
1. Introduction
Hydroelectric power is the dominant source of renewable energy globally. In 2017, it comprised 13% of global 
electricity production in OECD (Organization for Economic Co-operation and Development) countries (Inter-
national Energy Agency, 2018), and 2.5% of global energy production. While electricity from hydropower can 
replace electricity from carbon-intensive sources such as coal and gas, reservoirs also emit methane (CH4) which 
could negate some of the carbon benefits of switching to hydropower. CH4 is a potent greenhouse gas with >32 
times the warming potential of carbon dioxide over a 100-year time horizon (Etminan et al., 2016). Prior global 
CH4 emissions estimates suggest 3 Tg C of CH4 yr −1 is released from reservoir surfaces (Barros et al., 2011). 
This estimate increases to 13.3 Tg C as CH4 yr −1 after accounting for spillways, turbines, river reaches below 
dams, and periodically inundated drawdown areas around the reservoir (Li & Zhang, 2014). While useful, these 
estimates are based on empirical relationships between emissions and potential drivers, and do not provide a 
process-based understanding of the main drivers and pathways for reservoir CH4 production and releases, which 
would aid in development of mitigation strategies. Here we develop, evaluate, and apply a new mechanistic model 
of the processes driving global hydroelectric reservoir CH4 emissions.

Abstract Hydroelectric reservoirs can emit significant quantities of methane, particularly through 
degassing at turbine outlets. Improved understanding of processes affecting hydroelectric reservoir CH4 
emissions is thus important as the world economy transitions to renewable forms of energy production. 
Here we develop and evaluate a new mechanistic model of CH4 emissions: ResME ([Res]ervoir [M]ethane 
[E]missions), which estimates carbon inputs and methanogenesis to predict CH4 release via ebullition and 
diffusion, plant emissions, and downstream emissions. ResME results demonstrate that the relative importance 
of allochthonous and autochthonous carbon input to methane emissions varies by latitude, with allochthonous 
carbon contributions typically being higher in tropical reservoirs. Results also demonstrate that total reservoir 
emissions are highly dependent on turbine intake depths, which are not typically reported. Potential maximum 
degassing emissions from existing hydroelectric reservoirs are estimated as 11 ± 4 Tg C/yr, if all reservoirs 
had deep turbine intakes and stratified for 5 months per year. In comparison, the estimated diffusive, ebullitive, 
and plant CH4 emissions are estimated to be 2.8 ± 0.2 Tg C/yr (where the true uncertainty is much higher than 
the model standard error). Future work should focus on improving estimates of reservoir carbon inputs and 
decomposition rates, as well as surveying turbine intake depths. Satellite measurements from missions such as 
TROPOMI may also help constrain hydropower methane emissions.

Plain Language Summary Methane is an important greenhouse gas that is naturally produced in 
lake and reservoir sediment, among other sources. Hydroelectric power reservoirs produce renewable energy, 
yet also emit methane at their surfaces, and from turbines and downstream reaches. To better understand drivers 
and pathways of methane emissions, we have developed a new mechanistic model for methane emissions as a 
function of carbon inputs, chemical decomposition, and physical processes. Results also show that downstream 
methane emissions have the potential to exceed surface emissions if turbines pull from stratified, anoxic waters. 
Large uncertainties remain in model inputs, and future work should focus on improved understanding of carbon 
loading to reservoirs, as well as decomposition rates and turbine intake depths.
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Methane production in hydropower reservoir occurs in sediments where anaerobic microbes respire carbon and 
produce CH4. Methane is also thought to be produced in the oxic water column (Bižić et  al.,  2020; Bogard 
et al., 2014; Grossart et al., 2011; Günthel et al., 2019; Yao et al., 2016), though other studies conclude that sedi-
ment fluxes rather than oxic methanogenesis explain CH4 concentrations in oxygenated surface waters (Peeters 
et al., 2019). Methanogenesis is fueled by carbon inputs for methanogenesis from primary production within 
the reservoir (Deemer et al., 2016; DelSontro et al., 2019), allochthonous carbon from the watershed (Jansson 
et al., 2007; Jones, 1992), and vegetation and soil carbon flooded during reservoir creation (Abril et al., 2005; 
Barros et al., 2011; Tremblay et al., 2005; Venkiteswaran et al., 2013). The initial carbon stocks in place during 
reservoir flooding can fuel an initial pulse in CH4 production. Methane produced in hydroelectric reservoirs is 
released to the atmosphere via diffusion at the air-water interface, ebullition from the sediments, and vascular 
transport in emergent and floating-leaved aquatic plants (Bastviken et  al.,  2011; Borrel et  al.,  2011; Casper 
et al., 2000; Walter et al., 2006). CH4 can also be emitted at turbine outlets (and immediately downstream of 
dams), where dissolved CH4 in the water can quickly degas to the atmosphere (Fearnside,  2002; Kemenes 
et al., 2007). The GHGSat satellite instrument observed such a plume over the Lom Pangar dam in Cameroon 
(Jervis et al., 2021).

Understanding global CH4 emissions from hydroelectric facilities is critical to evaluating the greenhouse gas 
contribution of this power source. Prior studies have identified correlations between reservoir CH4 emissions 
and potential drivers as littoral area, mean annual temperature, age, chlorophyll a concentration, and mean depth 
(Barros et al., 2011; Deemer et al., 2016; DelSontro et al., 2019). Predictor variables such as total phosphorus, 
latitude, and temperature are inconsistent across studies, and some models neglect emissions from turbine degas-
sing and downstream emissions, which can be comparable to emissions from ebullition (Deemer et al., 2016). 
More recently, the GHG Reservoir Tool (G-RES) has been developed to help reservoir managers estimate poten-
tial CH4 emissions (Prairie et al., 2017). The G-RES tool includes a broad range of predictor variables for reser-
voir greenhouse gas emissions, but relies on empirical relationships that have limited predictive power beyond 
the range of available data.

The main objective of this study is improve understanding of the dominant drivers and pathways of methane emis-
sions from hydropower reservoirs. We focus on several key questions: (a) Which carbon inputs dominate methane 
production? (b) What is the magnitude of global CH4 emissions from hydropower and how is it distributed among 
individual reservoirs? And (c) What is the contribution from turbine degassing and under what conditions could 
it be seen from space? To answer these questions, we develop, evaluate, and apply a new semi-empirical model 
for CH4 emissions to the atmosphere ((Res)ervoir (M)ethane (E)missions model, or ResME). ResME is based 
on best-available understanding of the biogeochemical processes contributing to CH4 production and emission 
from hydropower reservoirs, evaluated using data from 54 reservoirs globally, and scaled-up to estimate global 
emissions. The model provides insight into the biogeochemical processes controlling hydropower CH4 emissions. 
Results provide a new global, spatially resolved inventory of CH4 emissions from hydroelectricity that can be 
used as prior estimate in inversions of atmospheric CH4 observations. We use our analysis to identify key uncer-
tainties in processes affecting global CH4 from hydropower facilities and discuss data needed to improve future 
emissions projections.

2. Model Development
ResME includes parameterizations for (Figure 1):

1.  Carbon inputs to methanogenesis from flooded soil and biomass carbon, autochthonous input, and allochtho-
nous input

2.  CH4 production in anoxic sediment
3.  CH4 release via diffusion, ebullition, and vascular transport, and turbine degassing release.

