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Key points:  20 

1. Our mechanistic model (ResME) illuminates the main drivers of hydropower methane emissions. 21 

2. Emissions from hydropower turbines are comparable to surface emissions when turbines have deep 22 

water intakes. 23 

3. We estimate global emissions from hydropower surfaces as 4.3 Tg C/yr (0.9 – 20.1 Tg C/yr), plus up to 24 

6.6 Tg C/yr from degassing at turbines.  25 



Abstract 26 

 27 

Methane (CH4) emissions from flows through the turbines of hydroelectric reservoirs and newly 28 

flooded carbon can contribute to substantially larger CH4 emissions from reservoirs compared with lakes.  29 

As the world economy transitions to renewable forms of energy production, understanding the processes 30 

affecting CH4 emissions from hydroelectric reservoirs is important for developing mitigation efforts.  31 

Here we develop ResME ((Res)ervoir (M)ethane (E)missions), the first process-based model of CH4 32 

emissions that estimates carbon inputs and methanogenesis to mechanistically predict CH4 release via 33 

ebullition and diffusion, plant emissions, and maximum potential turbine emissions. We find that ResME 34 

results are correlated with, and relatively unbiased against, field measurements from a subset of global 35 

reservoirs (r2 = 0.35, fractional bias = -0.02, n = 57, log-scale), when excluding carbon inputs from 36 

allochthonous particulate organic carbon.  Mean global estimates of CH4 diffusive, ebullitive, and plant 37 

emissions from all hydroelectric reservoirs in a global database are 4.3 Tg C/yr (0.9 – 20.1 Tg CH4-C yr-38 

1), with an additional maximum contribution of 6.6 Tg C/yr from turbine emissions at the dams.  Turbine 39 

emissions have the potential to be globally significant, although the actual contribution will be dependent 40 

on turbine intake depths which are unknown for many reservoirs.  A preliminary estimate of newly 41 

flooded reservoirs suggests that flooded carbon contributes to substantially higher CH4 emissions over the 42 

first 10 years post-flooding compared with after the initial 10-year period, though more field 43 

measurements are needed to constrain this contribution. 44 

 45 

 46 

 47 

  48 

Plain Language Summary   49 

 Methane is an important greenhouse gas and is naturally produced in the sediments of 50 

lakes and reservoirs (among many other locations).  Hydropower reservoirs produce renewable 51 

energy, yet can also emit substantial amounts of methane both from their surfaces and from their 52 

turbines and downstream reaches.  While some existing studies estimate the global methane 53 

release from hydropower, they do not contain the biological, chemical, and physical basis to 54 

understand what controls the methane emissions.  We have built the Reservoir Methane 55 

Emissions model (ResME) using estimations of carbon input, rates of methane production, and 56 



methane movement within the reservoir.  ResME results show that excessive algae growth within 57 

reservoirs leads to substantially higher methane emissions.  We can use the model to understand 58 

why certain reservoirs produce more methane than others, and how emissions may change in the 59 

future. 60 

1. Introduction 61 

Hydroelectric power is the dominant source of renewable energy globally, comprising 62 

13% of global electricity production in OECD (Organization for Economic Co-operation and 63 

Development) countries (International Energy Agency, 2018), and 2.5% of global energy 64 

production in 2017.  While electricity from hydropower can replace electricity from carbon-65 

intensive sources such as coal and gas, reservoirs also emit methane (CH4) which could negate 66 

some of the carbon benefits of switching to hydropower.  CH4 is a potent greenhouse gas with 67 

>32 times the warming potential of carbon dioxide over a 100-year time horizon (Etminan et al., 68 

2016). Multiple international agencies are currently working to quantify and predict CH4 69 

emissions from hydroelectric facilities. Prior global emissions estimates are 3 Tg C as CH4 yr-1 70 

from reservoir surfaces (Barros et al., 2011), and 13.3 Tg C as CH4 yr-1 from reservoir surfaces, 71 

spillways, turbines, river reaches below dams, and periodically inundated drawdown areas 72 

around the reservoir (Li & Zhang, 2014).  While useful, these estimates were empirical and not 73 

based on a mechanistic understanding of reservoir CH4 production.  Here we develop, describe, 74 

and apply a new mechanistic model for global CH4 emissions to the atmosphere from 75 

hydroelectric reservoirs.  The mechanistic basis of our model provides key insight into the 76 

biogeochemical processes controlling hydropower CH4 emissions, and applying our model 77 

globally produces spatially resolved emissions estimates that can be compared with observations. 78 

Hydroelectric reservoirs produce CH4 via processes similar to those in natural lake 79 

ecosystems, with several important differences.  In both lakes and reservoirs, carbon inputs come 80 

from primary production within the reservoir (Deemer et al., 2016; DelSontro et al., 2019), and 81 

inputs of allochthonous carbon from the watershed (Jansson et al., 2007; Jones 1992).  In 82 

contrast to lakes, hydroelectric reservoirs can also have a large carbon input from the vegetation 83 

and soil carbon flooded during reservoir creation, which can fuel CH4 production.  (Abril et al., 84 

2005; Barros et al., 2011; Tremblay et al., 2005; Venkiteswaran et al., 2013).  Furthermore, 85 



reservoirs can have enhanced CH4 production compared to freshwater lakes due to sediment 86 

trapping behind dams (Maeck et al., 2013).  Methane emissions per square meter are estimated to 87 

be roughly 3x higher in reservoirs than in lakes (Deemer et al., 2016).  Methane production 88 

occurs in sediments where anaerobic microbes respire carbon and produce CH4.  Recent research 89 

also suggests that significant quantities of CH4 are produced within the oxic water column and 90 

are associated with primary production (Bižić-Ionescu et al., 2019; Bogard et al., 2014; Grossart 91 

et al., 2011; Günthel et al., 2019; Yao et al., 2016).  92 

As with lakes, CH4 produced in hydroelectric reservoirs can be released via diffusion at 93 

the air-water interface, ebullition from the sediments, and vascular transport (Bastviken et al., 94 

2011; Borrel et al., 2011; Casper et al., 2000; Walter et al., 2006).  However, in hydroelectric 95 

reservoir systems CH4 can also be emitted at turbine outlets (and immediately downstream of 96 

dams), where dissolved CH4 in the water can quickly degas to the atmosphere  (Fearnside 2002; 97 

Kemenes et al., 2007).  Depending on the CH4 concentration and the flow rate through the 98 

turbines, CH4 degassing events can be large enough to be seen from space with instruments such 99 

as the GHGSat satellite which observed a plume over the Lom Pangar dam in Cameroon 100 

(Strupler et al., 2019). 101 

  Understanding the global CH4 emission from hydroelectric facilities is critical to 102 

evaluating the carbon-neutrality of this power source.  Prior studies have used statistical 103 

relationships to predict atmospheric CH4 emissions from reservoir properties such as littoral area, 104 

mean annual temperature, age, chlorophyll a concentration, and mean depth (Barros et al., 2011; 105 

