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Abstract


Methane emissions from freshwater reservoirs represent a globally relevant greenhouse gas source, which are estimated to range from 3% to 10% of all global anthropogenic methane emissions. However, there is high uncertainty in estimating reservoir emissions on local to global scales due to a combination of data paucity in key regions, particularly in the Southern Hemisphere, and challenges monitoring emission pathways. The key to improved spatially and temporally representative estimation of emission rates is to better understand the primary drivers of emission pathways, in particular, ebullition. We examine ebullition from 15 freshwater storages located in the Southern Hemisphere subtropical (South East Queensland) and temperate (Tasmania) regions using a combination of optical methane detection to develop the high-resolution mapping of ebullition zones and floating chamber incubation within ebullition zones to quantify areal emission rates. We demonstrate the equivalent water level, through air pressure or physical water level change, as a key driver of ebullition and examine the implications for spatially and temporally representative estimation of reservoir emissions. This study represents the largest broadscale ebullition survey undertaken across Australian temperate and subtropical reservoirs. The study findings are of broad relevance to scientists and corporate and government entities navigating the complexities of estimating greenhouse gas emissions from reservoirs and related policy instruments.
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1. Introduction


Methane is a powerful greenhouse gas with a global warming potential of 28 times over a hundred-year timeframe [1]. It is critical to identify and quantify anthropogenic sources of methane to develop effective mitigation strategies to minimise its emissions. Reservoirs represent a small but important source of anthropogenic methane, i.e., an estimated 3–10% of all global anthropogenic methane emissions [2].



There is inherent variability in emissions from reservoirs, primarily due to the multiple emission pathways (diffusion, downstream, and ebullition), as well as multiple drivers of each pathway and temporal and spatial variability within the reservoir dynamics. Water temperature and eutrophication status have repeatedly been shown to influence emissions via all three pathways [3,4,5]; however, there are additional drivers of emissions for individual pathways. Additional drivers of diffusive emissions include surface water methane concentration, wind speed, and water current speed [6], with the resuspension of methane-enriched porewaters from littoral sediment zones [7] and oxic methanogenesis [8] modifying surface water concentrations. Additional drivers of downstream emissions include water intake depth, reservoir stratification status, dam structure release mechanism, and downstream flow regime [5,9].



Ebullition is increasingly recognised as the dominant emission pathway [10,11,12], but quantifying the rate of methane ebullition in water bodies is a uniquely difficult challenge as it can vary spatially over four orders of magnitude within 10 m [13]. Sediment bubble release is driven by many different factors including water level, sediment organic content, atmospheric pressure change, water depth, and surface wave action [14,15,16], which can undergo rapid variation over short temporal scales. In addition, emission rates in ebullition zones are two to four orders of magnitude higher than diffusive emissions; thus, ebullition in a relatively small surface area of a reservoir can contribute to the bulk of total emissions. For example, it was shown that less than 5% of Little Nerang Dam’s surface area contributes to over 95% of total methane emissions [13].



The development of global emission factors based on climate zones aims to reduce this inherent variability particularly for large, flooded land portfolios that cover several climate zones [1]. A further refinement in estimating emissions from large, flooded land portfolios is to scale emissions to water body eutrophication status using globally derived scaling factors [1]. However, estimation methods remain coarse and do not consider the spatial and temporal heterogeneity in processes driving emission releases across reservoirs globally. Nonetheless, the estimation of ebullition rates remains crucial for quantifying total reservoir emissions. The scientific understanding of the processes driving ebullition continues to improve; however, identifying the zones of ebullition within a reservoir and the reasonable estimation of ebullition remain challenging. This study aimed to determine if dropping equivalent water level increased ebullition activity in Australian subtropical and temperate water storages and to consider the implications of equivalent water level on the spatial and temporal representativeness of emission estimation.




