relationship between k and U10, and that the strength of 

this effect is related to the distance to shoreline.  

E has been found to be highly variable on both temporal and spatial scales, due to e.g. 

variation in sediment composition, impact of wave action and sensitivity to atmospheric 

pressure changes [Keller and Stallard, 1994; Mattson and  Likens, 1990; Hofmann et al., 

2010; Wik et al., 2011].  Most studies (mostly focused on tropical and boreal systems) report 

higher E in areas closer to shore and macrophytes and  note that in order to representatively 

capture E with floating chambers, measurement series encompassing more than 24 hours are 

needed to account for the strong temporal variability in E [e.g. Bastviken et al., 2004; Peixoto 

et al. 2015]. 

In this study we examine the relationship between U10 and k for Lake Gerzensee, a 

small (0.24 km
2
) dimictic lake in Switzerland with exceptionally high CH4 concentrations in 

the surface water and hypolimnion [Rinta et al., 2015]. To develop site-specific relationships 

between k and U10, and to explore the spatial heterogeneity in F and k proposed by Schilder et 

al. [2013] and Vachon and Prairie [2013] we made detailed assessments of k for 10 different 

locations along three spatial transects on the lake during four 48-h sampling campaigns in 

October and November 2012 and March and June 2013, along with wind speed 

measurements (Table 1). These site-specific relationships between k and U10 were then used 

to derive a whole-lake relationship between k and U10, which was applied to infer whole-lake 

F estimates based on Caq and U10 measured during 10 lake visits between October 2012 and 

December 2013, including the four campaigns mentioned above, which allowed us to 

investigate temporal variability in F from the lake. Additionally, we estimated E along these 
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spatial transects on 6 occasions between October 2012 and September 2013 in order to assess 

the relative importance of both (E and F) open water CH4 flux pathways and to investigate 

within-lake spatial patterns in E in Lake Gerzensee. Our aims included to describe variations 

in E and F of CH4 across an annual cycle, provide an estimate of the overall CH4 flux from 

the lake, and examine the extent to which a locally calibrated relationship between k and U10 

based on a limited number of floating chamber measurements can improve estimates of F 

based on Caq and U10-derived k. Finally, since high wind speeds are relatively rare at Lake 

Gerzensee due the surrounding landscape features, we could investigate the relationship 

between U10 and k at very low wind speeds, on which existing models do not agree well. 

 

2 Materials and Methods 

Lake Gerzensee was sampled on 10 1 to 3-day visits between October 2012 and December 

2013 to measure spatial variations in k (4 visits), spatial variations in total CH4 flux and E 

(sampling at the above 4 visits plus 2 extra visits) and CH4 concentrations in surface water to 

allow estimates of F based on the locally established relationship between U10 and k (10 

visits, including the abovementioned 6). The sampling campaign is summarized in Table 1. 

 

2.1 Floating chambers 

CH4 accumulation was measured in floating chambers following the design by Cole et al. 

[2010]. These chambers provide F and k estimates that are comparable to other methods 

[Cole et al., 2010; Gålfalk et al., 2013; Schilder et al., 2013]. The main disadvantage of the 

method is that E may be captured in the chambers. Bastviken et al. [2004] have shown that 

there are simple numerical procedures to identify chambers that have received E. However, 

on lakes with a high probability of E the chamber design has to be modified to obtain proper 

estimates of F and k. Therefore, some chambers were adapted following Bastviken et al. 
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[2010] by suspending plastic shields (Avento Snow Disc) with twice the diameter of the 

chamber under the floating chambers using 2 mm thick steel wires (Figure 1a,b). While the 

shields used by Bastviken et al. [2010] were aimed at deflecting rising gas bubbles, our 

shields were slightly concave and captured the bubbles. 100 g weights were attached to the 

top of the shields to reduce their buoyancy and ensure that they remain suspended below the 

floating chambers. 

  

2.2 Field campaign design 

 2.2.1 Spatial variation in k 

In order to obtain a lake-specific relationship between U10 and k, Lake Gerzensee was visited 

on 1-3 October and 26-28 November 2012, and 26-28 March and 10-12 June 2013 for 48 h of 

consecutive determinations of k (see below) along three spatial transects from lake shore (just 

beyond emerging macrophytes) to centre. Each transect consisted of four sampling sites 

represented by a floating chamber with ebullition shield, and all transects shared the same 

central floating chamber (locality D, Figure 1c). A handheld GPS device (Garmin, USA), an 

echosounder (Uwitec, Austria) and landmarks were used to ensure the chambers were on the 

same location during each lake visit. Wind speed (m s
-1

) and absolute air pressure (hPa) were 

recorded on the northern shore using a portable weather station (Velleman, Belgium) at a 

height of 2.5 m (Figure 1). Wind speed was measured at 5 minute intervals and then averaged 

for the deployment period for each chamber. During these 48 h, CH4 accumulation in the 

shielded chamber headspace was determined after 6 h (ca. 10:00 to 16:00) and after 24 h (ca. 