Deemer et al., 2016; DelSontro et al., 2019). Predictor variables such as total phosphorus, 106 

latitude, and temperature are inconsistent across studies, and some models neglect emissions 107 

from turbine degassing and downstream emissions, which can be comparable to emissions from 108 

ebullition (Deemer et al., 2016). More recently, the GHG Reservoir Tool (G-RES) has been 109 

developed to help reservoir managers estimate potential CH4 emissions (Prairie et al., 2017).  110 

While the G-RES tool includes the most thorough consideration of reservoir greenhouse gas 111 

emissions to date, including estimations of emissions prior to reservoir construction and during 112 

dam building, it still relies on empirical relationships to estimate CH4 emissions from multiple 113 

environmental drivers. The main objective of this work is to formalize our understanding of the 114 

physical drivers of CH4 emissions from hydroelectric reservoirs in a global, mechanistic model 115 



for CH4 emissions to the atmosphere ((Res)ervoir (M)ethane (E)missions model, or ResME).  116 

While existing estimates of CH4 emissions from reservoirs and hydropower facilities rely on 117 

empirical associations with environmental parameters, our model is based on fundamental 118 

biogeochemical modeling with no empirical fitting.   119 

We evaluate the model using available measurements of CH4 emissions from 57 120 

hydroelectric facilities.  We apply the model to estimate the potential contribution of turbine 121 

outflow CH4 emissions to total reservoir emissions, as well as the potential contribution from the 122 

biomass flooded during reservoir creation.  We construct a global, spatially resolved inventory of 123 

CH4 emissions from hydroelectricity that can be used as prior estimate in inversions of 124 

atmospheric CH4 observations.  We use our analysis to identify key uncertainties in processes 125 

affecting global CH4 from hydropower facilities and discuss data needed to improve future 126 

emissions projections. 127 

  128 

2. Model Development 129 

ResME includes parameterizations for (Figure 1): 130 

 131 

(1) Carbon inputs to methanogenesis from flooded soil and biomass carbon, autochthonous input, 132 

and allochthonous input  133 

(2) CH4 production in anoxic sediment  134 

(3) CH4 release via diffusion, ebullition, and vascular transport, and turbine degassing release 135 

(which depends on turbine intake depth). 136 

  137 

 138 



 139 

Figure 1.  Schematic of hydroelectric reservoir and factors contributing to CH4 production and 140 

transport.  Carbon sources for methanogenesis are shown in green, CH4 emissions pathways in 141 

red, CH4 removal pathway in blue, and internal CH4 fate/transport pathways in purple. Dashed 142 

arrows indicate internal transport. All sources and fates shown are explicitly modeled, except for 143 

those with dashed underlines (diffusion and CH4 accumulation).   144 

2.1 Carbon inputs to methanogenesis from autochthonous input, 145 

allochthonous input, and flooded carbon 146 

We include three sources of organic carbon (Ct in Equation 1) as substrate for methanogenesis: 147 

a) autochthonous carbon generated by primary producers (such as algae) within the reservoir; b) 148 

allochthonous carbon from connecting rivers; and c) the soil carbon and biomass carbon present 149 

in the reservoir landscape prior to flooding. 150 

2.1.1 Autochthonous input  151 

We estimate autochthonous carbon (carbon coming from inside the aquatic system, in 152 

this case the reservoir) primary production in different reservoirs using literature-reported trophic 153 

status.  Trophic status is a categorization reflecting the amount of biological productivity 154 

occurring in a water body.  Trophic status is reported in the literature as oligotrophic (low 155 

productivity), mesotrophic (medium productivity), or eutrophic (high productivity).  Each 156 

trophic state has a characteristic range of nutrient loading, chlorophyll a concentration, and 157 



primary productivity (such as algal growth) (Wetzel, 2001).  Primary production in freshwater 158 

systems ranges from less than 50 mg C m-2 day-1 for oligotrophic systems to ~8000 mg C m-2 159 

day-1 for some highly eutrophic systems (Likens, 1975; Wetzel, 2001). Based on numerous field 160 

measurements, we estimate mean primary production for oligotrophic, mesotrophic, and 161 

eutrophic reservoirs as 151, 570, and 2019 mg C m-2 day-1, respectively (Kimmel et al. 1990).   162 

Not all autochthonous carbon settles to the sediment where it is available for 163 

methanogenesis.  The amount of autochthonous carbon that settles has been estimated as around 164 

80% by Teodoru et al., 2013, and 20% by Ostrovsky and Yacobi, 2010; we use an intermediate 165 

value of 50%. 166 

2.1.2 Allochthonous input  167 

Allochthonous carbon is carbon sourced from outside the aquatic system, such as from 168 

the surrounding watershed.  Dissolved and suspended particulate organic carbon (DOC and POC, 169 

respectively) is delivered to reservoirs by rivers, and a portion of each carbon form is 170 

subsequently buried in the sediment (Wachenfeldt et al., 2009). We estimate POC inputs to 171 

sediment based on the total river sediment load (Equation S1-S2; Meybeck, 1982). Total 172 

sediment load is predicted from drainage basin size, relief, temperature, soil freeze/thaw cycles, 173 

and soil formation rates (Syvitski et al., 2003).  Allochthonous POC input is then estimated as a 174 

function of total sediment load (Beusen et al, 2005).  Since not all sediment entering the 175 

reservoir will be trapped, we estimate trapping efficiency based on hydraulic residence time 176 

(Equation S3, Vorosmarty et al., 2003). The ratio of DOC to total organic carbon (DOC + POC) 177 

has been found to decrease with increased suspended sediment load (Equation S4; Meybeck, 178 

1982).  Flocculation (fine particles clumping together and settling) rates for incoming DOC vary 179 

with temperature (Equation S5, Wachenfeldt et al., 2009). Additional details are available in the 180 

Supporting Information, including Tables S1-S3. 181 

2.1.3 Flooded carbon  182 

Annual average organic carbon for 12 different carbon pools (including leaf, fine root, 183 

wood, and woody debris pools, as well as metabolic, structural, and microbial pools both above 184 

and below ground) within each flooded reservoir is estimated based on a global terrestrial carbon 185 



model with 0.5 x 0.5 degree gridded monthly resolution (SibCASA, Schaefer et al., 2008).  186 

Flooded carbon input at the time of reservoir creation was assumed to be the sum of the 187 

SibCASA carbon pools at the reservoir location. Since lignin inhibits decay (Van Coillie et al., 188 

1983) to the point that no wood decay was observed in a recently flooded reservoir (Hall and St 189 

Louis, 2004), we excluded the SibCASA carbon pools of wood and woody debris. 190 

 191 

2.2 Methane production in anoxic sediment  192 

 193 

We model daily CH4 production (Pt, mg CH4 m-2 day-1) associated with decay of organic carbon 194 

following (Vachon et al., 2017): 195 

𝑃  =  = 0.5 ×  𝑘  × 𝐶                                                              (1) 196 

where Ct is the bulk carbon content of age t in the sediment (mg C m-2), 𝑘𝑡 is the age-dependent 197 

decay constant for the mixture of organic material, and 0.5 reflects the fact that some carbon is 198 

converted to CO2 instead of CH4 (the exact ratio depends on the fraction of aerobic to anaerobic 199 

decomposition and the ratio of acetoclastic to hydrogenotrophic methanogenesis (Conrad et al., 200 