2.1. Carbon Inputs to Methanogenesis From Autochthonous Input, Allochthonous Input, and Flooded 
Carbon

We include three sources of organic carbon (Ct in Equation 1) as substrate for methanogenesis: (a) autochtho-
nous carbon generated by primary producers (such as algae) within the reservoir; (b) allochthonous carbon from 
inflowing rivers; and (c) the soil carbon and biomass carbon present in the reservoir landscape prior to flooding.
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2.1.1. Autochthonous Input

We estimate autochthonous carbon (carbon coming from inside the aquatic system, in this case the reservoir) 
primary production in different reservoirs using literature-reported trophic status. Trophic status is a categoriza-
tion reflecting the amount of biological productivity occurring in a water body. Trophic status is reported in the 
literature as oligotrophic (low productivity), mesotrophic (medium productivity), or eutrophic (high productiv-
ity). Each trophic state has a characteristic range of nutrient loading, chlorophyll a concentration, and primary 
productivity (such as algal growth) (Wetzel, 2001). Primary production in freshwater systems ranges from less 
than 50 mg C m −2 day −1 for oligotrophic systems to ∼8,000 mg C m −2 day −1 for some highly eutrophic systems 
(Likens, 1975; Wetzel, 2001). We estimate mean primary production for oligotrophic, mesotrophic, and eutrophic 
reservoirs as 150, 600, and 2,000  mg  C  m −2  day −1, respectively, following field measurements in Kimmel 
et al., 1990. Estimates of primary production in tropical reservoirs have higher uncertainty because data are only 
available for a few tropical systems. Not all autochthonous carbon settles to the sediment where it is available for 
methanogenesis. The ratio of autochthonous carbon that does settle is referred to as the “export ratio” and mean 
export rates across a range of studies are approximately 40 ± 20% (Baines & Pace, 1994; Berman et al., 2010; 
Darchambeau et al., 2005.; De Vicente et al., 2008; Ostrovsky & Yacobi, 2010; Steinsberger et al., 2021; Teodoru 
et al., 2013). Based on these studies, we use a constant export ratio of 40% across reservoirs.

2.1.2. Allochthonous Input

Allochthonous carbon is carbon sourced from outside the aquatic system, such as from the surrounding water-
shed. Dissolved and suspended particulate organic carbon (DOC and POC, respectively) is delivered to reservoirs 
by rivers, and a portion of each carbon form is subsequently buried in the sediment (Wachenfeldt et al., 2009). 
We estimate POC inputs to sediment based on the total river sediment load (Equation S1–S3 in Supporting 
Information S1; Meybeck, 1982). Total sediment load estimates are estimated using the WBMsed model (Cohen 
et al., 2013), which calculates monthly estimates of sediment load at 0.1° spatial resolution. We used annual 
average sediment loading from 2001 to 2019, and for each reservoir location we assumed sediment concentration 
was equivalent to the flow-weighted mean for the 1° box centered on the reservoir coordinates. Allochthonous 
POC input is then estimated as a function of total sediment load (Meybeck,  1982, see details in Supporting 
Information S1). Since not all sediment entering the reservoir will be trapped, we estimate trapping efficiency 
based on hydraulic residence time (Equation S1 in Supporting Information S1, Vörösmarty et al., 2003). The ratio 
of DOC to total organic carbon (DOC + POC) has been found to decrease with increased suspended sediment 
load (Meybeck, 1982, see details in Supporting Information). Flocculation (aggregation of fine particles and 
settling) rates for incoming DOC vary with temperature (Equation S2 in Supporting Information S1, Wachenfeldt 
et al., 2009).

Figure 1. Schematic of hydroelectric reservoir and factors contributing to CH4 production and transport. Carbon sources for 
methanogenesis are shown in green, CH4 emissions pathways in red, CH4 removal pathway in blue, and internal CH4 fate/
transport pathways in purple. Dashed arrows indicate internal transport. All sources and fates shown are explicitly modeled, 
except for those with dashed underlines (diffusion and CH4 accumulation).
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2.1.3. Flooded Carbon

Annual average organic carbon for 12 different carbon pools (including leaf, fine root, wood, and woody debris 
pools, as well as metabolic, structural, and both above- and below-ground microbial pools) within each flooded 
reservoir is estimated as the carbon content in the corresponding grid cell as modeled by a global terrestrial carbon 
model with 0.5° × 0.5° gridded monthly resolution (SibCASA, Huntzinger et al., 2018; Schaefer et al., 2008). 
Flooded carbon input at the time of reservoir creation was assumed to be the sum of the SibCASA carbon pools 
at the reservoir location. Since lignin inhibits decay (Van Coillie et al., 1983) to the point that no wood decay 
was observed in a recently flooded reservoir (Hall & St Louis, 2004), we excluded the SibCASA carbon pools of 
wood and woody debris.

2.2. Methane Production in Anoxic Sediment

We model monthly CH4 production (Pt, mg CH4 m −2 day −1) associated with decay of organic carbon following 
(Vachon et al., 2017):

𝑃𝑃𝑡𝑡 =
d𝐶𝐶

d𝑡𝑡
= 𝜂𝜂 × 𝑘𝑘𝑡𝑡 × 𝐶𝐶𝑡𝑡 (1)

where Ct is the bulk carbon content of age t in the sediment (mg C m −2), 𝐴𝐴 𝐴𝐴𝑡𝑡 is the age-dependent decay constant 
for the mixture of organic material, and η reflects the fact that some carbon is converted to CO2 instead of CH4. 
The exact ratio of carbon conversion depends on the fraction of aerobic to anaerobic decomposition and the 
ratio of acetoclastic to hydrogenotrophic methanogenesis (Conrad, 2005). ResME determines this empirically by 
minimizing the fractional bias between model results and field measurements. Since Equation 1 represents the 
methanogenesis for carbon of a particular age, carbon pools containing carbon of different ages will require a sum 
of Pt values (see Equation 3).

2.2.1. Reactive Continuum Model for Organic Carbon Decay (k)

Recent work has shown that reactive continuum decay models successfully predict decay patterns for heteroge-
neous carbon pools (Catalan et al., 2017; Koehler & Tranvik, 2015). Reactive continuum models allow the decay 
rate to vary based on organic carbon type, and to change during the decomposition process as labile compounds 
are consumed (Boudreau & Ruddick, 1991; Koehler et al., 2012; Mostovaya et al., 2017; Vachon et al., 2017). 
Variable decay rates are important because biomass from autochthonous primary production is more readily 
degraded by methanogens compared to other terrestrial carbon sources (Gudasz et al., 2012; West et al., 2016; 
Zhou et al., 2019). Additionally, non-lignin components of biomass are more labile than wood, which is relatively 
recalcitrant (Koehler & Tranvik, 2015; Moran et al., 1989).

We used the reactive continuum decay model to estimate the apparent decay constant, k, following the param-
eterization described by (Boudreau et  al.,  2008), and the Arrhenius correction for temperature described by 
(Venkiteswaran et al., 2007):

𝑘𝑘 =
𝑣𝑣

(𝑎𝑎 + 𝑡𝑡)
× 1.047

(𝑇𝑇−20)

 (2)

where t is carbon age (in months), α is a rate parameter related to the average lifetime of the more labile carbon 
compounds, v is a unitless parameter related to the relative abundance of more recalcitrant compounds (Boudreau 
et al., 2008), and T is sediment temperature (°C). Where reactive continuum modeling has typically been done on 
a daily scale, we applied the method on a monthly scale to reduce computation time.

We extracted monthly reactive continuum decay parameters for autochthonous carbon (phytoplankton) and 
allochthonous carbon (terrestrial leaf) decay from a study on organic matter decomposition in anoxic freshwater 
sediment (Grasset et al., 2018). Grasset et al., 2018 provide data on carbon decomposition over time, which we 
fit to the reactive continuum model:

Mass𝑡𝑡=𝑡𝑡

Mass𝑡𝑡=0
=

(

𝛼𝛼

𝛼𝛼 + 𝑡𝑡

)𝑣𝑣

 (3)
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where α and v are the decay parameters, t is time in months, Masst = 0 is the 
initial carbon mass and Masst =  t is the carbon mass at month t. We ran a 
least squares regression with the scipy package in Python Version 3.7.4 to 
select the optimal α and v decay parameters for flooded carbon, which are 
provided in Table 1. We assume that flooded biomass carbon will behave 
similarly to the terrestrial leaf. Section 4.0 discusses ResME sensitivity to 
decay parameters.