2. Materials and Methods


2.1. Site Description


To address the study aim, ebullition patterns and emission rates were examined from 15 water storages located in the Southern Hemisphere subtropical (Southeast Queensland) and temperate (Tasmania) regions (Table 1; Figures S1 and S2). Storages in the subtropical region included 11 reservoirs and two weir systems across four reservoir size classes (Table 1). Water surface area of individual systems ranged from 0.2 to 109 km2 with a total flooded land surface area of 200 km2. In the temperate region, emissions from two large reservoirs were examined covering a total water surface area of 517 km2 (Table 1). Reservoir age ranged broadly with Enoggera Dam construction completed more than 150 years ago whilst Wyaralong Dam was only constructed 14 years ago (Table 1). The catchment area for individual storages ranged widely from 10 km2 for Gold Creek Dam to more than 10,000 km2 for Mt Crosby Weir (Table 1). Overall, this study examined emissions from more than 710 km2 of flooded land, which represents approximately 10% of Australia’s 7000 km2 of flooded land surface area [17]. To accommodate such a broad study, monitoring activities were undertaken across a series of field campaigns running over a 10-year period from 2013 to 2023. Noteworthily, site access is restricted to a number of these storages, and it was not possible to target the same month or season across all systems, and this represents a limitation of this study.




2.2. Characterising Reservoir Ebullition Patterns


Ebullition zones were identified within each storage using optical methane detector (OMD) surveys to map ebullition activity and identify ebullition zones. Surveys followed the methodology detailed in [13], where the OMD was bow-mounted on the survey vessel and positioned to sweep the atmosphere immediately above the water surface (Figure 1A). Atmospheric methane concentrations were logged at 7 Hz, with ebullition detection defined by changes from the background concentration (Figure 1B) following [19]. Ebullition detections were separated from motor exhaust using relative wind speed and direction from an ultrasonic wind sensor (CruzPro UWSD10 3D Ultrasonic Wind Speed/Direction Sensor) mounted directly above the OMD logging at 2 Hz. These detections were only considered valid if the OMD was sweeping through new air across the water surface, and detections where the vessel was reversing or strong following winds were removed [19].



Ebullition detections were georeferenced using a logging GPS (1 Hz) mounted as close as practically possible to the OMD. Ebullition zones were defined using the criteria detailed in [13], where the zone is defined as multiple ebullition detections within 50 m of each other. Ebullition detections and water depth were georeferenced using a GPS depth sounder (Lowrance HDS7 depth sounder, Navico, Tulsa, OK, USA) logging at 1 Hz. To determine patterns and the depth relationships, georeferenced ebullition detections and water depth for all storages were visualised using the QGIS Geographic Information System (QGIS.org, 2025).




2.3. Equivalent Water Level as Ebullition Driver


The next step in this study was to quantify ebullition zone emission rates within each water storage during dropping and stable equivalent water level conditions. A single ebullition zone for each water storage was selected from the OMD surveys (Table S1) for subsequent floating chamber deployments to quantify the emission rates. The equivalent water level was estimated using the water level and air pressure changes during the chamber deployment [20]. Water storage levels were sourced from a national database [21] where levels are continuously updated at approximately hourly intervals. Air pressure data were sourced from the nearest available weather station accessed through the national mereological database [22] and converted to water level assuming that 1 hPa is approximately equal to a 1 cm water column [23]. Chamber deployments targeting dropping equivalent water levels exploited times of water withdrawal for drinking water supply, irrigation, or power generation, as well as the forecast passage of low-air pressure systems. Chamber deployments targeting stable equivalent water levels exploited times of no withdrawal for water supply, irrigation, or power generation, as well as the forecast passage of high-air pressure systems. Noteworthily, a similar limitation to the OMD surveys is relevant to this step as site access was restricted to a number of these storages and it was not possible to undertake chamber deployment in the same time period between field campaigns.



The floating chamber approach followed the methodology of [24] where the flux was calculated from the changes in chamber headspace concentration. A minimum of three chambers were deployed during each monitoring campaign, and individual chambers were placed in a tethered configuration at the same site for both dropping and stable equivalent water levels (Figure 2). This chamber deployment configuration ensures that chambers do not drift over the anchor weight where there is the potential for ebullition to occur due to weight movements in the sediments.



Chambers had the following characteristics: a diameter of 40 cm, 12 L headspace volume, and 0.7 kg weight; these chambers were placed on the water surface, and the headspace sample was manually collected prior to sealing the headspace and the time was recorded. At the completion of the deployment, the headspace sample was again collected manually and the time was recorded. The difference in headspace concentrations over the deployment period was then used to calculate the emission flux rates for individual replicate chambers [24].