2005), which is beyond the scope of ResME to determine).  Since Equation 1 represents the 201 

methanogenesis for carbon of a particular age, carbon pools containing carbon of different ages 202 

will require a sum of Pt values (see Equation 3).  203 

2.2.1 Reactive continuum model for organic carbon decay (k) 204 

Recent work has shown that reactive continuum decay models successfully predict decay 205 

patterns for heterogeneous carbon pools (Catalan et al., 2017; Koehler et al., 2015). Reactive 206 

continuum models allow the decay rate (kt-) to vary based on organic carbon type, and to change 207 

during the decomposition process as labile compounds are consumed (Boudreau and Ruddick, 208 

1991; Koehler et al., 2012; Mostovaya et al., 2017; Vachon et al., 2017).  Variable decay rates 209 

are important because biomass from autochthonous primary production is more readily degraded 210 

by methanogens compared to other terrestrial carbon sources (Gudasz et al., 2012; West et al., 211 



2016; Zhou et al., 2019). Additionally, non-lignin components of biomass are more labile than 212 

wood, which is relatively recalcitrant (Moran et al., 1989; Koehler and Tranvik, 2015). 213 

We used the reactive continuum decay model to estimate the apparent decay constant, k,  214 

following the parameterization described by (Boudreau et al., 2008), and the Arrhenius 215 

correction for temperature described by (Venkiteswaran et al., 2007): 216 

𝑘  =  
(   )

× 1.047( 20)                                                            (2) 217 

                                                       218 

where t is carbon age (in days), α is a rate parameter related to the average lifetime of the more 219 

labile carbon compounds, v is a unitless parameter related to the relative abundance of more 220 

recalcitrant compounds (Boudreau et al., 2008), and T is sediment temperature (C).  The 221 

parameters α and v have been determined experimentally by others for a range of organic matter 222 

types, and the parameter values (with literature sources) we use in ResME are provided in Table 223 

1 (discussed below).  Values for riverine carbon are taken from Vachon et al. (2017).  224 

Autochthonous decay parameters were estimated from decay experiments using DOC from 225 

clearwater lakes, which are higher in autochthonous carbon than dystrophic lakes (Koehler et al., 226 

2012). For flooded carbon, we use average values of α and v from a leaf litter decomposition 227 

study by Koehler and Tranvik (2015). Since Koehler and Tranvik (2015) studied leaf 228 

decomposition in air, we multiplied α, the average lifetime of the more labile carbon compounds, 229 

by 0.5 based on experiments showing underwater decay is roughly twice as fast as decay in air 230 

(Hall and St. Louis, 2004). 231 

 232 

 233 

Table 1: Decay constants used in reactive continuum decay modeling for autochthonous, 234 

allochthonous, and flooded carbon sources. 235 



 
α1 

(days) 

v2 

(dimensionless)  

Autocthonous carbon 25.23 0.113 

Allocthonous carbon 55.34 0.1374 

Flooded carbon 3545  0.845  

Note: 236 

1 Average lifetime of the more reactive compounds 237 

2 Relative abundance of the most recalcitrant compounds 238 

3 Koehler et al., 2012.  Values measured for primarily autochthonous DOC. 239 

4 Vachon et al., 2016.  Average values measured for allochthonous DOC. 240 

5 Koehler et al., 2015. Average values measured for leaf decomposition.  Since decomposition 241 

was measured in air, and plant matter decomposition is faster underwater (Hall and St. Louis, 242 

2004), α values were decreased by half. 243 

 244 

Allocthonous and autochthonous carbon are continually being added to a reservoir 245 

system, which requires additional terms to Equation 2.  Upon addition to the model reservoir, a 246 

portion of this 0-day-old carbon is mineralized (following Eqs. 1 and 2, where t = 0) and the 247 

remainder rolls over into the 1-day-old carbon pool where t becomes 1 (Figure 2).  The modeling 248 

therefore requires accounting for the daily input of fresh carbon, the transfer of unmineralized 249 

carbon after each day to the next oldest age pool, and different decay parameters for every age 250 

pool.  After accounting for these additions, the total CH4 production (Ptot) for a reservoir of age A 251 

is: 252 

𝑃𝑡𝑜𝑡 =  ∑  ∑   0  
× 𝐶 × 1.047( 20)                                       (3) 253 

Where t  is the age of the carbon input in each daily age class, A is the current age of the 254 

reservoir, T is the sediment temperature, Ct  is the carbon content in each daily age class, and 255 



results from different carbon sources (Csource) are summed. Running a decay model with a daily 256 

timestep is computationally expensive. To simplify the process, we created a series of look-up 257 

tables for a range of reservoir ages and temperatures (Tables S4-S6).  Methane production is 258 

estimated by multiplying the values in the look-up table by the daily carbon input value (ie: daily 259 

autochthonous or allochthonous loading in g/m2). We created three different tables for the 260 

combinations of α and v for flooded carbon, allochthonous input, and autochthonous input (α and 261 

v from Table 1).  The maximum reservoir age in the look-up tables is 100 years, since values for 262 

autochthonous and allochthonous carbon-based production were found to change less than 0.1% 263 

per year after 100 years, and flooded carbon-based CH4 production is negligible after 100 years).  264 

For reservoirs older than 100 years, we use the look-up parameter for 100-year-old reservoirs in 265 

Tables S4-S6.  By using the look-up tables, total CH4 production (Ptot) is simplified to: 266 

𝑃 =  𝑅 (𝐴, 𝑇) × 𝐴𝑢𝑡𝑜𝐶 +  𝑅 (𝐴, 𝑇) × 𝐴𝑙𝑙𝑜𝑐𝐶 +  𝑅 (𝐴, 𝑇) × 𝐹𝑙𝑜𝑜𝑑𝑒𝑑𝐶               (4) 267 

 Where AutoC and AllocC are the daily inputs of autochthonous and allochthonous 268 

carbon, respectively, and FloodedC is the biomass and soil carbon flooded during reservoir 269 

creation (in mg CH4-C/m2).  R1, R2, R3 are the look-up parameters from Tables S4-S6 for 270 

autochthonous carbon, allocthonous carbon, and flooded carbon (respectively) for each 271 

reservoir’s age (A) and sediment temperature (T) (sediment temperature calculations described 272 

below). 273 

  274 



 275 

Figure 2: Model schematic showing carbon pool progression across lifetime of reservoir (age = 276 