Allochthonous and autochthonous carbon are continually being added to 
a reservoir system. Upon addition to the model reservoir, a portion of this 
0-month-old carbon is mineralized (following Equations  1 and  2, where 
t = 0) and the remainder rolls over into the 1-month-old carbon pool where 
t becomes 1 (Figure 2). The modeling therefore requires accounting for the 
monthly input of fresh carbon, the transfer of unmineralized carbon after 

each month to the next oldest age pool, and different decay parameters for every age pool. After accounting for 
these additions, the total CH4 production (Ptot) for a reservoir of age N is:

�tot =
∑

�source

∑�

�=0
� × �

� + �
× �� × 1.047(�−20) (4)

where t is the age of the carbon input in each monthly age class, 𝐴𝐴 𝐴𝐴 is a fitted parameter to minimize fractional bias 
between model results and field measurements, N is the current age of the reservoir, T is the sediment temper-
ature, Ct is the carbon content in each monthly age class, and results from different carbon sources (Csource) are 
summed.

α a (months) v b (dimensionless)

Autochthonous carbon 0.61 0.46

Allochthonous carbon 0.15 0.917

Flooded carbon 0.15 0.917

Note. All parameters are derived from data in Grasset et al. (2018).
 aAverage lifetime of the more reactive compounds.  bRelative abundance of 
the most recalcitrant compounds.

Table 1 
Decay Constants Used in Reactive Continuum Decay Modeling for 
Autochthonous, Allochthonous, and Flooded Carbon Sources

Figure 2. Model schematic showing carbon pool progression across lifetime of reservoir (age = N), for one carbon type. Total methanogenesis (Ptot) is the sum of 
methanogenesis from each carbon type (autochthonous, allochthonous, and flooded carbon). Variable descriptions are associated with Equations 1 and 2 in the main text.
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2.2.2. Sediment Temperature

Sediment temperature affects methanogenesis rates and total CH4 produc-
tion. Sediment temperature is affected by reservoir stratification status (i.e., 
sediment in deeper, unmixed waters is colder than in littoral, well mixed 
waters). Lake water temperatures can be modeled using the one-dimension 
thermodynamic model, FLake (Mironov et al., 2010). FLake results per grid 
cell are included into the global modeling output from European Center for 
Medium-Range Weather Forecasts (ECMWF) reanalysis product, known 
as ERA5 (C3S: Copernicus Climate Change Service, 2017). In the absence 
of reservoir-specific models for water temperature, we assume that FLake 
results are reasonable for reservoirs, and extracted FLake model results 
using Google Earth Engine (Gorelick et al., 2017) for reservoir bottom layer 
temperature, mixed layer temperature, and mixed layer depth. We computed 
monthly average temperatures and mixed layer depth from 2015 to 2021.

To translate the epilimnetic temperatures and hypolimnetic temperatures 
to an areal basis, we needed to estimate the fraction of each reservoir with 
sediments above and below the mixed layer depth. While we do not have 
detailed bathymetry for each reservoir in the set of reservoirs with field CH4 
estimates that we use for model comparison, the Global Reservoir and Dam 
Database (GRanD) database provides footprints for many reservoirs (Lehner 

et al., 2011). We simulated the bathymetry of each reservoir by assuming a linear slope between reservoir shore 
and the maximum basin depth at the maximum distance from shore (Figure 3). The resulting sediment slope 
provides an estimated water column depth throughout the reservoir (see Figure 3 inset). For all reservoirs, dam 
heights are available from GRanD or individual sources (see Table S2 in Supporting Information S1). We esti-
mate the maximum reservoir depth as 90% of the dam height, thereby roughly accounting for the vertical distance 
between the designed water surface and the top of the channel bank (freeboard). We use this modeled bathymetry 
to estimate the sediment surface area at depths greater and less than the mixed layer depth provided in the ERA5 
output. For reservoirs in our comparison data set that do not have GIS footprints in GRanD, use the estimate of 
littoral area ratio used in the G-Res model (Prairie et al., 2017).

2.3. Methane Release via Diffusion, Ebullition, and Vascular Transport, and Turbine Degassing Release 
Assuming Deep Water Turbine Intake

The fate of CH4 produced in the reservoir sediment (Ptot, mg C/m 2/day, Equation 5) is partitioned by mass balance 
in to five potential fates:

𝑃𝑃 = 𝑂𝑂𝑂𝑂 + 𝐸𝐸b +𝐷𝐷f + 𝑇𝑇b + 𝐴𝐴p (5)

where Ox is internal oxidation, Eb is ebullition, Df is diffusive emission, Tb is emission through turbines (or 
immediately downstream of the dam), and Ap is transport through plant tissue (parameter estimates explained 
below). Oxidation is the only fate that reduces the total amount of CH4 available for partitioning between the four 
potential emission pathways. The balance of CH4 partitioning between oxidation, diffusion, ebullition, turbine 
output, and plant tissue is determined by complex interactions between physical, chemical, and biological forces 
across both space and time. ResME uses simple theoretical relationships and literature estimates to parameterize 
and estimate the five potential CH4 fates.

2.3.1. Oxidation and Downstream Emissions

Internal oxidation within a stratified reservoir is thought to occur primarily along the oxycline, where CH4 
diffuses upwards and encounters aerobic methanotrophs in oxygenated water or sediment. Methane is rapidly 
depleted at the oxycline, and the amount of CH4 diffusing upwards determines the rate of oxidation. Processes 
that decrease the amount of dissolved CH4 in the hypolimnion of the reservoir will decrease internal CH4 oxida-
tion at the oxycline. Thus, turbines that pull water from a CH4-rich hypolimnion will directly reduce the amount 
of CH4 available for oxidation. Turbines that pull water from a CH4-poor epilimnion should not affect oxidation 
rates. ResME therefore assumes Ox and Tb are directly and negatively coupled such that increased CH4 release 

Figure 3. Estimated bathymetry for Foster reservoir in Oregon, USA based on 
the reservoir footprint and maximum depth.
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through the turbines leads to a decrease in internal oxidation within reservoirs. ResME does not include emis-
sions estimates for turnover events, when potentially CH4-rich water from the hypolimnion gets mixed with the 
epilimnion and can diffuse to the atmosphere. Some studies suggest that CH4 oxidation during turnover is rapid 
enough to prevent significant CH4 emissions (Kankaala et al., 2007; Mayr et al., 2020; Schubert et al., 2012.; 
Utsumi et al., 1998), though this is not true for all water bodies (Fernández et al., 2014).

Much of the literature on whole-system oxidation rates (Ox) comes from relatively shallow lakes, where oxidation 
is typically found to consume roughly 50%–90% of total CH4 production in shallow lakes (Bastviken et al., 2008; 
Kankaala et al., 2006; Matthews et al., 2005; Rudd & Hamilton, 1978; Schmid et al., 2017). This estimate for 
oxidation as a percent age of production in shallow lakes can be expanded to deeper water bodies by considering 
that in deep water, bubble dissolution can contribute significantly to the amount of dissolved CH4 available for 
oxidation or diffusive emission to atmosphere (Delwiche & Hemond, 2017; Schmid et al., 2017). The amount of 
bubble dissolution is a function of reservoir depth (McGinnis et al., 2006). We therefore assume that total poten-
tial oxidation (Ox) is a minimum of 80% (future additions to ResME could vary this estimate based on reservoir 
characteristics) of total CH4 production, plus a depth-dependent fraction to account for bubble dissolution:

𝑂𝑂𝑂𝑂 + 𝑇𝑇b = (0.8 + Bubdiss) × 𝑃𝑃 (6)

where Bubdiss describes a linear increase in oxidation and/or turbine release with reservoir depth (described 
below). Thus, we estimate that when turbines pull from the hypolimnion, maximum potential turbine release is 
(0.8 + Bubdiss) × P, and internal oxidation is zero. This assumption provides a theoretical upper ceiling on poten-
tial methane release, because in reality some internal CH4 oxidation will occur as dissolved CH4 diffuses upwards 
through the oxycline. Conversely, turbine release is assumed to be zero when turbines pull from the epilimnion, 
and internal oxidation is (0.8 + Bubdiss) × P.