10:00 to 10:00 the next day). After 24 h the chambers were lifted from the water, equilibrated 

with ambient air and re-deployed. The chamber headspace was sampled again after three 
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further 2 h intervals (at ca. 12:00, 14:00 and 16:00) and after 24 h (ca. 10:00 on day 3). This 

routine potentially yielded 60 estimates of F per lake visit, divided amongst ten sampling 

stations: Each station yielded three 2 h measurements, two 18 h measurement and one 6 h 

measurement. Due to a technical malfunction during the first night of the March 2013 

excursion the first 18 h F measurements did not have accompanying wind speed 

measurements and due to time constraints we limited the June excursion to two sets of 24 h F 

measurements, with no intermediate measurements. As a consequence, the total number of F 

determinations per sampling station was 19 during the first four 3-day visits, yielding a total 

of 190 measurements. At each sampling station, a sample for determining Caq was taken as 

described below at the start of day one and every time the floating chamber headspace was 

sampled. Ceq and measurements of F and Caq were used to infer estimates of k following 

equation (1). Wind speed was converted to U10 following Bade [2009] using the equation: 

 

(2)           
       

 
   

  

   
   

 

in which Cd is the drag coefficient at a height of 10 m (1.3∙10
-3

) and κ the Van Karman 

constant 

(0.4, [Bade, 2009]). 

 

 2.2.2 Spatial variation in E 

In order to investigate and quantify spatial variability in E from Lake Gerzensee, floating 

chambers without ebullition shield were deployed along the transects on 1-3 October and 26-

28 November 2012, and on 26-28 March, 10-12 June, 29-31 July, and 23-25 September 2013 

(Table 1; Figure 1c). One chamber was deployed at each locality, except for locality D, which 

had three chambers. The chambers were deployed for 24 h, after which the chamber 
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headspace was sampled and the chambers were lifted from the water and equilibrated with 

ambient air. Then, after another 24 h, the chamber headspace was sampled again and the 

average of two consecutive 24 h measurements was calculated in order to account for 

temporal variability in E. At each sampling station, a sample for determining Caq was taken 

as described below at the start of day one and every time the floating chamber headspace was 

sampled. CH4 accumulation in the unshielded chambers was used as an indication of total 

open water CH4 flux (E + F), and F, based on Caq, U10 and our locally calibrated relationships 

between U10 and k, was subtracted from total CH4 flux to obtain an estimate of E. 

 

 2.2.3 Upscaling to the whole-lake level 

A digital map of Lake Gerzensee and the sampling stations was created using ArcGIS (Esri). 

Then, Thiessen polygons were generated which identified the closest sampling station for 

each point on the lake. These polygons were used to estimate the proportion of the lake 

represented by the different chamber locations (see Table 2). To the sampling stations closest 

to the shore (A1, B1 and C1) a 10 m wide strip of lake area tracing the shoreline was 

assigned. The proportion of the lake represented by each sampling station was used to derive 

whole-lake estimates by multiplying the value for a variable at each sampling station with the 

proportion of lake it represented and adding up the results for all sampling stations. 

 

 2.3 Gas sampling and analysis 

Samples from the floating chamber headspace were taken by withdrawing 30 ml of the gas 

with a 60 ml syringe (Becton-Dickinson, USA) equipped with a stopcock. 20 ml of the gas 

was then injected into a 12 ml glass vial with septum (Labco, UK) filled with a saturated 

brine solution, using a second needle to allow some of the brine to escape. The brine solution 

prevents dissolution and oxidation of CH4 in the sample headspace [Bastviken et al., 2010]. 
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All samples taken during this study were stored in the dark and upside-down between 

sampling and measuring, to ensure that gas could not exchange through the septum. 

During the first six 3-day visits, Caq was determined at each sampling station by 

sampling 40 ml water from 10 cm below the water surface and 20 ml of ambient air with a 60 

ml syringe equipped with a stopcock. The water and air trapped in the syringe were allowed 

to equilibrate by shaking for 60 s. The 20 ml of headspace from the syringe were then 

injected into a 12 ml glass vial as described above. Caq was determined at the beginning of 

day 1 and each time floating chamber headspaces were sampled. Simultaneously with 

sampling surface water for Caq, we recorded surface water temperature (WTW LF 330, 

TetraCon
©

 probe, Germany) and sampled 20 ml of ambient air into 12 ml vials as described 

above. These samples were used to determine the CH4 concentration of the air the Caq 

samples were equilibrated with and to determine initial in-chamber CH4 concentrations. 