In addition, the OMD surveys were undertaken to better understand the effect of water level and air pressure change on spatial ebullition activity in temperate reservoirs to compare against findings from previous studies on subtropical storages [13,24]. These surveys were undertaken on Lake Gordon and Lake Pedder following the methodology detailed in [24]. Survey timing on Lake Gordon was undertaken during a power production period with dropping water levels and during a period of no power production with stable water levels. The survey timing on Lake Pedder was undertaken during a period of stable water levels but exploited periods with rising or dropping ambient air pressure.




2.4. Data Analyses


Statistical analyses of ebullition water depth from the OMD surveys and chamber emission rates were undertaken using the Statistica (Version 13) software program [25]. Both the ebullition water depth and emission rate data failed to satisfy the assumptions of normality and homogeneity of variance even after transformation. Therefore, differences in ebullition water depth and emission rates were tested using the non-parametric Kruskal–Wallis (KW) test. Ebullition water depths from the OMD surveys were first classified as subtropical or temperate regions, and these regions were used as the categorical predictors. Emission rates from the chamber deployments were grouped according to equivalent water level status (dropping or stable), and these were used as the categorical predictors with chamber emission rates as the continuous variable. The reported statistical results were as follows: Kruskal–Wallis test values, the H statistic values, and the associated degrees of freedom with p-values.



To further explore regional ebullition water depth patterns, ebullition water depths from subtropical and temperate surveys were grouped into the following depth bins: less than 5 m deep; between 5 and 10 m deep; between 10 and 15 m deep; and greater than 15 m deep. Detections within each depth bin were summed and expressed as a percent of the total detections across each region. Depth bin selection follows the findings from Little Nerang Dam where major ebullition activity has shown to occur in the top 5 m with lower activity detected from 5 to 15 m depth and very rare detections below 15 m [13].





3. Results


3.1. Patterns of Ebullition


In total, over 1400 km of the optical methane detector surveys were undertaken during this study with ebullition detected across all subtropical and temperate systems surveyed. Ebullition zones were generally confined to the shallow water zones with fewer detections in deeper water surveys. In subtropical storages, the shallow water ebullition zones were primarily located in major catchment inflow arms with additional zones of activity within lateral inflows towards the dam wall (Figure 3; Supplementary Figures S3, S7–S9 and S11–S13). A notable exception to this pattern was Wyaralong Dam, where ebullition zones were primarily detected in deeper zones within the historic channel (Figure S14). The two oldest reservoirs, Enoggera Dam and Gold Creek Dam, had evidence of ebullition throughout the water body (Figures S5 and S6), as well as the two weirs, Mt Crosby Weir and O’Reilly’s Weir (Figures S4 and S10).



In temperate storages, such as Lake Gordon, the shallow water ebullition zones were primarily located in zones’ adjacent catchment inflows and along the shoreline of sub-basins within the reservoir (Figure 4). In addition, ebullition zones were found throughout the reservoir with activity detected near the dam wall (Figure 4). Lake Pedder followed a similar pattern to Lake Gordon with ebullition activity detected in adjacent catchment inflows and within shallow zones of sheltered sub-basins (Figure S15).



Ebullition activity in storages from both subtropical and temperate regions was generally confined to shallow zones, with the mean, median, and interquartile ranges in ebullition at water depths all less than 5 m (Figure 5). Significantly shallower ebullition water depths were found in temperate storages compared with subtropical storages (KW H(1,1941) = 224.0, p < 0.001) and median ebullition water depth was 1.3 m and 2.9 m, respectively (Figure 5).



In addition, a clear pattern for ebullition activity and water depth was observed across all 15 storages. In subtropical storages, over 75% of all ebullition detections were detected in water depths of less than 5 m (Figure 6A), and in temperate storages, this increased to over 90% of detections (Figure 6B). There was a steep reduction in ebullition detections with increasing water depth in both regions, where less than 3% and 1% of ebullition activity occurred below 15 m water depth in subtropical and temperate storages, respectively (Figure 6A,B). Maximum water depth of ebullition activity was over 50% deeper in subtropical storages (36.9 m) compared with temperate storages (23.3 m).