To estimate Bubdiss, we first recognize that typical bubble diameters in aquatic systems are 4–6 mm upon release 
from sediment (though there is large variation) (DelSontro et al., 2015; Delwiche & Hemond, 2017; Ostrovsky 
et al., 2008), and 4–6 mm bubbles are expected to completely dissolve after rising through approximately 60m of 
water (McGinnis et al., 2006). We therefore model the spatially average Bubdiss as:

Bubdiss =

⎧

⎪

⎨

⎪

⎩

0.15 ×
𝑑𝑑

60

0.15

for 𝑑𝑑 𝑑 60m

for 𝑑𝑑 ≥ 60m

 (7)

where d is the average reservoir depth (m). The 0.15 parameter represents the maximum fraction of CH4 produc-
tion that could contribute to bubble dissolution. This parameter is less than 0.2 because even in deep systems, 
some of the produced CH4 will still escape to the atmosphere from littoral zones. We note that ResME does 
not directly estimate the amount of methane released from the sediment via ebullition, and therefore cannot 
partition bubble dissolution and bubble emission (unlike G-Res, which does partition ebullition and diffusion 
using empirical relationships, Harrison et al., 2021). Partitioning ebullition and diffusion has been done in more 
complex models focused on methane emissions from boreal and arctic reservoirs (Stepanenko et al., 2011; Tan 
et al., 2015), but partitioning requires additional information about sediment porosity and atmospheric pressure 
which would confound the goal of building ResME for mechanistic, global-scale reservoir methane emissions 
estimates. The need to estimate bubble dissolution arises because studies in shallow lakes indicate that roughly 
80% of methane is oxidized, but total oxidization is expected to be higher in deeper systems in part because a 
higher percentage of methane from bubbles will dissolve and be subject to oxidation.

To accurately estimate total annual degassing through turbines, we would need a monthly assessment of reservoir 
stratification. The occurrence and duration of stratification is a function of parameters such as water transparency, 
wind speed, and reservoir morphology, and can be modeled with significant input data (Lee et al., 2013; Noori 
et al., 2019; Yigzaw et al., 2019). Since individual reservoir modeling for stratification is beyond the scope of 
ResME, we instead provide degassing estimates for two potential scenarios: (a) maximum possible degassing if 
reservoirs were stratified year-round and thus Tb = (0.5 + Bubdiss) x P in each month, and (b) reservoir is strati-
fied for the 2 months before and after peak reservoir temperature (5 months total), with monthly degassing zero 
otherwise. These scenarios provide an upper limit and reasonable assessment for annual degassing estimates, 
with more accurate estimates requiring more detailed knowledge of monthly stratification status. We note that the 
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ISIMIP lake sector provides stratification estimates for generalized reservoirs on a 0.5° × 0.5° global grid (Golub 
et al., 2022), and may be useful in future updates to ResME.

2.3.2. Plant Emissions

Total transport through vascular plant tissue (Ap) depends on many factors, including plant type, water column 
depth, plant coverage, and length of vegetation period. Bastviken et al. (2011) estimate vascular plant transport 
(Ap) at approximately 16% of emissions due to diffusion and ebullition (Eb + Df), which is a rough estimate given 
the complexity governing plant transport, and the likelihood that reservoirs experiencing large water-level fluctu-
ations have fewer emergent macrophytes:

𝐴𝐴p = 0.16 × (𝐸𝐸b + 𝐷𝐷f ) (8)

2.3.3. Diffusive and Ebullitive Emissions

Combining Equations 5–8 yields an estimate of ebullitive and diffusive emissions that depends on total CH4 
production (Ptot) and the depth-dependent parameter Bubdiss:

𝐸𝐸b + 𝐷𝐷f =
𝑃𝑃

1.16
[1 − (0.8 + Bubdiss)] (9)

Many field studies report ebullition and diffusion estimates from reservoir surfaces, and we can compare these 
field estimates with the estimations from Equation 9.

3. Evaluating Model Results
3.1. Field Measurements for Comparison

Diffusive and ebullitive CH4 measurements, and all necessary ancillary information for ResME were available for 
54 hydroelectric reservoirs (hereafter referred to as the “reservoir subset”). Many of these studies were compiled 
by Barros et al., 2011, Deemer et al., 2016, and Prairie et al., 2017, with a few more having been published more 
recently (Table S2 in Supporting Information S1). These reservoirs represent a range of sizes, flow rates, and 
geographical locations spanning the globe (Figure 4). We can compare these reservoirs to the 2,462 hydropower 
reservoirs in GRanD, where GRanD is a global, geographically referenced list of reservoirs and associated meta-
data (Lehner et  al.,  2011). The reservoir subset over-represents large reservoirs compared to their size-based 
prevalence in GRanD, while flow rates and latitude are more representative of GRanD values (Figure S1 in 

Figure 4. All hydroelectric reservoirs in the Global Reservoir and Dam Database database (gray dots). Reservoirs with field data that were compared to model results 
(“reservoir subset”) are color-coded according to trophic status.
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Supporting Information S1). The 54 reservoirs in our subset represent 12% of the discharge from all reservoirs 
in the GRanD database, which reflects the fact that the observational data are skewed toward large systems. 
Reservoirs in the subset contain a relatively even mix of trophic statuses (18 oligotrophic to oligo-mesotrophic 
reservoirs, 16 mesotrophic reservoirs, and 20 meso-eutrophic to eutrophic reservoirs). Average reservoir age is 
44 years, which means most reservoirs will be beyond the initial pulse of methane production reported for most 
systems shortly after reservoir creation.

3.2. Contribution of Each Carbon Source to Methanogenesis

For most of the reservoir subset, ResME estimates that the majority of methanogenesis comes from the decay of 
autochthonous carbon and allochthonous POC inputs (40 ± 27% and 47 ± 25% of total methanogenesis, respec-
tively), with allochthonous DOC contributing another 8 ± 7%. Allochthonous POC tends to be more important 
for oligotrophic and mesotrophic systems, whereas autochthonous carbon is the primary carbon source for meth-
anogenesis in many of the eutrophic reservoirs. The relative contribution of flooded biomass to total methanogen-
esis is highly dependent on reservoir age. Since the average age of reservoirs within our subset is 44 years, and 
peak methane production from flooded biomass occurs within a decade of reservoir creation, the CH4 contribu-
tion from flooded biomass is low (4 ± 12% of total methanogenesis). Relative contributions from flooded carbon 
to methanogenesis will be much higher in very young systems; for example, reservoirs less than 7 years old had 
more than 20% of their methanogesis come from flooded carbon (Figure 5). While the relative contributions from 
different carbon sources are useful for understanding the dominant drivers of methanogenesis in reservoirs, the 
uncertainty associated with these estimations is high (see Section 4.2, Uncertainty).

3.3. Ebullitive and Diffusive Emissions

ResME predictions for ebullitive and diffusive CH4 emissions correlate well with field measurements (r 2 = 0.41, 
p = 0.0001, mean fractional bias = 0.01 in log space) with η = 0.35. We fit η to minimize the mean fractional bias 
between ResME estimates and field observations, where mean fractional bias is:

Figure 5. Carbon source for daily methane (CH4) production, shown as percentage of total methanogenesis, and colored by carbon type. Reservoirs are grouped by 
trophic status, and parenthetical numbers after reservoir names are reservoir ages, in years.
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𝐶𝐶𝑚𝑚𝑚𝑖𝑖 + 𝐶𝐶𝑜𝑜𝑚𝑖𝑖

 

where Cm and Co are the model-predicted and observed ebullition plus 
diffusion flux (respectively), and N is the number of reservoirs (Boylan & 
Russell, 2006; Zhang et al., 2014). As expected, model results are typically 
highest for eutrophic systems and lowest for oligotrophic systems (Figure 6). 
The fitted η value of 0.35 indicates that on average 35% of the respired carbon 
is available for methanogenesis, while 65% becomes CO2.