During each of the 4 shorter visits between October and December 2013, three samples of 

ambient air and Caq in the lake centre (stadion D) were taken as described above. Within six 

weeks of sampling, the CH4 concentrations in the samples were determined through gas 

chromatography using a flame ionization detector equipped with a methanizer (Shimadzu 

GC-2014, ShinCarbon ST column). Caq was calculated following Bastviken et al. [2010]. 

 

2.4 Estimating k 

The CH4 accumulation in the shielded floating chamber headspace gives, when accounting 

for chamber area, volume and deployment duration, an estimate of F. Since Caq was 

measured and 
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Ceq can be calculated (using Henry’s Law), equation 1 can be used to infer k. However, since 

the concentration gradient (Caq-Ceq) decreases with increasing CH4 concentrations in the 

chamber headspace, F into the floating chamber headspace is not linear over time. Therefore, 

k was corrected for this changing concentration gradient using the method described by Cole 

et al. [2010]. In order to allow for comparison with other studies involving k, these corrected 

k values were then converted to k600, the k value for CO2 at 20° C following Bade [2009]. 

These k600 values were then converted from m day
-1

 to cm h
-1

, the unit commonly used to 

report k600 values in literature. 

On 14 and 30 October and 14 November 2013, three replicate shielded chambers were 

deployed at the same station (D) for 2 h, to obtain an indication of the reproducibility of our 

shielded floating chamber k600 estimates. The standard deviation of the 3 replicate k600 

estimates on 14 and 30 October and 14 November 2013 was 0.2, 0.05 and 0.1 cm h
-1

, 

respectively (coefficient of variation 12, 4 and 8 %, respectively). 

 

2.5 Whole-lake F estimates based on U10-inferred k-values 

Our estimates of U10 and of the accompanying k for each sampling site during the first 6 visits 

allowed for the construction of sampling site-specific relationships between U10 and k. 

Whole-lake F estimates from Lake Gerzensee were then calculated based on the whole-lake 

relationship between U10 and flux chamber derived kCH4 (calculated as the area weighted 

average of estimates inferred from the sampling site-specific relationships as outlined in 

section 2.2.3), and whole-lake Caq obtained through measurements at each chamber. Since 

average whole-lake Caq was not significantly different from Caq at sampling site D in the lake 

centre during the first 6 visits (see Results and Discussion), four further estimates of whole-

lake F were made based on Caq at sampling station D only and U10-derived estimates of 

whole-lake kCH4: On 14 and 30 October, 14 November, and 2 December 2013 three replicate 



 

 

© 2016 American Geophysical Union. All rights reserved. 

samples for Caq were taken at sampling station D. U2.5 was monitored on the northern shore 

between ca. 08.00 and 12.00 during these 4 additional lake visits. On 14 October 2013 we 

were unable to measure U2.5 due to technical difficulties and obtained wind speed data from 

the Swiss national weather service (Meteo Swiss, Zurich) measured in Thun, 9 km from the 

lake. 

 

2.6 Statistical analyses 

All statistical analyses were performed with the PAST software package, version 1.97 

[Hammer et al., 2001]. Linear regressions and Pearson´s correlations were used to test the 

relationships between U10 and k600 for the sampling sites and a paired t-test was applied to test 

for differences between whole-lake Caq and Caq at the central sampling site. 

 

3 Results and discussion 

3.1 Data screening 

All measurements from the shielded chambers with potential influence of E or chamber 

leakage were rejected. For example, for twenty of the seventy 18 h F measurements we 

noticed that gas accumulation under the shield had caused the shield to tilt and to no longer 

fully shield the chamber. Five additional measurements were eliminated because they yielded 

k600 values distinctly (3 to 10 times) higher than other measurements at that sampling station 

during that specific visit, suggesting E contributed to gas concentrations in the chamber 

headspace [Bastviken et al., 2004], and one sample was lost during sampling. Finally, six k600 

estimates were eliminated from further analyses since unrealistically low k600 values (between 

0.2 and 0.5 cm h
-1

) compared to other measurements, as well as in comparison with k600 
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values in the literature, suggested chamber leakage. This data screening reduced our data set 

from 190 to 158 data points divided over 10 sampling stations. 

 

 3.2 Relationships between U10 and k600 

U10 was low during all measurements (between 0.05 and 2.67 m s
-1

), and throughout the visits 

there was one dominant wind direction (Northeasterly). The accompanying k600 values were 

between 0.62 and 5.57 cm h
-1

. Vachon et al. [2010] noted that floating chambers (of a 

different design) overestimate k600 by up to a factor 2 due to the chamber disturbing the water 

directly beneath and around it. However, the floating chambers of the design used in this 

study have been shown to yield k600 values that compare well to other non-invasive methods 

to estimate k600, including existing wind speed-based models (see e.g. Gålfalk et al., 2013; 

Schilder et al., 2013), as opposed to the results presented by Vachon et al. [2010]. The k600 

values we present here (Figure 2) are also in the same order of magnitude as k600 values 

predicted by the most often used wind speed models. Therefore, our results were apparently 

not significantly affected by a bias caused by chamber-induced turbulence effects. 