3.2. Equivalent Water Level as Ebullition Driver


Equivalent water level was demonstrated to be a driver of ebullition at spatial and temporal scales. Clear spatial changes in ebullition activity were observed within two sub-basins, Pearce and Holley Basins, on Lake Gordon during a period of dropping water levels in March 2022 (Figure 7A) and stable water levels in December 2022 (Figure 7B). The March 2022 surveys noted rapidly dropping water levels at approximately 10 cm per day (Figure 7A) during the field campaign, whilst in December 2022, water levels remained stable (Figure 7B). Considerable ebullition activity was observed in both sub-basins during dropping water levels, with over 100 ebullition detections (Figure 7C). Under stable equivalent water levels, ebullition detections were confined to a single zone in Pearce Basin, and no detections occurred in Holley Basin during this survey (Figure 7C).



Further evidence of spatial changes was observed in the ebullition zone of Lake Pedder, where two surveys were conducted within 3 days, with the first survey being conducted during increasing air pressure and the second survey during falling air pressure (Figure 8A). Ebullition activity was greatly reduced on the first survey day (5 December 2022) compared with the second survey (7 December 2022), with only two detections, whilst the second survey day identified 40 separate detections within the survey grid (Figure 8B). Water levels in Lake Pedder are relatively stable due to regulatory requirements, and during the December 2022 surveys, water level increased approximately 1 cm between surveys.



Emission rates from ebullition zones of subtropical and temperate storages under dropping or stable equivalent water level showed a consistent pattern. The ebullitive flux rates in both subtropical (KW H(1,153) = 20.3, p < 0.001; Figure 9A) and temperate reservoirs (KW H(1,60) = 13.9, p < 0.001; Figure 9B) were significantly higher during dropping bed pressure conditions compared with stable or rising conditions. Median rates from across subtropical reservoirs under dropping sediment pressure conditions were approximately 4 times higher than rates during stable conditions (Figure 9A). Median rates from temperate reservoirs under dropping sediment pressure conditions were approximately 10 times higher than rates during stable conditions (Figure 9B). Mean emission rates were higher than median rates in both regions under dropping and stable conditions. Lower mean and median ebullition rates were observed in temperate storages compared with subtropical storages; however, the rates did not differ significantly (Figure 9A,B).





4. Discussion


This study clearly demonstrated ebullition is a ubiquitous methane emission pathway in Australian subtropical and temperate storages. Ebullition activity was detected in all storages surveyed during this study, and the patterns of ebullition activity were strongly supported by previous research on subtropical and temperate reservoirs where shallow zones’ and depositional zones’ adjacent catchment inflows were hotspots for ebullition activity [4,13,14,24,26,27,28,29]. The depth distribution observed in ebullition activity is supported by the findings of [30], where up to 80% of ebullition occurred in depths of 4 m or less. This pattern has been observed in natural lakes where the probability of ebullition was demonstrated to be a function of depth, and zones greater than 6 m deep greatly reduced the likelihood of ebullition activity [31]. The spatial patterns of ebullition activity observed in both temperate reservoirs are consistent with studies in the subtropics where minor drops in water level and air pressure resulted in a major increase in ebullition area and activity [13,24]. The reduction in local sediment bed pressure during dropping equivalent water level is likely to initiate ebullition increasing both its rate and spatial extent [13,20]. These findings highlight the need to map zones of persistent ebullition activity within a water storage of interest, particularly to investigate shallow zones’ adjacent catchment inflows as these were repeatedly identified as ebullition zones across both regions.



The equivalent water level was clearly shown to be a driver of ebullition emission rates, with significantly higher rates observed during dropping conditions compared with stable conditions (Figure 9). Equivalent water level is likely to be driven by a combination of air pressure and water level (Figure 10), and understanding the relative change in both these variables will be the key to understanding emission estimates. Ebullition activity is significantly lower during conditions of increasing or stable equivalent water level where bubble release was restricted due to elevated effective pressure at the sediment-water interface. In turn, this reduction in ebullition activity allows the recharge of methane gas into the sediment void space. Under conditions of decreasing equivalent water level the effective pressure at the sediment-water interface is reduced and creates favourable conditions for bubble release (Figure 10). The influence of air pressure and water level changes on ebullition activity has been demonstrated in tropical and temperate reservoirs [32,33,34]. Dropping air pressure has been demonstrated as a driver of ebullition activity in arctic and temperate regions [35,36]. These findings highlight that both water level and air pressure changes are important drivers of ebullition activity in shallow zones of reservoirs. For example, in the subtropical reservoir, Sideling Creek Dam, over the 2017 annual cycle, water was dropping 86% of the time whilst air pressure was dropping only 21% of the time (Figure S16). However, the relative magnitude and timing of these changes in water level and air pressure were the local causes of sediment bed pressure changes, and by accounting for these results, equivalent water level dropped 71% of the time (Figure S16). To generate more confident estimates of ebullition emissions across the cycle, rates should be scaled using both dropping and stable equivalent water level conditions and the appropriate duration of filling and drawdown cycles in the reservoir.