3.4. Downstream Emissions

Methane emission estimates for maximum potential turbine degassing can 
be compared to field campaigns measuring degassing at reservoirs where 
turbine water intake is well below a stratified thermocline (the theoretical 
maximum degassing calculated by ResME occurs from deep turbine intakes). 
We found four previously studied reservoirs with annual degassing estimates 
from deep-water intakes. As described earlier, we estimate maximum poten-
tial annual emissions if reservoirs were permanently stratified, and emissions 
assuming 5 months of stratification during the warmest months (Table 2). Of 
the reservoirs with degassing estimates, Tucurui, Balbina, and Batang Ai are 
all reported to stratify year-round (Fearnside, 2002; Kemenes et al., 2007; 
Soued & Prairie, 2020), whereas Petit Saut has periods of mixing throughout 

the year (Abril et al., 2005). ResME estimates of turbine degassing assuming annual stratification are on average 
180% of measurement estimates.

ResME estimates of turbine degassing could be higher than observed measurements because methane oxida-
tion occurs during degassing and downstream from the turbines, but this is not accounted for in the model. For 
example, approximately 8%, 10%, and 40% of the CH4 released through turbines is estimated to be oxidized 
downstream of the Petit-Saut dam, Batang Ai dam and Balbina dam, respectively (Fearnside, 2002; Kemenes 
et al., 2007; Soued & Prairie, 2020). Thus for the global upscaled estimate of potential turbine degassing, we 
assume that 20% of the released methane is oxidized prior to release to the atmosphere. While ResME provides 
a reasonable order-of-magnitude estimate of CH4 turbine degassing, accurately upscaling estimates of turbine 
CH4 outputs would require information about turbine intake height at each reservoir, as well as seasonal stratifi-

cation patterns. Field measurements for systems that pull water from the epil-
imnion are dramatically lower than those systems which draw water from the 
hypolimnion, since the epilimnion waters are often much lower in dissolved 
CH4 (Chanudet et al., 2011).

3.5. Using Autochthonous Carbon as Proxy for Methane Production

Previous studies have found chlorophyll a concentrations to be correlated 
with CH4 emissionsCH4 emissions (estimated by chlorophyll a concentration: 
Deemer et al., 2016; DelSontro et al., 2019, Deemer & Holgerson, 2021). 
Chlorophyll a can be seen as a proxy for autochthonous carbon, and ResME 
results when only including autochthonous carbon generate reasonable fits 
between measurements and model for reservoirs with longer water resi-
dence time (Figure S6 in Supporting Information S1). However, CH4 emis-
sions from some run-of-river reservoirs with short water residence times 
are not well described with only autochthonous carbon. This could indicate 
that allochthonous carbon plays a larger role in reservoir CH4 emissions for 
reservoirs with short residence times, compared to reservoirs with long resi-
dence times. This hypothesis is supported by studies showing that the ratio of 

Figure 6. Comparing field measurements of methane (CH4) flux to model 
output. Dashed black line is the linear regression fit in log-log space, and 
dotted black lines represent a 1:1 relationship between measured and modeled 
CH4 emissions. Markers are color-coded by reservoir trophic status.

System

Annual degassing estimates 
from field measurements (Gg 

CH4-C/yr)

Maximum potential 
degassing estimate from 
ResME (Gg CH4-C/yr)

Stratification assumption
Permanently 

stratified
5-month 

stratification a

Tucurui 527 (Fearnside, 2002) 664 285

Balbina 65 (Kemenes et al., 2007) 61 27

Petit Saut 7.5 (Abril et al., 2005) 20 9

Batang Ai 0.55 (Soued & Prairie, 2020) 1 0.5

Note. These four reservoirs stratify in the summer and have turbine intakes 
below the thermocline.
 aAssuming the 5 months include the month of maximum methane production, 
plus the 2 months before and after the maximum month.

Table 2 
Field Estimates of CH4 Dam Degassing Compared With ResME Maximum 
Potential Degassing Estimate (Gg CH4-C/yr)
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allochthonous to autochthonous carbon is higher in reservoirs with shorter residence times (Hanson et al., 2015; 
Park et al., 2009).

3.6. Comparisons With Existing Methods to Estimate CH4 From Hydropower

The G-res tool, described in Prairie et al., 2017, provides empirical methods to estimate greenhouse gas emis-
sions (including CH4) from reservoirs, and includes estimations of emissions prior to, and during, reservoir 
construction. G-res estimates methane release from reservoir surfaces as a function of reservoir age, mean depth, 
maximum depth, incoming radiation, and temperature. We ran G-res and ResME for the same subset of reser-
voirs (Figures 7a and 7b). For G-res, we assumed the maximum reservoir depth was 5 m lower than the dam 
height (dam heights provided in GRanD). Both models have significant fits between modeled and measured 
emissions estimates, though the ResME fit has a higher r 2 value then G-res. Reported r 2 for comparisons between 
G-res CH4 diffusion and ebullition model predictions and measurements were 0.52 and 0.26, respectively (Prairie 
et al., 2021). However, the r 2 for a comparison between G-res predicted diffusive-plus-ebullitive CH4 emissions 
for the subset of reservoirs used to test ResME, was somewhat lower (r 2 = 0.14) than the values reported for 
the individual G-res submodels, and lower than that calculated here for ResME. We also include a comparison 
with the estimation method in Barros et al., 2011, where reservoir emissions were found to depend on reservoir 
age, mean depth, DOC concentration, and latitude. Using the Barros method, we estimated CH4 emissions for 
the subset of reservoirs that contained DOC concentration measurements (Figure 7c). However, the Barros et al. 
method did not produce a statistically significant regression between modeled and measured emissions esti-
mates (p > 0.05). These model comparisons demonstrate that ResME's focus on biogeochemical processes  allow 
improved predictions of CH4 emissions. A useful future improvement for ResME would be incorporating a 
process-based estimate of the percentage of incoming carbon available for methanogenesis.

The relatively high RMSE values for both ResME and G-res demonstrate that substantial uncertainty remains in 
understanding the drivers of methane emissions from reservoirs (where RMSE values on the log-log scape are 
1.29 and 1.77 for ResME and G-res, respectively). Uncertainty is high both for the drivers of methane emissions, 
and for the field measurements. We discuss this further in the Uncertainty section below.

Figure 7. Comparing model performance against field data for (a) (Res)ervoir (M)ethane (E)missions (ResME) (this study), (b) the G-RES model (Prairie et al., 2017) 
and (c) the model described by Barros et al., 2011. Model fits with measured emissions, along with r 2 values, are shown for ResME and G-RES. Model fit for Barros 
estimates had to be tested again a smaller subset of reservoirs since not all reservoirs had dissolved organic carbon measurements. Model fit for Barros data were not 
significant, while the ResME fit for the same set of reservoirs was significant (p < 0.05, r 2 = 0.39). Black dotted line represents 1:1.
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3.7. Other Measurements of Model Performance

3.7.1. Organic Carbon Sediment Storage

In addition to estimating CH4 emissions from reservoir surfaces and dams, we also compare ResME estimates 
for organic carbon sediment storage rates to field measurements as a check on model performance. We estimate 
organic carbon storage for each carbon type (Bi) as:

𝐵𝐵𝑖𝑖 = 𝐶𝐶𝑖𝑖 − 𝑃𝑃CH4
− 𝑃𝑃CO2

= 𝐶𝐶𝑖𝑖 −

[

1 +
1 − 𝜂𝜂

𝜂𝜂

]

𝑃𝑃CH4 

where Ci is the annual input of each carbon type, Pi is the estimated methanogenesis from that carbon source, 
and the factor of η accounts for the fraction of organic carbon converted to CH4 compared with CO2 (η is fitted 
to be 0.35). Given the uncertainties in input parameters, ResME estimates of Bi are approximate, yet are still 
useful as an order-of-magnitude check on whether ResME predictions match field measurements. The median 
ResME-estimated organic carbon sediment storage, was 328 gC m −2 yr −1. This estimate is close to the median 
estimate of 279 gC m −2 yr −1 in a global compilation of field measurements from Mendonça et al., 2017 (Figure 
S5 in Supporting Information S1), even though Mendonça et al., 2017 used a different set of reservoirs. The 
general agreement between measured and ResME-modeled storage estimates is another indication that ResME 
results reflect field conditions reasonably well.