Statistically significant correlations between U10 and k600 were apparent for all sampling 

stations except A1, which represented the most wind sheltered station (Pearson correlations, p 

from <0.05 to <0.0001, Table 2). The relationship between U10 and k600 varied between 

sampling stations (Figure 2, Table 2). Typically, the sites closest to the shore showed no (A1) 

or a weak (B1, C1) relationship whereas the more central sites had the strongest relationships, 

which is in agreement with the findings by Schilder et al. [2013] and Vachon and Prairie 

[2013]. It is important to note that these relationships are based on local k600 estimates but 

only one wind speed measurement location. Had wind speed been measured at each chamber 

location, more consistency among the relationships between U10 and k600 at the different 
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locations could be expected. We noted that most of the residual variability in Figure 2 was 

the result of 2 h chamber deployments, which suggests that the method is most robust if used 

for longer periods (6h or more). In support of this, Gålfalk et al. [2013] presented data 

showing large short-term (minutes-hours) variability of k at specific locations and distinct 

patches of surface water with different k-values were detected with Infra-Red imaging. A 

likely cause of this variability is variations in U10 at short time-scales and the lingering 

turbulence in the surface water. This can result in short-lived patches of surface water having 

different k600-values than can be expected based on the current U10. 

 

 3.3 Levels of Caq and CH4 fluxes from Lake Gerzensee 

Caq was highly variable between the different field campaigns, ranging from 0.04 mmol m
-3

 

on 2 December 2013, to 7.0 mmol m
-3

 on 1-3 October 2012 and 56.0 mmol m
-3

 on 14 

November 2013 (Figure 3; Table 3). Consequently, whole-lake F (based on Caq and U10-

derived whole-lake k, see section 2.5) was also variable, and as low as 0.01 mmol m
-2

 day
-1

 

on 2 December 2013, and as high as 15.9 mmol m
-2

 day
-1

 during lake overturning on 14 

November 2013 (Figure 3; Table 3). The total open water CH4 flux estimates (F + E), 

available for the first 6 lake visits (between October 2012 and September 2013), ranged from 

1.1 mmol m
-2

 day
-1

 on 26-28 March 2013 to 13.9 mmol m
-2

 day
-1

 on 1-3 October 2012 

(Figure 3; Table 3). E contributed 75 to 99 ‰ to the total CH4 flux (on average 89 %). 

High values during lake overturning in fall were observed for both F (2012 and 2013) 

and total CH4 flux (2012). They are comparable to those reported by Schubert et al. [2012] in 

the period 27 October to 16 December 2008 in Lake Rotsee, another wind-shielded Swiss 

lowland lake. These authors found average whole-lake CH4 flux (F + E) values of ~5 mmol 

m
-2

 day
-1

, with peak emission events considerably higher (25 to 75 mmol m
-2

 day
-1

). Due to 

our lower temporal sampling resolution, it is likely we missed such peak emission events at 
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Lake Gerzensee. However, the F estimate of 15.9 mmol m
-2

 day
-1

 on 14 November 2013 may 

have been such a peak emission event. E was not measured that date, but since E in our 

dataset ranged from 1.1 to 12.2 mmol m
-2

 day
-1

, with the highest values in fall, total CH4 

emission from Lake Gerzensee may have been as high as 17.0 to 28.1 mmol m
-2

 day
-1

 on 14 

November 2013. 

 To estimate mean open water CH4 flux for the entire annual cycle we interpolated 

total open water CH4 flux measurements between 1-3 October 2012 and 23-25 September 

2013. Interpolated daily flux estimates then allowed the calculation of average CH4 flux over 

the entire year. If we assume total ice cover on the lake and no CH4 flux between 29 

November 2012 and 25 March 2013, this results in a mean flux value across the year of 3.6 

mmol m
-2

 day
-1

 for Lake Gerzensee. Since ice cover was probably not complete during this 

period and CH4 may still have been produced and emitted after ice melt this estimate is likely 

conservative. If we allow the winter months to be included in the interpolation, the estimated 

annual CH4 flux from Lake Gerzensee is equivalent to 5.8 mmol m
-2

 day
-1

. For comparison 

with other lakes at different latitudes, the range of mean total CH4 flux values reported for 