N), for one carbon type.  Total methanogenesis (Ptot) is the sum of methanogenesis from each 277 

carbon type (autochthonous, allochthonous, and flooded carbon).  Variable descriptions are 278 

associated with Equations 1 and 2 in the main text. 279 

2.2.2 Sediment temperature 280 

        Sediment temperature affects methanogenesis rates, and is therefore necessary to calculate 281 

total CH4 production.  Sediment temperature is tied to reservoir stratification status, with 282 

sediments in deeper, unmixed waters being colder than littoral, well mixed waters.  Sediment 283 

temperature in the hypolimnion can be estimated as a function of latitude (Equation S7), and 284 

peak epilimnetic temperatures can be modelled based on mean July air temperature (January for 285 

the Southern Hemisphere), mean annual air temperature, Julian date of maximum temperature, 286 

and longitude (Equation S6) (Sharma et al., 2007).  The occurrence and duration of stratification 287 

is a function of parameters such as water transparency, wind speed, and reservoir morphology, 288 

and can be modeled with significant input data  ( Lee et al., 2013; Noori et al., 2019; Yigzaw et 289 

al., 2019).  For simplicity, and to allow for ResME application in systems without detailed 290 

information, we assume that sediment temperature under water columns less than 5 m deep 291 

equals peak epilimnetic temperature (Equation S6) for 2 months per year.  Temperatures the 292 



remainder of the year, and for all depths greater than 5 m, are equal to the hypolimnetic 293 

temperature (Equation S7). We assess the model sensitivity to temperature assumptions in the 294 

Sensitivity Analysis section. 295 

To translate the epilimnetic temperatures and hypolimnetic temperatures to an areal basis, 296 

we needed to estimate the fraction of each reservoir with sediments above and below 5 m.  While 297 

we do not have detailed bathymetry for each reservoir in the set of reservoirs with field CH4 298 

estimates that we use for model comparison, the Global Reservoir and Dam Database (GRanD) 299 

database provides footprints for many reservoirs (Lehner et al., 2011).  We can simulate the 300 

bathymetry of each reservoir by assuming a linear slope between reservoir shore and the 301 

maximum basin depth at the maximum distance from shore (Figure 3).  The resulting sediment 302 

slope provides an estimated water column depth throughout the reservoir (see Figure 3 inset).  303 

For all reservoirs, dam heights are available from GRanD or individual sources (see Table S7).  304 

We estimate the maximum reservoir depth as 90% of the dam height, thereby roughly accounting 305 

for the vertical distance between the designed water surface and the top of the channel bank 306 

(freeboard). We use this modeled bathymetry to estimate the sediment surface area at depths 307 

greater and less than 5m.  For reservoirs in our comparison data set that do not have GIS 308 

footprints in GRanD, we assume the ratio of epilimnetic to hypolimnetic sediments is 0.5. 309 

 310 



Figure 3:  Estimated bathymetry for Foster reservoir in Oregon, USA based on the reservoir 311 

footprint and maximum depth.  312 

2.3 Methane release via diffusion, ebullition, and vascular transport, and 313 

turbine degassing release assuming deep water turbine intake. 314 

         The fate of CH4 produced in the reservoir sediment (Ptot, mg C/m2/day, Equation 5) is 315 

partitioned by mass balance in to five potential fates: 316 

𝑃 =  𝑂𝑥 + 𝐸 + 𝐷 + 𝑇 + 𝐴                                      (5) 317 

where Ox is internal oxidation, Eb is ebullition, Df is diffusive emission, Tb is emission through 318 

turbines (or immediately downstream of the dam), and Ap is transport through plant tissue 319 

(parameter estimates explained below).  The balance of CH4 partitioning between oxidation, 320 

diffusion, ebullition, turbine output, and plant tissue is determined by complex interactions 321 

between physical, chemical, and biological forces across both space and time.  ResME uses 322 

simple theoretical relationships and literature estimates to parameterize and estimate the five 323 

potential CH4 fates. 324 

2.3.1 Oxidation and Turbine Emissions 325 

Internal oxidation within a stratified reservoir is thought to occur primarily along the 326 

oxycline, where CH4 diffuses upwards and encounters methanotrophs in aerobic water.  Methane 327 

is rapidly depleted at the oxycline, and the amount of CH4 diffusing upwards determines the rate 328 

of oxidation.  Processes that decrease the amount of dissolved CH4 in the hypolimnion of the 329 

reservoir will decrease internal CH4 oxidation at the oxycline.  Thus, turbines that pull water 330 

from a CH4-rich hypolimnion will directly reduce the amount of CH4 available for oxidation.  331 

Turbines that pull water from a CH4-poor epilimnion should not affect oxidation rates.  ResME 332 

therefore assumes Ox and Tb are directly and negatively coupled such that increased CH4 release 333 

through the turbines leads to a decrease in internal oxidation within reservoirs.  ResME does not 334 

include emissions estimates for the fall, when potentially CH4-rich water from the hypolimnion 335 

gets mixed with the epilimnion (“fall turnover”) and can therefore diffuse to the atmosphere.  336 



Some studies suggest that CH4 oxidation during fall turnover is rapid enough to prevent 337 

significant fall CH4 emissions (Utsumi et al., 1998; Kankaala et al., 2007; Schubert et al., 2012.; 338 

Mayr et al., 2020), though this is not true for all water bodies (Fernandez et al., 2014). 339 

Much of the literature on whole-system oxidation rates (Ox) comes from relatively 340 

shallow lakes, where oxidation is found to consume roughly 50% of total CH4 production.  341 

(Almeida et al., 2016; Bastviken et al., 2008; Schmid et al., 2017).  This estimate for oxidation as 342 

a percentage of production in shallow lakes can be expanded to deeper water bodies by 343 

considering that in deep water, bubble dissolution can contribute significantly to the amount of 344 

dissolved CH4 available for oxidation (Delwiche and Hemond, 2017; Schmid et al., 2017).  The 345 

amount of bubble dissolution is a function of reservoir depth (McGinnis et al., 2006).  We 346 

therefore assume that total potential oxidation (Ox) is a minimum of 50% of total CH4 347 

production, plus a depth-dependent fraction to account for bubble dissolution: 348 

 349 

                   𝑂𝑥 + 𝑇 = (0.5 + 𝐵𝑢𝑏 ) × 𝑃                 (6) 350 

  where Bubdiss describes a linear increase in oxidation and/or turbine release with reservoir depth 351 

(described below).   Thus, we estimate that when turbines pull from the hypolimnion, maximum 352 

potential turbine release is (0.5 + Bubdiss) x P, and internal oxidation is zero.  Conversely, turbine 353 

release is assumed to be zero when turbines pull from the epilimnion, and internal oxidation is 354 

(0.5 + Bubdiss) ×  P. 355 

To estimate Bubdiss, we first recognize that bubbles in aquatic systems are typically 356 

around  5mm in diameter (DelSontro et al., 2015; Delwiche and Hemond, 2017; Ostrovsky et al., 357 