3.7.2. Temperature Results

ERA5 maximum surface water temperatures approximately match measured peak water temperatures across a 
wide range of latitudes (Figure S2a in Supporting Information S1), with some slight under-predicting in tropical 
regions that may be attributable to the fact that tropical reservoirs have historically been under-studied compared 
to higher-latitude systems (Winton et al., 2019). Hypolimnetic temperatures from ERA5 were consistent with 
measured temperatures (Figure S2b in Supporting Information  S1). These comparisons indicate that ERA5 
temperature estimates are reasonable for our reservoir subset.

3.7.3. Allochthonous Carbon Inputs

To assess the representativeness of the allochthonous POC inputs calculated in ResME, we compared ResME 
estimates of riverine total suspended solids (TSS) and POC concentration to global compilations of river meas-
urements from the GEMS-GLORI database (Meybeck & Ragu, 2012) (Figure S3 in Supporting Information S1). 
The ResME distribution of TSS concentrations in our reservoir subset is significantly lower than the global distri-
bution in GEMS-GLORI (p < 0.005, using a Kolmogorov-Smirnov test). Global mean and median TSS values 
are 1918 and 194 mg/L, respectively, while mean and median TSS from the ResME reservoir subset are 272 and 
141 mg/L, respectively. Similarly, estimates for riverine POC are also higher than the global distribution from 
GEMS-GLORI (p < 0.001), with mean[median] of 8.9[2] mg/L globally, and 4.37[3.98] mg/L for the reservoir 
subset (Figure S4 in Supporting Information S1). This could be because ResME overestimates riverine POC 
inputs, because our reservoir test set is systematically biased toward rivers with higher POC concentrations, or 
potentially because GEMS-GLORI is biased. We discuss this further below.

4. Sensitivity and Uncertainty
4.1. Sensitivity Analysis

We conducted a sensitivity analysis to assess the relative importance of ResME assumptions about carbon input, 
methanogenesis, and CH4 fate and transport. We individually increased input parameters by 5% and recorded the 
mean change in predicted CH4 release across the 54 reservoir subset (Table 3). Our results show that for the set 
of assumptions governing carbon input to reservoirs, ResME is most sensitive to changes in the dominant carbon 
source. Increasing autochthonous, allochthonous DOC, or allochthonous POC carbon inputs by 5% raises mean 
modeled results by 2.0%, 0.4%, and 2.3%, respectively. We note that variations in reservoir age, particularly 
during the first decade after reservoir construction, may produce large changes in annual methane emissions.

Of the parameters affecting methanogenesis rates, ResME is most sensitive to changing the v decay parameter, 
then to changing sediment temperatures, and lastly to changing α parameters for autochthonous and allochtho-
nous carbon. A 5% increase in the v decay parameter for autochthonous carbon and allochthonous carbon yields a 
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0.4% and 1.9% increase in estimated ebullition plus diffusion (respectively). ResME is less sensitive to changing 
the α decay parameter, where a 5% increase in the α decay parameter for autochthonous and allochthonous carbon 
results in a −0.2%, and −0.5% change in emissions for each carbon source, respectively.

The effect of changing v and α for flooded carbon depends on the reservoir age, and the effect is larger when the 
reservoir is younger. Right after reservoir creation, increasing α (a proxy for average carbon lifetime) decreases 
CH4 emissions in the short term, as flooded biomass carbon takes longer to break down. Conversely, raising v 
makes carbon less recalcitrant, which will increase CH4 emissions. However, the effect changes when the reser-
voir is 50 years old. At 50 years, a higher α means there is more carbon left to decompose, so raising α raises 
average CH4 emissions slightly. Raising v to make carbon less recalcitrant means more of the carbon will have 
decomposed at 50 years, thus lowering average CH4 emissions.

Overall, ResME is most sensitive to changing the parameters governing CH4 fate and transport within the reser-
voir, since these mechanisms act on CH4 produced from all carbon types. In particular, ResME is very sensitive 
to a change in the baseline fraction (0.8, Equation 6) of produced CH4 that gets internally oxidized or emitted via 
turbines (or immediately downstream of turbines). Increasing bubble dissolution also decreases ebullition plus 
diffusion, but at a much lower rate than changing the baseline oxidation level. The model's sensitivity to internal 
oxidation rates demonstrates that future work should focus on whole-reservoir methane budgets to reduce the 
uncertainty in this value.

Treatment Parameter or input Mean change in predicted CH4 release (%)

Factors affecting carbon input

 + 5% Q (average reservoir discharge) 0.9

 + 5% Fraction of POC in total sediment load 2.8

 + 5% Flocculation rate 0.4

 + 5% Autochthonous input 2.0

 + 5% Flooded carbon input 0.2

 + 5% Allochthonous POC input 2.3

 + 5% Allochthonous DOC input 0.4

Factors affecting methanogenesis

 + 5% Epilimnion temperature 0.9

 + 5% Hypolimnion temperature 1.3

 + 5% Fraction of epilimnion area 0.1

 + 5% Flooded carbon v decay parameter 1.9 3.5 a

 + 5% Flooded carbon α decay parameter −0.4 −1.8 a

 + 5% Autochthonous v decay parameter 0.46 0.4 a

 + 5% Autochthonous α parameter −0.2 −0.4 a

 + 5% Allochthonous v decay parameter 1.8 0.9 a

 + 5% Allochthonous α decay parameter −0.5 −0.6 a

 + 5% Ratio of CH4 to CO2 production 5.0

Factors affecting internal fate/transport

 + 5% Baseline fraction of CH4 production that gets internally 
oxidized or emitted via turbines (0.8 in Equation 6)

−27

 + 5% Bubble dissolution rate −1.8

 + 5% Plant emissions (as % of eb + diff) −0.7

Note. Results of the sensitivity analysis where individual parameters or inputs were increased by 5%. Results show the mean 
change in predicted CH4 ebullition and diffusion. Reservoir age fixed at 50 years, unless otherwise noted.
 aReservoir age fixed at 1 year to analyze effect on young reservoirs.

Table 3 
Sensitivity Analysis
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Overall, the sensitivity test shows that ResME is reasonably robust against small changes in parameter input 
values aside from the fraction of methane oxidized or released through turbines. A 5% increase in parameter 
input value produces a 5% or smaller increase in surface CH4 emissions estimates, for all input parameters except 
the baseline fraction of CH4 production that gets internally oxidized. However, we do note that in some cases 
expected uncertainty in parameter input values may be much larger than 5%.

4.2. Uncertainty

Methane production and the dynamics of aquatic ecosystems are inherently complex, and ResME model results, 
as well as the field observations used for comparison, contain significant uncertainty. Of all the parameters and 
estimations that go into ResME, carbon input estimates are some of the most significant and uncertain. In particu-
lar, allochthonous POC and DOC estimates have high uncertainty: the prediction interval for POC as % of sedi-
ment matter (alpha = 0.05) is roughly order-of-magnitude, and the prediction interval for DOC as fraction of TOC 
is, on average, ±50% of the predicted fraction. Furthermore, the estimate of sediment concentration in riverine 
flow from WBM_sed contains high uncertainty, and WBM_Sed results compared with field measurements had 
an r 2 = 0.66 on a log-log scale (Cohen et al., 2013). The mean autochthonous primary production value per reser-
voir trophic status is estimated based on data from multiple reservoirs (Kimmel et al., 1990), where the standard 
deviation for each trophic status estimate is roughly ±35%. The relatively large uncertainty in autochthonous and 
allochthonous carbon inputs highlights the need for more robust methods of predicting these parameters.