South American tropical and subtropical lakes and flood plains, measured in various seasons, 

is 1.5 to 13.5 mmol m
-2

 day
-1

 [Bartlett et al., 1988; Devol et al., 1990; Smith et al., 2000; 

Marani and Alvalá, 2007; Bastviken et al., 2010]. Emissions in boreal lakes range from 0.06 

to 2.7 mmol m
-2

 day
-1

, respectively [Bastviken et al. 2011], and annual estimates for arctic 

thermokarst lakes range from 2.1 to 5.5 mmol m
-2

 day
-1

 [Wik et al., 2016]. 
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 3.4 Spatial heterogeneity in Caq, k and E 

Caq was not homogeneous within the lake during the first 6 visits: Single measurements 

ranged from 69 to 164 ‰ of whole-lake Caq (standard deviation of ± 14 %; n = 300). 

Hofmann [2013] and Schilder et al. [2013] reported relatively lower Caq in the lake centre 

than closer to the shore. In our study we found that the average of Caq values at the central 

stations (A-C3 and D1) was similar to the average of Caq values at localities closest to the 

shore (A-C1 and A-C2) (paired t-test, t 0.8394, p>0.05). However, the ratio between Caq in 

the lake centre (stations A3, B3, C3, D) and Caq close to the shore (stations A1, A2, B1, B2, 

C1, C2) at the beginning of day two and day three of each lake visit was significantly related 

with average U10 during the 24 h prior to sampling (Pearson correlation r -0.70, p<0.05, least 

square regression: Caq(Centre)/Caq(Shore) = -0.16∙U10 + 1.06). With higher wind speed during the 

past 24 h period, surface water in the centre of the lake had relatively lower Caq. This 

suggests that the Caq patterns are modulated by wind and k, with higher k-values and, 

consequently, faster depletion of the dissolved CH4 pool at the central sites. This suggests 

that at U10 values higher than we encountered (>3 m s
-1

), spatial patterns in Caq may need to 

be accounted for when sampling for Caq. At low U10, however, Caq at the lake centre, station 

D, was not significantly different from whole-lake Caq (paired t-test, t 1.208, p>0.05; n = 30). 

Altogether this points towards a situation where the spatial heterogeneity in Caq may 

primarily be regulated by spatial heterogeneity on the export side (F), which interacts with 

short term temporal variability in wind speed. 
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Schilder et al. [2013] suggest that the relationship between U10 and k600 varies 

spatially due to changes in proximity to shore, height of sheltering structures along the 

shoreline, and general shape of the lake. This implies that, for a certain wind direction, 

repeated measurements along spatial transects on the same lake, in combination with one U10 

estimate for the whole lake, should yield spatially variable relationships between k600 and U10 

at the different sampling sites. Our data confirm this (Figure 2). Also, a transect from the 

centre of the lake to the upwind side of the lake should show a different spatial pattern in k600 

than one from the centre to the downwind side, with higher k600 values on the downwind side 

due to the longer fetch. We found such an asymmetric distribution of the strength of the 

relationship between U10 and k600 (Figure 4). As suggested by Schilder et al. [2013] and 

Vachon and Prairie [2013], the strength of this relationship apparently depends on the fetch. 

However, it also appears to depend on the proximity to the shoreline, since it tends to become 

weaker in areas closer to the shore on both the upwind and downwind side of the lake, as 

suggested by Schilder et al. [2013].  

Strong spatial patterns in E have been reported for temperate lakes in North America 

[Bastviken et al., 2004], Europe [Hofmann et al., 2010] and subtropical lakes and flood plains 

in South America [Peixoto et al., 2015]. These studies show that both the probability of E 

entering a floating chamber and the amount of CH4 entering a floating chamber is clearly 

higher in shallower parts of the lakes close to the shore and emergent vegetation than in the 

lake centre. Likewise, higher densities of gas bubbles trapped in the ice covering an arctic 

lake were observed close to the shore [Wik et al., 2011], and the amount of CH4 trapped in ice 

retrieved from arctic lakes was also higher in near-shore ice [Phelps et al., 1998]. Availability 

of organic matter in the sediments, wind-induced waves, and hydrostatic pressure changes 

have been identified as important determinants of E magnitude [Keller and Stallard, 1994; 

Mattson and  
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Likens, 1990; Hofmann et al., 2010; Wik et al., 2011]. Interestingly, E from Lake Gerzensee 

was distinctly higher in the central parts of the lake, with exception of 3 high E episodes at 

station C1 (Figure 5). This may be related to the low wind speeds typical for the lake, steep 

slopes of Lake Gerzensee facilitating sediment focusing to deeper regions (Figure 1c), very 

small area of shallow water (<2 m water depth), a relatively higher proportion of easily 

degradable organic matter (e.g. algae) in central sediments than in the near-shore zone and 

the strong seasonal stratification of the lake which results in anoxic waters below ~6 m water 

depth between June and October. 