2008), and 5 mm bubbles are expected to completely dissolve in 60m water columns (McGinnis 358 

et al., 2006). We therefore model the spatially average Bubdiss as: 359 

𝐵𝑢𝑏  =  
0.3 × 

0.3
                 

  
     (7) 360 

   where d is the average reservoir depth (m).  The 0.3 parameter represents the maximum 361 

fraction of CH4 production that could contribute to bubble dissolution.  This parameter is less 362 



than 0.5 because even in deep systems, some of the produced CH4 will still escape to the 363 

atmosphere from littoral zones.  364 

2.3.2 Plant emissions          365 

Total transport through vascular plant tissue (Ap) depends on many factors, including plant type, 366 

water column depth, plant coverage, and length of vegetation period.  Bastviken et al. (2011) 367 

estimate vascular plant transport (Ap) at approximately 16% of emissions due to diffusion and 368 

ebullition (Eb + Df): 369 

𝐴 = 0.16 × (𝐸 +  𝐷 )      (8) 370 

                                                        371 

 372 

 373 

2.3.3 Diffusive and ebullitive emissions     374 

Combining Equations 5-8 yields an estimate of ebullitive and diffusive emissions that depends 375 

on total CH4 production (Ptot) and the depth-dependent parameter Bubdiss: 376 

 377 

  𝐸  +  𝐷  =  
1.16

[1 −  0.5 × 𝐵𝑢𝑏 ]                                  (9) 378 

  Many field studies report ebullition and diffusion estimates from reservoir surfaces, and 379 

we can compare these field estimates with the estimations from Equation 9. 380 

 381 

3.0 Evaluating Model Methodology 382 

 We ran ResME for a subset of global reservoirs with the necessary ancillary information 383 

to estimate all model parameters.  In addition to comparing CH4 emissions from ResME to field 384 



data, we also assessed ResME calculations for the key parameters of sediment temperature and 385 

allochthonous carbon inputs. We focused on allochthonous carbon inputs because these were 386 

calculated based on watershed parameters and were not constrained by measurements, whereas 387 

autochthonous carbon and flooded carbon were already based on published assessments of 388 

trophic status (for autochtonous carbon), or published global carbon maps (flooded carbon). 389 

3.1 Field measurements for comparison 390 

We found 57 hydroelectric reservoirs (hereafter referred to as the “reservoir subset”) with 391 

corresponding diffusive and ebullitive CH4 measurements, and all necessary ancillary 392 

information for ResME.  Many of these studies were compiled by Barros et al., 2011, Deemer et 393 

al., 2016, and Prairie et al., 2017, with a few more having been published more recently (Table 394 

S7).  These reservoirs represent a range of sizes, flow rates, and geographical locations spanning 395 

the globe (Figure 4).  We can compare these reservoirs to the 2,462 hydropower reservoirs in 396 

GRanD, where GRanD is a global, geographically referenced list of reservoirs and associated 397 

metadata (Lehner et al., 2011).  The reservoir subset over-represents large reservoirs compared to 398 

their size-based prevalence in GRanD, while flow rates and latitude are more representative of 399 

GRanD values (Figure S1). The 57 reservoirs in our subset represent 12% of the discharge from 400 

all reservoirs in the GRanD database, which reflects the fact that our reservoir subset is skewed 401 

towards large systems.  Reservoirs in the subset contain a relatively even mix of trophic statuses 402 

(21 oligotrophic to oligo-mesotrophic reservoirs, 17 mesotrophic reservoirs, and 20 meso-403 

eutrophic to eutrophic reservoirs).  404 

 405 



 406 

Figure 4:  All hydroelectric reservoirs in the GRanD database (grey dots).  Reservoirs with field 407 

data that were compared to model results (“reservoir subset”) are colored based on trophic status. 408 

 409 

3.2 Temperature results 410 

We compared model outputs (see Table S8) to field measurements for hypolimnetic and 411 

epilimnetic temperature from the reservoir subset.  ResME maximum surface water temperatures 412 

approximately match measured peak water temperatures across a wide range of latitudes (Figure 413 

S2a).  Modeled hypolimnetic temperatures were systematically lower than measured values by 6 414 

+- 2 °C (Figure S2b), which may be because Equation S7 for hypolimnetic temperature was 415 

derived for lakes, whereas reservoirs have different hydrodynamics.  To assess the impact of a 416 

bias in hypolimnetic temperatures, we increased hypolimnetic temperatures by 5% in our model 417 

sensitivity analysis (discussed below).  418 

 419 

3.3 Allochthonous carbon inputs 420 

To assess the representativeness of the allochthonous POC inputs calculated in ResME, 421 

we compared ResME estimates of riverine total suspended solids (TSS) and POC concentration 422 

to global compilations of river measurements from the GEMS-GLORI database (Meybeck and 423 



Ragu, 2012) (Figure S3).  The ResME distribution of TSS concentrations in our reservoir subset 424 

is significantly higher than the global distribution in GEMS-GLORI (p < 0.001, using a 425 

Kolmogorov-Smirnov test). Global mean and median TSS values are 1918 and 194 mg/L, 426 

respectively, while mean and median TSS from the ResME reservoir subset are 2295 and 677 427 

mg/L, respectively. Similarly, estimates for riverine POC are also higher than the global 428 

distribution from GEMS-GLORI (p < 0.001), with mean[median] of 8.9[2] mg/L globally, and 429 

27[5.8] mg/L for the reservoir subset (Figure S4).  This could either be because ResME 430 

overestimates riverine POC inputs, or because our reservoir test set is systematically biased 431 

towards rivers with higher POC concentrations. We discuss this further below. 432 

 433 

4.0 Evaluating Model Results 434 

4.1 Contribution of each carbon source to methanogenesis 435 

 For most of the reservoir subset, ResME estimates that the majority of methanogenesis 436 

comes from the decay of autochthonous carbon and allochthonous POC inputs (26 ± 25% and 62 437 

± 29% of total methanogenesis, respectively), with the remaining coming from allochthonous 438 

DOC and flooded carbon inputs (5 ± 5% and 7 ± 19% of total methanogenesis, respectively) 439 

(Figure 5).  Allochthonous POC tends to be more important for oligotrophic and mesotrophic 440 

systems, whereas autochthonous carbon is the primary carbon source for methanogenesis in 441 

many of the eutrophic reservoirs.  Allochthonous inputs from flocculated DOC comprises at 442 

most 29% of methanogenesis, and flooded carbon only exceeds 10% of total methanogenesis in 443 

5 of the 57 reservoirs (average age of 5 reservoirs with highest methanogenesis from flooded 444 

biomass = 5 years).  The relative contribution of flooded biomass to total methanogenesis is 445 

highly dependent on reservoir age.  Since the average age of reservoirs within our subset is 50 446 

years, the CH4 contribution from flooded biomass is relatively low.  Relative contributions from 447 

flooded carbon dominate in very young systems (Figure 5). 448 

 While the relative contributions from different carbon sources are useful for 449 

understanding the dominant drivers of methanogenesis in reservoirs, the uncertainty associated 450 



with these estimations is high.  For example, while we have chosen single values of primary 451 

production for each trophic status, the ranges of potential primary production within each trophic 452 

status vary widely (Wetzel, 2001).  The relative simplicity of ResME calculations allows the 453 

model to be applied to a global range of reservoirs even with minimal site-specific information.  454 