Conceptually, the following steps emerge for both measurement and modelling techniques to develop spatially and temporally resolved estimation of emissions from water storages:




	
Identify the temporal cycle that is appropriate for the reservoir. The duration of the hydrological cycle in the reservoirs in this study ranges from sub-annual to decadal.



	
Identification of likely zones of ebullition: This is informed by bathymetry and likely depositional areas. If a measurement approach is adopted, surveillance methods (for example, OMD) should be used to confirm ebullition under favourable equivalent water level conditions (stable, falling water levels and air pressures). This mapping will allow the identification of suitable deployment sites that cover the key reservoir zones and their relative surface area.



	
Quantification of areal emissions rates: It is suggested these key reservoir zones are separated based on the water depth categories identified in Figure 6. To overcome the challenge of spatial weighting within the key zones, chamber deployments can be undertaken within each zone to estimate areal emission rates. Total reservoir emissions will, therefore, be a function of the key zone relative surface area and chamber derived emission rates for that zone. A conceptual representation of this approach is provided in Figure 11 illustrating the importance of representative areal emission rates from ebullition zones in determining total storage emissions.



	
Identification of equivalent water level conditions that favour ebullition: This will require consideration of hydrological cycle (item 1), water depth, and air pressure conditions. The coincidence of falling water levels and falling air pressures is likely to be the most favourable for ebullition.



	
Integration of spatially weighted areal emissions with the appropriate temporal resolution for the reservoir to derive spatially and temporally resolved estimation of ebullition emissions.








Ebullition will be sensitive to water level or air pressure changes if the sediments void spaces have sufficient pressure to overcome the hydrostatic pressure. If the sediment void spaces have been exhausted, either due to large drops in the hydrostatic pressure or prolonged conditions favouring ebullition, then subsequent pressure changes will not result in ebullition until the sediment void spaces again accumulate sufficient methane.



One final consideration lies in the choice of the measure of centrality to develop representative emission rates. In the subtropical storages investigated in this study, the mean emission rate was more than double the median emission rate under dropping and stable conditions. A similar pattern was observed in temperate reservoirs, and this represents an important challenge to researchers and industry practitioners in determining total emission estimates. This raises a key issue in estimating ebullition rates from water storages as log-normal data distributions are likely due to highly elevated rates obtained in very few replicates [24]. We recommend consistency in reporting both measures of centrality, as this range is likely to provide a representative estimate of emission rates; however, the median rate is likely to approximate a globally relevant rate [28,37].




5. Conclusions


In conclusion, this study demonstrated that dropping equivalent water level increased ebullition activity across 15 subtropical and temperate water storages. Therefore, it is important to quantify emission rates of ebullition zones under dropping and stable equivalent water levels to improve confidence in total methane emission estimates of Australian water storages. Noteworthily, although this study covered approximately 10% of Australia’s flooded land surface area, there were only 15 systems monitored out of 1020 reservoirs in the country (National Surface Hydrology); thus, future studies will be required to refine our understanding of the patterns of ebullition activity. Moreover, further research is required globally to investigate the concept of equivalent water level across a range of reservoir types and sediment characteristics to inform the development of qualitative and quantitative estimation techniques that enable spatially and temporally resolved emission estimates.