 

3.5 Comparing the locally calibrated U10-k600 relationship to existing general models 

We used our site-specific linear U10-k600 relationships (Figure 2) to construct a locally 

calibrated whole-lake relationship between k600 and U10 (Figure 6a). Whole-lake k600 is 

calculated as the average of k600 values of all sampling stations at a given value of U10, as 

predicted by the relationships between U10 and k600 for the individual sampling sites (Figure 

2, Table 2), weighted by the proportion of lake area each sampling station represents. For 8 of 

the 19 sampling intervals used for determining site-specific relationships between k600 and 

U10 we obtained k600 values at all the sampling stations. For these sampling intervals whole 

lake estimates of k600 values calculated as the mean values measured at the different sampling 

stations, weighted by the lake area they represent, were in close agreement with the whole-

lake relationship derived from the site-specific relationships (Figure 6a). The residuals 

(modeled – observed) range from -0.27 to 0.53 cm h
-1

 (average 0.08 ± 0.24 cm h
-1

). Our lake-

specific relationship predicts whole-lake k600 values that are in the range of those produced by 

existing general models by Liss and Merlivat [1986], Cole and Caraco [1998], and Crusius 

and Wanninkhof [2003] (Figure 6b). It suggests a linear relationship within the U10 range of 

0-3 m s
-1

, in agreement with general models presented by Crusius and Wanninkhof [2003] 
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(models A and C in their Figure 3) and Liss and Merlivat [1986] (Figure 6b). The slope of 

our site-specific relationship resembled one of the models presented by Crusius and 

Wanninkhof [2003] (model A in their Figure 3), and was much steeper than suggested by 

Crusius and Wanninkhof [2003] (model C in their Figure 3) and Liss and Merlivat [1986]. 

The intercept, in turn, agreed with the intercept given by Crusius and Wanninkhof [2003] 

(model C in their Figure 3). The predicted k600 values, however, lie in general closest to the 

model by Cole and Caraco [1998], who suggested a non-linear relationship between the two 

variables. U10 in SF6 tracer studies is usually measured in the centre of the lake [e.g. Cole and 

Caraco, 1998; Crusius and Wanninkhof, 2003] and we measured wind speed at the shoreline. 

Possibly our U10 values would have been slightly higher had we measured in the lake centre, 

accounting for some of the discrepancy. The same relationship calculated for Lake Gerzensee 

based on the 18 h measurements only (from late afternoon until the next morning) yields 

whole lake k600 values 16 % higher than the one based solely on 6 h measurements (ca 10.00 

to 16.00 h) at U10 of 0.1 m s
-1

, and 5 % higher at a U10 of 2.7 m s
-1

, and this difference 

declines further with increasing U10. This may be due to the effects of buoyancy flux 

[MacIntyre et al., 2001] as lake water cools at the surface during the night and mixing of 

surface water layers enhances the gas exchange rates. Gålfalk et al. [2013] show how 

chambers of our specific design are able to register this convective component of k.  

There are considerable differences in k600 and, consequently, F estimates predicted by 

our locally calibrated relationship compared with existing general models for inferring F 

from 
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U10-derived k-values (Figure 6c). Depending on U10 and the model of choice, the returned k 

values can be more than 200 % and less than 50 % of the locally calibrated values. As a 

consequence, resulting estimates of F may be under- or overestimated by a factor 2 if a 

general model is applied that is not calibrated to the local system. A locally calibrated 

relationship between k600 and U10 based on just one of the sampling sites we selected yields 

k600 values that amount to between 25 % (near-shore) and 150 % (lake centre) of the spatially 

resolved relationship we obtained, which could lead to under- and overestimates of F of 

similar magnitude (and possibly larger overestimations at higher wind speeds). Because 

strong spatial patterns in both F and E have been reported in multiple studies [e.g. Schilder et 

al., 2013; Vachon and Prairie 2013; Peixoto et al., 2015], there is considerable room for 

improvement of global freshwater greenhouse gas emission estimates if spatial variability is 

taken into account. Constructing spatially resolved lake-specific relationships between k600 

and U10 may therefore significantly improve the accuracy of such inferences and should be 

considered in studies that monitor individual lakes for a longer period of time. After the first 

visit to the lake (October 2012), when primarily very low wind speeds were recorded (0.1 to 

0.9 m s
-1

), the resulting whole-lake relationship between k600 and U10 differed from the 

relationship we established after four visits, especially for higher values of U10 (Figure 6d). 