However, reducing uncertainty in reservoir-specific modeling results would require more 455 

detailed site-level input information and modeling parameters. 456 

 457 

 458 

Figure 5.  Carbon source for daily methane (CH4) production, shown as percentage of total 459 

methanogenesis, and colored by carbon type.  Reservoirs are grouped by trophic status, and 460 

parenthetical numbers after reservoir names are reservoir ages, in years. 461 

 462 



4.2 Ebullitive and diffusive emissions, with contributions from each carbon 463 

source 464 

ResME predictions for ebullitive and diffusive CH4 emissions are correlated with, but 465 

substantially over-predict, field measurements (r2 = 0.23, p = 0.0001, mean fractional bias = 466 

0.86).  Here we use the mean fractional bias (MFB) to estimate how biased ResME estimates are 467 

compared with field observations of CH4 flux.  MFB is: 468 

𝑀𝐹𝐵 =  
2

𝑁

𝐶 , −  𝐶 ,

𝐶 , +  𝐶 ,
 469 

where Cm and Co are the model-predicted and observed ebullition plus diffusion flux 470 

(respectively), and N is the number of reservoirs (Boylan et al., 2006, Zhang et al., 2014).  471 

Sequentially removing carbon inputs from the model allows us to assess the relative importance 472 

of each carbon source to model fit (Figure 6).  Removing allochthonous POC loading from the 473 

model substantially improves model fit (r2 = 0.35) and prediction bias (MFB = -0.02).  474 

Removing the flooded carbon inputs have minimal effect on model fit to field data (likely 475 

because average reservoir age is 47 years and flooded carbon is mostly decayed at this point), but 476 

increases the average amount by which ResME underestimates CH4 flux (r2 = 0.34, MFB = -477 

0.19, Figure 6c). Autochthonous carbon alone, which has been found in previous studies to be a 478 

suitable proxy for CH4 emissions (estimated by chlorophyll a concentration: Deemer et al., 2016; 479 

DelSontro et al., 2019), generates reasonable fits between measurements and model for 480 

reservoirs with longer water residence time (Figure 6d).  However, run-of-river reservoirs with 481 

small water residence times, are not well described with only autochthonous carbon. This could 482 

indicate that allochthonous carbon plays a larger role in reservoir CH4 emissions for reservoirs 483 

with short residence times, compared to reservoirs with long residence times. 484 

 485 

 486 



 487 

Figure 6: Comparing field measurements of methane (CH4) flux to model output, where carbon 488 

source for methanogenesis includes autochthonous carbon, allochthonous DOC and POC, and 489 

flooded carbon (a), autochthonous carbon, allochthonous DOC, and flooded carbon, (b), 490 

autochthonous carbon and allochthonous DOC (c), and autochthonous carbon (d).  Solid black 491 

lines are regression fits, and dotted black lines represent a 1:1 relationship between measured and 492 

modeled CH4 emissions. Marker colors indicate reservoir residence time, where darker colors are 493 

shorter times. 494 

 495 

 496 



The improved fit when eliminating allochthonous POC input could indicate that ResME 497 

over-predicts methanogenesis from allochthonous POC, or that field measurements of CH4 498 

release do not adequately capture CH4 emissions due to allochthonous POC inputs.  For ResME 499 

to over-predict CH4 production due to allochthonous POC, either the input estimates of POC 500 

would need to be erroneously high, or the material would need to be more recalcitrant than our 501 

decay constants predict.  We did find that the distribution of ResME-estimated allochthonous 502 

POC inputs is substantially higher than the global distribution, with mean values from ResME 503 

being an order of magnitude higher than global data (Figure S4).  While this mismatch could be 504 

because our reservoir subset is not representative of global reservoirs, the very large difference 505 

suggests at least some over-estimate of allochthonous POC contributions to hydropower 506 

reservoirs.  507 

 508 

Field measurements could potentially underestimate CH4 emissions due to allochthonous 509 

POC inputs because these inputs are typically non-homogeneous in space.  Allochthonous POC 510 

tends to settle out in reservoir inflow deltas, and this spatially heterogeneous loading of 511 

allochthonous input has been found to create substantially higher CH4 emission rates in upstream 512 

areas of reservoirs  (Beaulieu et al., 2014; DelSontro et al., 2011; Grinham et al., 2011; Musenze 513 

et al., 2014).  Indeed, Grinham et al. (2011) found that up to 97% of CH4 release comes from 1.8-514 

7% of total surface area, primarily concentrated at the upstream boundaries of the reservoir.  515 

Since not all studies of overall reservoir CH4 emissions sample specifically from the river mouth, 516 

these elevated emissions driven by allochthonous POC input may not be reflected in reported 517 

reservoir emission rates.  Given the large uncertainty with the role of allochthonous POC 518 

estimates, going forward we present results both with and without this carbon input. 519 

4.3 Turbine emissions 520 

Methane emission estimates for maximum potential turbine degassing can be compared 521 

to field campaigns measuring degassing at reservoirs where turbine water intake is well below a 522 

stratified thermocline (the theoretical maximum degassing calculated by ResME occurs from 523 

deep turbine intakes).  We found 4 previously studied reservoirs with annual degassing estimates 524 

from deep-water intakes, and the ResME maximum theoretical turbine degassing is 54 ± 34% of 525 

the measured degassing (when excluding allochthonous POC inputs; when including 526 



allochthonous POC, measured degassing is 111± 70% of measurements (Table 2)).  ResME 527 

estimates are even lower than field estimates when we consider that some of the dissolved CH4 528 

that passes through turbines will be oxidized instead of released to the atmosphere.  For example, 529 

approximately 10% of the CH4 released through turbines at the Petit-Saut dam is internally 530 

oxidized (Fearnside, 2002), whereas approximately 40% of CH4 released through turbines in 531 

Balbina is oxidized (Kemenes et al., 2007).  While ResME provides a reasonable order-of-532 

magnitude estimate of CH4 turbine degassing at turbine outlets, accurately upscaling estimates of 533 

turbine CH4 outputs would require information about turbine intake height at each reservoir.  534 

Field measurements for systems that pull water from the epilimnion are dramatically lower than 535 

those systems which draw water from the hypolimnion, since the epilimnion waters are much 536 

lower in dissolved CH4 (Chanudet et al., 2011). 537 

 538 

 539 

Table 2: Field estimates of CH4 dam degassing compared with ResME maximum potential 540 

degassing estimate (Gg CH4 -C/yr).   541 

System Annual degassing estimates 

from field measurements (Gg 

CH4-C /yr) 

Maximum potential 

degassing estimate from 

ResME (Gg CH4-C /yr) 

[estimate if including 

autochthonous POC input 

estimates] 

Tucurui  527 (Fearnside, 2002) 89 [242] 

Balbina 65 (Kemenes et al., 2007) 24 [37] 

Petit Saut 7.5 (Abril et al., 2005) 7 [12]  

Batang Ai 0.55 (Soued and Prairie, 

2020) 

0.4 [1] 



Note: All reservoirs stratify in the summer and have turbine intakes below the thermocline.  542 

 543 

 544 

 4.4 Organic carbon burial  545 

 In addition to estimating CH4 emissions from reservoir surfaces and dams, ResME can 546 

also estimate organic carbon burial rates for comparison with field estimates to assess model 547 

performance.  We estimate organic carbon burial for each carbon type (Bi) as: 548 