ResME output was highly sensitive to several other parameters that are based on limited field-based estimations 
and thus uncertain. These include the ratio of CH4 to CO2 production from organic matter decay, the baseline 
fraction of CH4 that gets internally oxidized, the fraction of autochthonous carbon that settles to the sediment, 
and autochthonous carbon decay. ResME uses the same parameters for each of these across all reservoirs, but 
there is likely substantial variation. Furthermore, since there are limited studies on carbon decay for multiple 
carbon types in anoxic environments, the ResME parameters are based on one study (Grasset et al., 2018) and this 
study yields a faster initial decay for allochthonous carbon compared with autochthonous carbon (though higher 
long-term recalcitrance). Future work should focus on more detailed estimates of autochthonous and alloch-
thonous carbon decay in anoxic environments. Future model enhancements could allow for reservoir-specific 
parameters, though such specificity would need to be simple enough to apply on a global scale.In addition to the 
model uncertainty, the field estimates of methane ebullition and diffusion to which we compare the model also 
have substantial uncertainty (see discussion in Section 6.0 below).

The magnitude of methane released immediately following reservoir creation can be quite high compared with 
baseline emissions (Abril et al., 2005; Barros et al., 2011; Tremblay et al., 2005; Venkiteswaran et al., 2013) and 
is an additional source of uncertainty in global releases. The potential importance of this post-construction pulse 
of CH4 has not yet been quantified because previous efforts to estimate CH4 emissions from reservoirs have not 
modeled emissions changes over time. While ResME can model emissions over time, lack of field measurements 
for young reservoirs makes it difficult to determine how well ResME reproduces CH4 emissions after reservoir 
construction. We found only eight studies (from reservoirs in South America, Canada, Eastern Europe, and 
Southeast Asia) with CH4 emissions measurements within the first 10 years after reservoir creation and compared 
them to ResME model predictions (Figure S7 in Supporting Information S1). ResME is able to reasonably predict 
change in CH4 emissions over time for several of the reservoirs, but it greatly underestimates emissions compared 
to measurements for other reservoirs. More measurements are needed to characterize how well ResME performs 
for young reservoirs, and to quantify the full atmospheric methane burden from newly flooded biomass.

5. Global CH4 Emissions From Hydroelectric Reservoirs
There are 2,462 hydropower reservoirs in the GRanD global database (Figure 4), and collectively these reservoirs 
represent approximately 287,000 km 2 of surface area. To apply ResME on the global scale, we made simpli-
fying assumptions about sediment temperature and reservoir trophic status. To calculate sediment temperature 
without bathymetric information, we assumed reservoir sediments were equally split between hypolimnetic and 
epilimnetic temperatures. This assumption should introduce limited error since our sensitivity analysis showed 
that ResME was relatively insensitive to changing the ratio of epilimnetic to hypolimnetic sediments. Estimating 
trophic status on a global scale is still difficult to achieve, though some progress is being made. Recent work 
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using MERIS full-resolution full-swath global data to estimate chlorophyll a concentrations (Sayers et al., 2021) 
found that observed water bodies were roughly equally split between typical chlorophyll a values for oligotrophic, 
mesotrophic, and eutrophic systems (based on trophic categories in Likens, 1975). We therefore assume annual 
emissions are the average emissions between oligotrophic, mesotrophic, and eutrophic systems. We also calculate 
lower and upper bounds for CH4 emissions assuming all reservoirs are either oligotrophic or eutrophic, respec-
tively. Since 10 of the reservoirs account for 26% of the total surface area, we used literature estimates of reser-
voir trophic status to assign fixed values of primary production to these largest systems (Table S4 in Supporting 
Information S1). Following Deemer et al., 2016, we excluded Lakes Victoria, Baikal, and Ontario as these large 
systems are natural lakes modified with hydropower facilities.

Our model results indicate that existing hydropower facilities emit 2.8 ± 0.2 Tg CH4-C yr −1 via ebullition, diffu-
sion, and plants. We estimate the mean and standard deviation using residual bootstrapping with 1,000 iterations 
(Efron & Tibshirani, 1993). Estimated uncertainty is much larger, see Section 4.2 above. Maximum potential 
emissions from turbine degassing are estimated as an additional 11 ± 4 Tg CH4-C yr −1 assuming all reservoirs 
stratify for the five warmest months and 20% of released methane is oxidized prior to entering the atmosphere 
(where standard deviation comes from averaging output from the three trophic statuses). Potential turbine degas-
sing jumps to 17 ± 7 Tg CH4-C yr −1 if we assume all reservoirs are stratified year-round, which is a conservative 
upper-limit since many reservoirs experience periodic mixing. Since not all reservoirs in GRanD have turbine 
intakes within the hypolimnion, the true global emissions from turbine outlets are likely lower. We can esti-
mate a lower bound on potential CH4 emissions by assuming all reservoirs are oligotrophic, which yields 2 Tg 
CH4-C yr −1 from surface emissions and 6 Tg CH4-C yr −1 potential emissions from turbines (assuming emissions 
occur over a 5 month period and all dams draw water from the hypolimnion) (Figure 8a). The upper bound 
(assuming all reservoirs are eutrophic) is 5 Tg CH4-C yr −1 and 17 Tg CH4-C yr −1 from turbines. We also note that 

Figure 8. (a) Modeled global reservoir CH4 emissions assuming all reservoirs are eutrophic (top bar), mesotrophic (middle bar), or oligotrophic (bottom bar). 
Contributions to methane emissions come from ebullition and diffusion fueled by five carbon sources: flooded biomass, allochthonous dissolved organic carbon (DOC), 
allochthonous particulate organic carbon, and autochthonous carbon (where flooded biomass and allochthonous DOC contributions are minimal). Maximum possible 
degassing emissions are equal to white bar outlined in solid black line; degassing emissions limited to 5 months shown in white bar outlined by dashed black line. (b) 
Modeled global reservoir CH4 emissions based on latitudinal band, with same trophic status assumptions and legend as Figure 8a.



Journal of Geophysical Research: Biogeosciences

DELWICHE ET AL.

10.1029/2022JG006908

16 of 24

hydropower reservoirs (excluding Lakes Victoria, Baikal, and Ontario) make up 82% of total reservoir surface 
area in GRanD, and GRanD is not exhaustive, so global surface emissions from all reservoirs are potentially 
higher than ResME estimates.

ResME results also allow us to look at the methane contributions from reservoirs in different latitudinal bands 
(Figure 8b). Allochthonous carbon inputs contribute much more to total ebullition and diffusion emissions than 
autochthonous carbon inputs in tropical systems compared with temperate and northern systems (ratio of alloch-
thonous to autochthonous-fueled methane emissions are 0.43, 0.17, and 0.02 for tropical, temperate, and northern 
latitudes, respectively), reflecting higher riverine carbon transport in tropical systems (as modeled by WBMSed). 
The different latitudinal bands also demonstrate that potential turbine emissions are more uniform year-round in 
tropical systems than temperate systems. In temperate systems 5 months of emissions during the warm season 
contributes a higher fraction of potential annual emissions than in tropical systems. This is to be expected given 
the more uniform year-round temperatures in tropical systems.