However, after the second visit (26-28 November 2012), with U10 values ranging from 0.3 to 

2.7 m s
-1

, the data from both visits combined already yielded a relationship very similar to the 

one we derived after four visits (Figure 6d). This suggests that a robust locally calibrated 

relationship between U10 and k600 may be obtained based on only a few visits, provided the 

wind conditions encountered encompass the range of wind speeds that is expected on the lake 

system of interest. 
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For studies that visit a lake only once, Vachon and Prairie [2013] propose several 

ways of correcting for system specific characteristics, including a lake size correction. Their 

proposed model for a lake the size of Lake Gerzensee (0.24 km
2
) returned k600 values higher 

than we observed, however, while it performs very well within their data set. Their intercept 

(U10 = 0) of 2.51 cm h
-1

 (95% confidence interval ± 0.99 cm h
-1

) is higher than in our 

relationship (0.90 cm h
-1

). The slope (1.23) in the model by Vachon and Prairie [2013] is 

also higher than we inferred (0.97), but our slope lies within their 95 % confidence interval 

(Figure 5 in Vachon and Prairie [2013]). Both studies seem to agree on the strength of the 

interaction between U10 and k (i.e. the slope), but differ in terms of k-values in (near) absence 

of wind. While Vachon and Prairie [2013] also used floating chambers to infer k600, there are 

some differences in the approach used compared to in our study. For example, Vachon and 

Prairie [2013] measured for 1 minute intervals during 10 minutes, and used CO2 

accumulation to infer k [Vachon et al., 2010], whereas we used longer deployments and CH4 

accumulation. Vachon and Prairie [2013] also reduced their inferred k-values to correct for 

turbulence caused by the chamber. We did not do this as the type of chamber used has been 

confirmed to not bias fluxes compared to other methods [e.g. Gålfalk et al., 2013]. One 

concern recently raised with gas fluxes from lakes is the suggestion that microbubbles can 

cause overestimated k values [McGinnis et al., 2015]. However, because our k600 values were 

low given the literature range and lower than those estimated from the CO2-based model of 

Vachon and Prairie [2013] there were no signs of microbubbles in our study.  
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5 Conclusions 

Since k is an important driver of not only F of CH4 but also F of other greenhouse gas such 

as CO2 and N2O, our study demonstrates that there can be a substantial spatial variability in 

greenhouse gas emissions from lakes, and that emission estimates based on U10-derived k can 

be substantially improved by limited, but carefully designed empirical measurements of k and 

U10 at the study sites of interest. Importantly, this can easily be done in systems where long 

data series already exist. We have also shown strong temporal variability in CH4 emissions 

from Lake Gerzensee, with emissions one order of magnitude higher in fall than in spring. 

These strong spatio-temporal patterns in greenhouse gas flux magnitude need to be accounted 

for when upscaling short-term and single-spot measurements to whole-lake, whole-year 

estimates. Our findings highlight the need for more measurements of lacustrine greenhouse 

gas flux that are spatially resolved and cover long time periods. Such studies would provide 

valuable information for future efforts to better quantify the contributions of lakes to the 

continental greenhouse gas budget. 
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Figure 1: (a) Schematic representation of our adaptations to the floating chamber design 

presented by Cole et al. [2010]. (b) Top view of our shielded floating chamber setup. (c) 

Bathymetric map of Lake Gerzensee showing the locations of the sampling stations. The 

numbers indicate the depths of the isobaths, and the X marks the location of the weather 

station. 
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Figure 2: U10 versus k600 for each sampling station on Lake Gerzensee. The lines through the 

data points were fitted using linear least square regressions (Table 2). 
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Figure 3: Surface water CH4 concentrations and CH4 emissions from Lake Gerzensee. 

Whole-lake F for Lake Gerzensee based on U10, Caq and the lake-specific relationship 

between k and U10 developed during this study (mmol m
-2

 day
-1

) is indicated by open circles, 

Caq (mmol m
-3

) by closed diamonds and whole-lake total CH4 flux (mmol m
-2

 day
-1

) 

(including ebullition) estimated for the lake based on the first 6 lake visits by closed circles. 

Note the log scale on the y-axis. 
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Figure 4: Map of Lake Gerzensee showing the sampling sites and the lake area they 

represent. The shading shows the slope of the relationship between U10 (m s
-1

) and k600 (cm h
-

1
) for each sampling site (see Table 2). 
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Figure 5: Ebullitive CH4 flux for each site divided by whole-lake ebullitive CH4 flux for the 

first 6 visits for which ebullition data are available. Dots represent individual measurements 

during the 6 visits, and the “X”-marks the average of the individual measurements. 
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Figure 6: (a) Our whole-lake relationship between U10 and k600 (black line) based on the 

average of k600 values predicted at individual sampling stations at a given value of U10 (Figure 