𝐵 = 𝐶 − 2 × 𝑃  549 

Where Ci is the annual input of each carbon type, Pi is the estimated methanogenesis from that 550 

carbon source, and the factor of 2 accounts for the fraction of organic carbon converted to CO2 551 

(ResME assumes 50% of decaying carbon is converted to CO2).  The median ResME-estimated 552 

organic carbon burial, when excluding allochthonous POC input, was 197 gC m-2 yr-1 (and 646 if 553 

including allochthonous POC).  This estimate is close to the median burial estimate of 279 gC m-554 

2 yr-1  in a global compilation of field measurements from Mendonça et al., 2017 (Figure S5), 555 

even though Mendonça et al., 2017 used a different set of reservoirs.  The general agreement 556 

between measured and ResME-modeled burial estimates is another indication that ResME results 557 

reflect field conditions when excluding estimated allochthonous POC inputs. 558 

4.5 Potential CH4 contributions from newly flooded biomass 559 

 Creating reservoirs involves flooding significant quantities of carbon, both above and 560 

below ground, which can fuel elevated CH4 emissions soon after reservoir creation (Abril et al., 561 

2005; Barros et al., 2011; Tremblay et al., 2005; Venkiteswaran et al., 2013).  The potential 562 

importance of this post-construction pulse of CH4 has not yet been quantified because previous 563 

efforts to estimate CH4 emissions from reservoirs did not model emissions changes over time.  564 

We estimate the relative importance of newly flooded carbon to reservoir CH4 emissions using 565 

ResME.  We ran ResME with and without the flooded carbon pool.  Results show that this 566 

above-ground carbon can substantially increase the amount of CH4 emitted from reservoir 567 

surfaces in the first 10 years after reservoir creation (Figure S6).  The change is most dramatic 568 



for less productive systems where annual carbon inputs are smaller, with oligotrophic reservoirs 569 

seeing an average 690% increase in CH4 emissions from above-ground carbon over a 10-year 570 

period (Figure S6).  Conversely, eutrophic systems see only a 190% increase on average, 571 

because modeled CH4 emissions are driven more by annual inputs of autochthonous carbon. 572 

 While the values presented above provide a first-order estimate of how much additional 573 

CH4 young reservoirs may produce, they are preliminary estimates.  Lack of field measurements 574 

for young reservoirs makes it difficult to determine how well ResME reproduces CH4 emissions 575 

after reservoir construction.  We found 8 studies (from reservoirs in South America, Canada, 576 

Eastern Europe, and Southeast Asia) with CH4 emissions measurements within the first 10 years 577 

after reservoir creation, and compared them to ResME model predictions without allochthonous 578 

POC inputs (Figure S7). While ResME is able to reasonably predict change in CH4 emissions 579 

over time from several of the reservoirs, more measurements are needed to characterize how well 580 

ResME performance for young reservoirs. 581 

 582 

5.0 Sensitivity analysis 583 

 We conducted a sensitivity analysis to assess the relative importance of assumptions 584 

made about carbon input, methanogenesis, and CH4 fate and transport. We individually increased 585 

input parameters by 5% and recorded the mean change in predicted CH4 release across the 57 586 

reservoir subset (Table 3).  Since age varies across the reservoirs and age affects the relative 587 

impact of the decay parameters, we fixed reservoir age at 50 yrs for consistency.  To study the 588 

model sensitivity to the decay parameters, we compared results for reservoirs at 1 year versus 50 589 

years. Our results show that for the set of assumptions governing carbon input to reservoirs, 590 

ResME is most sensitive to changes in the dominant carbon source.  When excluding 591 

allochthonous POC from the carbon inputs, increasing autochthonous carbon inputs by 5% raises 592 

mean modeled results by 3.3%.  593 

  594 

Table 3: Sensitivity Analysis 595 



 596 

Treatment Parameter or input Mean change in predicted CH4 

release (%) Excluding 

allochthonous POC [estimate if 

including autochthonous POC input 

estimates]    

Factors affecting carbon input 

+ 5% Q (average reservoir discharge) 0.01 [1.0] 

+ 5% R (basin relief) 0.8 [2.2] 

+ 5% Fraction of POC in total sediment load 1.5 [3.5] 

+ 5% Ratio of DOC to POC 2.4 [0.5] 

+ 5% Flocculation rate 1.5 [0.3] 

+ 5% Ratio of autochthonous input reaching the 

sediment 

3.3 [1.4] 

+ 5% Autochthonous input 3.3 [1.4] 

+ 5% Flooded carbon input 0.2 [0.04] 

+ 5% Allochthonous POC input na [3.3] 

+ 5% Allochthonous DOC input 1.5 [0.6] 



Factors affecting methanogenesis 

+ 5% Epilimnion temperature 1.3 [1.3] 

+ 5% Hypolimnion temperature 1.1 [1.1] 

+ 5% Ratio of epilimnion to hypolimnion area 0.3 [0.3] 

+ 5% Flooded carbon v decay parameter -0.09 [-0.02] 3.6 [2.8] * 

+ 5% Flooded carbon α decay parameter 0.06 [0.01] -2.5 [-2.0] * 

+ 5% Autochthonous v decay parameter 2.5 [1.0] 0.3 [0.2] * 

+ 5% Autochthonous α parameter -0.4 [-0.2] -0.1 [-0.1] * 

+ 5% Allochthonous v decay parameter 1.2 [2.7] 0.2 [1.2] * 

+ 5% Allochthonous α decay parameter -0.2 [-0.5] -0.1 [-0.6] * 

+ 5% Ratio of CH4 to CO2 production 5.0 [5.0] 

Factors affecting internal fate/transport 

+ 5% Baseline fraction of CH4 production that 

gets internally oxidized or emitted via 

turbines (0.5 in Equation 6) 

-6.5 [-6.5] 

+ 5% Bubble dissolution rate -1.5 [-1.5] 



+ 5% Plant emissions (as % of eb + diff) -4.8 [-4.8] 

* Reservoir age fixed at 1 year instead of 50 years 597 

Note: Results of the sensitivity analysis where individual parameters or inputs were increased by 598 

5%.  Results show the mean change in predicted CH4 ebullition and diffusion.  Reservoir age 599 

fixed at 50 years, unless otherwise noted. 600 

 601 

Of the parameters affecting methanogenesis rates, ResME is most sensitive to changing 602 

the v decay parameter, then to changing sediment temperatures, and lastly to changing α 603 

parameters for autochthonous and allocthonous carbon. When reservoir age is fixed at 50 years, a 604 

5% increase in the v decay parameter for autochthonous carbon and allochthonous carbon yields 605 

a 2.5% and 1.2% increase in estimated ebullition plus diffusion (respectively, when excluding 606 

allochthonous POC).  ResME is less sensitive to changing the α decay parameter, where a 5% 607 

increase in the α decay parameter for autochthonous and allochthonous carbon results in a -0.4%, 608 

and -0.2% change in emissions for each carbon source, respectively. 609 

 The effect of changing v and α for flooded carbon depends on the reservoir age, and the 610 

effect is larger when the reservoir is younger.  Right after reservoir creation, increasing α (a 611 

proxy for average carbon lifetime) decreases CH4 emissions in the short term, as flooded biomass 612 

carbon takes longer to break down.  Conversely, raising v makes carbon less recalcitrant, which 613 

will increase CH4 emissions.  However, the effect changes when the reservoir is 50 years old.  At 614 