Turbines are potentially large point sources. For example, 24% of reservoirs have maximum potential downstream 
emissions higher than anthropogenic super-emitters, defined as sources exceeding 0.3 t CH4/hr by Subramanian 
et al., 2015 (estimated by averaging output from oligotrophic, mesotrophic, and eutrophic scenarios and assum-
ing reservoirs stratify for a 5-month period) (Figure  9). If all GRanD reservoirs were either oligotrophic or 
eutrophic, 18% or 29% would exceed 0.3 t/hr. Note that these figures represent average turbine methane emission 
rates over a 5-month period, and peak emissions could be higher depending on temporal dynamics. Table S5 in 
Supporting Information S1 contains a list of the top 20 CH4 emitting reservoirs (based on downstream emissions), 
with estimations for maximum potential downstream emissions assuming year-round stratification and down-
stream emissions assuming a 5-month stratification period during warmest months and ebullitive + diffusive 
surface  emissions.

6. Future Research Needs to Reduce Uncertainty in Emissions Estimates
ResME represents an important step forward in reservoir emissions modeling because the biogeochemical frame-
work allows for a more detailed understanding of emissions drivers. However, ResME (as well as other empirical 
models of CH4 emissions) have large uncertainties. While these uncertainties are to be expected in complex, 
dynamic ecosystems such as reservoirs, significant reductions in uncertainty would help better constrain the 
potential carbon benefits from hydroelectric power as well as CH4 source-attribution in the global CH4 budgets. 

Figure 9. Cumulative frequency distributions for modeled maximum potential turbine CH4 emissions assuming mean trophic 
status and 5-month stratification (black line), assuming all reservoirs are oligotrophic (green line), or assuming all reservoirs 
are eutrophic (purple line). For comparison, the gray dashed line shows methane (CH4) emissions from a large anthropogenic 
point source, defined as 0.3 t CH4/hr (Subramanian et al., 2015).
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Some keys to reducing ResME uncertainty are to improve allochthonous POC loading estimates, add turbine 
intake depth information, increase sampling frequency and spatial coverage in field campaigns, increase studies 
of newly flooded reservoirs, and potentially use satellite CH4 measurements to constrain downstream emissions.

Dam design (e.g., turbine intake depth) greatly influences potential downstream emissions, yet the GRanD data-
base lacks information on the relative water intake height for each dam. Updating GRanD to contain this infor-
mation would allow us to narrow the range of estimated CH4 degassing at turbines. Additional studies to measure 
turbine degassing from deep-intake turbines would also help reduce the uncertainty around ResME estimates 
for turbine degassing, since we currently only have four studies measuring emissions from deep-intake turbines.

Uncertainty in the estimates of CH4 emissions from hydropower reservoirs, particularly recently-flooded reser-
voirs, could be reduced through more robust field campaigns to accurately estimate surface emissions. Recent 
work shows that accurately capturing the temporal and spatial heterogeneity in diffusive and ebullitive methane 
fluxes across seasons requires a significant investment of time and resources (Linkhorst et al., 2020; Paranaiba 
et al., 2021; Wik et al., 2016). Given the practical constraints on such extensive sampling, the large majority of 
studies do not attain this rigorous requirement. More extensive field campaigns could provide more accurate 
results, though such campaigns can be prohibitively time intensive. More CH4 emissions estimates from newly 
flooded reservoirs are especially important given the potential for very large emissions from these systems, and 
the current lack of data from systems less than 10 years old. More field campaigns in river deltas, where alloch-
thonous POC is likely to settle and where previous measurements have found significantly higher CH4 emissions, 
would also improve overall estimates of reservoir CH4 emissions.

Measured estimates of reservoir CH4 emissions could also be improved through remote sensing data from 
satellites. The TROPOMI instrument launched in October 2017 provides global daily mapping of atmospheric 
CH4 columns at 5.5 × 7 km pixel resolution but observation over water bodies is limited to the sunglint mode 
(Hasekamp et al., 2019; Lorente et al., 2021; Veefkind et al., 2012). One could still detect CH4 emissions from 
reservoirs by observing the enhancements transported over land, and quantify the source using inverse methods 
(Jacob et al., 2016; Maasakkers et al., 2019). The point source emissions from turbines could be detected and 
quantified by a new class of satellite instruments including GHGSat and PRISMA that observe atmospheric CH4 
plumes with ∼30 m pixel resolution and detection thresholds in the range 0.1–0.5 t hr −1 for ideal circumstances 
(Guanter et al., 2021; Jervis et al., 2021; Varon et al., 2019). Initial attempts to find turbine-related CH4 plumes in 
TROPOMI yielded promising results near the Lom Pangar dam in Cameroon. Figure 10 shows 2 days in Decem-
ber with a clear CH4 enhancement over the dam. Sentinel-2 visual imagery from December 25 shows that water is 
flowing through the dam during that time period (Gascon et al., 2017). The GHGSat satellite instrument targeted 
at point source observations was also able to detect a CH4 plume from turbine outgassing over the Lom Pangar 
dam (Jervis et al., 2021). Assuming a source rate detection threshold of 0.25 t hr −1 from satellite instruments, 
25% of the GRanD reservoirs could have detectable turbine fluxes (if turbines pull from a CH4-rich hypolimnion).

7. Conclusions
ResME's estimate of 2.8 Tg CH4-C yr −1 emitted from hydropower facilities via ebullition and diffusion falls 
within the range of previously estimated emissions from hydropower reservoir surfaces, which estimated emis-
sions around 3–4.4 Tg CH4 yr −1 (Barros et al., 2011; Deemer et al., 2016; Li & Zhang, 2014). ResME estimates 
of maximum possible turbine degassing at 11 Tg CH4-C yr −1 is also comparable to a previous estimate of 7.4 Tg 
CH4 yr −1 (Li & Zhang, 2014). However, large uncertainties remain, and substantial work will be needed to reduce 
this uncertainty. The process focus of ResME allows for a deeper understanding of the factors affecting CH4 
emissions from hydropower. The relative importance of different carbon inputs to methane emissions also vary 
across the globe, with tropical latitude reservoirs typically having a higher relative fraction of methane produced 
from allochthonous carbon inflows. As our results have shown, data on turbine intake depth is the most impor-
tant factor for predicting hydropower methane emissions, pointing to the need for global records on hydropower 
reservoir turbine depths.

Contributions from newly flooded carbon can substantially increase CH4 emissions in the few years after reser-
voir creation, though more field measurements are needed to reduce uncertainty. Improving estimates for newly 
flooded reservoirs will be particularly important in the future, since there were 3,700 new hydropower dams 
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planned as of 2015 (Zarfl et al., 2015). Predicting, and potentially mitigating, the CH4 emissions from these new 
systems will require more detailed data describing how CH4 emissions evolve after reservoir creation.

Data Availability Statement
All model code and input data necessary to run ResME are available in a GitHub release (https://github.com/kyleb-
delwiche/ResME) and on Zenodo (https://doi.org/10.5281/zenodo.6930246). Global CH4 emissions estimates 
from hydropower are provided on Zenodo (https://doi.org/10.5281/zenodo.6360747). Emissions are divided into 
reservoir surface emissions (ebullition + diffusion) and potential dam emissions, and are provided for reservoirs 
in the GRanD database. Reservoir locations are reported as the reservoir latitude and longitude in the GRanD 
database (https://globaldamwatch.org/grand/). SibCASA carbon pool data are available at https://daac.ornl.gov/
cgi-bin/dsviewer.pl?ds_id=1225. MERRA2 annual temperature data is available at https://disc.gsfc.nasa.gov/
datasets?project=MERRA-2. TROPOMI data are available at https://ftp.sron.nl/open-access-data-2/TROPOMI/
tropomi/ch4/14_14_Lorente_et_al_2020_AMTD/. Information for how to download WBMSed model results 
available at https://sdml.ua.edu/datasets-2/. GEOS-FP wind data are available at: gmao.gsfc.nasa.gov/GMAO_
products. Sentinel- 2 data are available from the Copernicus Open Access Hub (https://scihub.copernicus.eu), 
and data used here was obtained from the Sentinel Hub EO Browser (https://apps.sentinel-hub.com/eo-browser/).
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