The development of robust methods for estimating emissions from reservoirs is important for corporations and governments globally. The adoption of the Paris Agreement and the widespread adoption of carbon accounting standards [38] have resulted in greater transparency of national and corporate emission profiles. As governments and corporations invest in reducing carbon emissions, inaccuracies caused by carbon estimation methods can result in financial and reputation losses and other consequences for the parties involved, and this has resulted in greater transparency of national and corporate emission profiles.
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Figure 1. (A) Open-path, optical methane detector (OMD), and ultrasonic wind sensor set up on survey vessel for ebullition transects. OMD swept atmospheric layer approximately 35 cm above water surface. Image taken on Lake Pedder, March 2022. (B) Two clear bubble detections during open-path, optical methane detector (OMD) ebullition transects showing elevated methane concentration relative to the background. 
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Figure 2. Example of floating chamber deployment within reservoir ebullition zone. Image taken on Sideling Creek Dam, December 2022. 
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Figure 3. Typical pattern of ebullition in a subtropical reservoir showing vessel track and location of detections across Borumba Dam in South East Queensland. 
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Figure 4. Typical pattern of ebullition in a temperate reservoir showing vessel track and location of detections across Lake Gordon in Tasmania. 
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Figure 5. Water depth of ebullition events detected across all studied temperate and subtropical water storages. Values indicate median and mean water depths with interquartile (IQR) and 10th to 90th percentile ranges. 
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Figure 6. Relationship between ebullition detection and water depth within (A) subtropical and (B) temperate storages. Please note ebullition detection percentage is visualised on log scale. 
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Figure 7. Open-path, optical methane detector (OMD) surveys on Lake Gordon during (A) dropping and (B) stable water levels. (C) Location of ebullition detections in ebullition zones within Pearce and Holley Basins on Lake Gordon. Please sampling month in (A,B) are from 2022 calendar year. 
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Figure 8. (A) Atmospheric pressure changes in Lake Pedder during December 2022 field campaign, showing timing of OMD surveys. (B) Location of ebullition detections in a Lake Pedder ebullition zone (Holley Road embayment) from two surveys conducted on 5th and 7th December 2022. 
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Figure 9. Comparison of emission rates from ebullition zones in (A) subtropical and (B) temperate reservoirs during dropping or stable sediment bed pressure conditions. Values indicate median and mean emission rates with interquartile (IQR) and 10th to 90th percentile ranges. Please note methane flux rates are visualised on a log scale and refer only to areal rates and not total emissions from reservoirs. 
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Figure 10. Conceptual representation of the role of equivalent water level as a driver of ebullition activity. 
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Figure 11. Conceptual representation of key monitoring zones within a water storage showing the relative contribution to total inundation zone emissions using idealised areal emission rates from each zone. 
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Table 1. Water storage size, name, year of construction, water inundation area, catchment area, and climate for 13 reservoirs and 2 weirs. The size class was defined using the Global Reservoir and Dam (GRanD) classification [18].
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Size Class

	
Water Storage Name

	
Construction

Year

	
Water Area (km2)

	
Catchment Area (km2)

	
Climatic Zone

	
Figure






	
>100 km2

	
Lake Gordon

	
1978

	
278

	
2042

	
Temperate

	
Figure 4




	
Lake Pedder

	
1972

	
239

	
734

	
Temperate

	
Figure S15




	
Lake Wivenhoe

	
1984

	
107.5

	
7020

	
Subtropical

	
Figure S13




	
10–100 km2

	
Somerset Dam

	
1959

	
42.1

	
1340

	
Subtropical

	
Figure S12




	
North Pine Dam

	
1976

	
20.8

	
348

	
Subtropical

	
Figure S9




	
Wyaralong Dam

	
2011

	
12.3

	
546

	
Subtropical

	
Figure S14




	
1–10 km2

	
Borumba Dam

	
1963

	
4.8

	
465

	
Subtropical

	
Figure 3




	
Baroon Pocket Dam

	
1988

	
3.8

	
67

	
Subtropical

	
Figure S3




	
Sideling Creek Dam

	
1957

	
3.5

	
53

	
Subtropical

	
Figure S11




	
Lake Manchester

	
1916

	
2.6

	
74

	
Subtropical

	
Figure S7




	
Mt Crosby Weir

	
1926

	
1.1

	
10,600

	
Subtropical

	
Figure S4




	
0.1–1 km2

	
Enoggera Dam

	
1866

	
0.7

	
33

	
Subtropical

	
Figure S5




	
Little Nerang Dam

	
1961

	
0.5

	
35.2

	
Subtropical

	
Figure S8




	
Gold Creek Dam

	
1885

	
0.2

	
10.5

	
Subtropical

	
Figure S6




	
O’Reilly’s Weir

	
1948

	
0.2

	
2978

	
Temperate

	
Figure S10
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