2), weighted by the proportion of lake area each sampling station represents (Figure 4). The 

model is compared with observed whole-lake k600 estimates based on the 8 measurement 

intervals that yielded k600 values for all sampling stations on the lake (black dots). (b) Our 

whole-lake relationship between U10 and k600 (black line) compared with existing general 

models (grey lines): Liss and Merlivat [1986, solid line], Cole and Caraco [1998, dash-dotted 

line], model A in Figure 3 in Crusius and Wanninkhof [2003, long dased line], and model C 

in their Figure 3: short dashed line. (c) The over- or underestimation (%) of whole-lake k600 

by the existing general models compared to our lake-specific model (lines represent the same 

models as in panel b). (d) Whole-lake relationship between U10 and k600 for Lake Gerzensee 

calculated after the first lake visit (short dashed line), after the second visit (long dashed line), 

and after four visits, which is the model presented in panel a (solid line). 
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Table 1. Field campaign design.  

Schematic overview of sampling and research tasks during the field campaign between 

October 2012 and December 2013. X indicates sampling for a specific research task on the 

sampling date. 

 1-3 

Oct 

2012 

26-28 

Nov 

2012 

26-28 

Mar 

2013 

10-12 

Jun 

2013 

29-31 

Jul 

2013 

23-25 

Sep 

2013 

14 

Oct 

2013 

30 

Oct 

2013 

14 

Nov 

2013 

2 

Dec 

2013 

Spatially resolved k determinations to derive  

lake-specific relationship between k and U10 
X X X X - - - - - - 

Spatially resolved total CH4 flux  

determination to estimate ebullitive CH4 flux 

X X X X X X - - - - 

FCH4 estimates based on whole-lake Caq and  

U10-derived k 

X X X X X X - - - - 

FCH4 estimates based on Caq in the lake centre  

and U10-derived k 
- - - - - - X X X X 
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Table 2. Site-specific relationships between U10 and k600. 

The proportion of lake area (A) represented by each sampling station, slopes, intercepts and 

95 % confidence intervals of the slopes and intercepts for the sampling station-specific linear 

least square regressions between U10 and k600 (k600 = Slope * U10 + Intercept), together with r 

and p values (Pearson correlations) for these relationships. 

Chamber A Slope 95 % CI slope Intercept 95 % CI intercept r p 

A1 0.03 -0.01 -0.11 0.38 0.91 0.69 1.07 -0.03 0.91 

A2 0.18 0.22 0.10 0.62 0.95 0.74 1.06 0.56 <0.05 

A3 0.14 0.50 0.08 0.87 1.19 0.74 1.82 0.53 <0.05 

B1 0.04 0.50 0.31 0.88 0.79 0.52 1.06 0.73 <0.005 

B2 0.08 1.08 0.73 1.30 0.72 0.47 0.97 0.92 <0.0001 

B3 0.05 1.19 0.72 1.84 0.98 0.42 1.42 0.75 <0.0005 

C1 0.02 0.68 0.39 0.86 0.75 0.56 1.00 0.84 <0.0001 

C2 0.16 1.30 0.27 1.74 0.89 0.41 1.58 0.73 <0.0005 

C3 0.18 1.56 0.17 2.31 1.04 0.54 1.86 0.75 <0.005 

D 0.11 1.68 0.71 2.12 0.44 -0.04 0.99 0.91 <0.0005 
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Table 3. Whole lake Caq and CH4 flux.  

Sampling dates, whole-lake Caq (µM; * indicates estimates based on Caq at station D only), F 

(mmol m
-2

 day
-1

), E (mmol m
-2

 day
-1

), and total CH4 flux (F+E, mmol m
-2

 day
-1

) on these 

dates. The last column gives the proportion of total CH4 flux originating from F. NA 

indicates E was not measured that date. 

Date 

Caq 

(µM) 

FCH4 

(mmol m
-2

 day
-1

) 

Ebullitive 

CH4 flux 

(mmol m
-2

 day
-1

) 

Total 

Flux 

(mmol m
-2

 day
-1

) 

% FCH4 

of total 

Flux 

1-3 October 2012 7.00 1.73 12.18 13.91 12.43 

26-28 November 2012 0.51 0.16 12.21 12.37 1.33 

26-28 March 2013 0.25 0.06 1.05 1.11 5.27 

10-12 June 2013 0.98 0.30 1.56 1.86 16.20 

29-31 July 2013 1.44 0.55 1.64 2.19 25.21 

23-25 September 2013 1.37 0.38 7.35 7.73 4.86 

14 October 2013 2.94* 0.88 NA NA NA 

30 October 2013 4.77* 1.18 NA NA NA 

14 November 2013 56.04* 15.89 NA NA NA 

2 December 2013 0.04* 0.01 NA NA NA 
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