50 years, a higher α means there is more carbon left to decompose, so raising α raises average 615 

CH4 emissions slightly.  Raising v to make carbon less recalcitrant means more of the carbon will 616 

have decomposed at 50 years, thus lowering average CH4 emissions. 617 

Overall, ResME is most sensitive to changing the parameters governing CH4 fate and 618 

transport within the reservoir, since these mechanisms act on CH4 produced from all carbon 619 

types. ResME is most sensitive to a change in the baseline fraction (0.5, Equation 6) of produced 620 

CH4 that gets internally oxidized or emitted via turbines (or immediately downstream of 621 

turbines), then to a change in the fraction of plant emissions, and finally to bubble dissolution.  622 



Increasing all three of these parameters results in a decrease in estimated ebullition plus 623 

diffusion.  For the case of increasing plant emissions, ebullition and diffusion decrease as more 624 

of the CH4 is partitioned for plant release, so total reservoir emissions remain constant.  625 

Increasing the baseline internal oxidation results in decreased ebullition and diffusion emissions, 626 

but would increase potential turbine emissions for reservoirs with turbine intakes in hypolimnetic 627 

waters (because oxidation and turbine CH4 release are directly and negatively coupled in 628 

ResME).  Increasing bubble dissolution has a similar effect to increasing baseline internal 629 

oxidation, as CH4 dissolved from bubbles is subject to oxidation or export through turbines. 630 

 Overall, the sensitivity test shows that ResME is reasonably robust against small changes 631 

in parameter input values.  A 5% increase in parameter input value produces a 5% or smaller 632 

increase in surface CH4 emissions estimates, for all input parameters except the baseline fraction 633 

of CH4 production that gets internally oxidized.  ResME is most sensitive to this parameter, yet a 634 

5% change only yields a -6.5% change in estimated surface CH4 emissions. 635 

6.0 Global CH4 Emissions from Hydroelectric Reservoirs 636 

 There are 2,462 hydropower reservoirs in the GRanD global database (Figure 4), and 637 

collectively these reservoirs represent approximately 287,000 km2 of surface area.  Previous 638 

studies have used empirical estimates of CH4 production to estimate that these existing reservoirs 639 

may emit around 3 - 13.3 Tg CH4-C per year (Li and Zhang, 2014; Barros et al., 2011).   640 

 We used ResME to estimate current global CH4 emissions from hydropower reservoirs.  641 

We excluded allochthonous POC because model/data comparisons showed that allochthonous 642 

POC inputs bias ResME results (Figure 6). While detailed information about reservoir primary 643 

production rates is not available for all reservoirs in GRanD, recent work by Sayers et al. (2021) 644 

has shown that in-situ primary production in lakes and reservoirs is correlated with latitude.  The 645 

Sayers relationship between latitude and carbon fixation produces lower values of carbon 646 

fixation than would be expected from field measurements in reservoir systems, which likely 647 

reflects that lakes typically have lower carbon fixation than reservoirs (Wetzel, 2001). To make 648 

the global Sayers et al. (2021) relationship more compatible with the field-based estimates of 649 

primary production specifically from reservoirs (ie: 2019 mg CH4-C m-2 day-1 from eutrophic 650 



systems), we increased the sensitivity in the Sayers relationship between primary production and 651 

latitude, such that the highest production systems averaged 2019 mg CH4-C m-2 day-1 (compared 652 

with the Sayers value of 1279 mg CH4-C m-2 day-1 which was derived with lake and reservoir 653 

data).  We did this by increasing the northern hemisphere y-intercept between latitude and 654 

primary production from 1279 mg CH4-C m-2 day-1 to 2019 mg CH4-C m-2 day-1 (and the 655 

southern hemisphere intercept from 1227 to 2019 mg CH4-C m-2 day-1).  We use this adjusted, 656 

latitude-based estimate of primary production in our “best” estimate of global hydropower CH4 657 

emissions.  Given the additional uncertainties introduced with adjusting the Sayers et al. (2021) 658 

relationship, and the fact that Sayers et al, 2021 does not account for other factors affecting 659 

trophic status (such as nutrient loading), we also calculate lower and upper bounds for CH4 660 

emissions assuming all reservoirs are either oligotrophic or eutrophic, respectively. 661 

Since estimating hypolimnetic sediment area versus epilimnetic sediment area was 662 

infeasible on the global scale, and our sensitivity analysis showed that ResME was relatively 663 

insensitive to changing the ratio of epilimnetic to hypolimnetic sediments, we assumed all 664 

sediment temperature was equivalent to the hypolimnetic sediment temperature (Equation S7).   665 

 We applied ResME to hydropower reservoirs from GRanD.  Since 10 of the reservoirs 666 

account for 26% of the total surface area, we used literature estimates of reservoir trophic status 667 

to assign fixed values of primary production to these largest systems (Table S9). We then ran 668 

ResME to estimate global CH4 emission from diffusion and bubbling, and the theoretical 669 

maximum emission from turbines (assuming all reservoir turbine intakes pull from the base of 670 

the hypolimnion).  Following Deemer et al., 2016, we excluded Lakes Victoria, Baikal, and 671 

Ontario as these large systems are natural lakes modified with hydropower facilities. 672 

 673 

Our simulation results show that existing hydropower facilities emit 4.3 Tg CH4  - C yr-1 674 

via ebullition, diffusion, and plants, when using the adjusted Sayers et al, 2021 relationship 675 

between primary production and latitude (and excluding allochthonous POC).  Maximum 676 

potential emissions from turbine degassing were an additional 6.6 Tg CH4- C yr-1.  Since not all 677 

reservoirs in GRanD have turbine intakes within the hypolimnion, the true global emissions from 678 

turbine outlets are likely lower.  If we assume actual turbine degassing is 50% of the maximum 679 

estimated (we do not have estimates of turbine placements on a global scale), total global CH4 680 



emissions from hydropower reservoirs are 7.7 Tg CH4– C yr-1.  We can estimate a lower bound 681 

on potential CH4 emissions by assuming all reservoirs are oligotrophic, which yields 1 Tg CH4– 682 

C yr-1 from surface emissions and 1.7 Tg CH4– C yr-1 potential emissions from turbines.  The 683 

upper bound (assuming all reservoirs are eutrophic) is 7.0 Tg CH4– C yr-1 and 10.4 Tg CH4– C 684 

yr-1 from dams (if all dams draw water from hypolimnion).  We also note that hydropower 685 

reservoirs (excluding Lakes Victoria, Baikal, and Ontario) make up 82% of total reservoir 686 

surface area in GRanD, so global emissions from all reservoirs is higher than ResME estimates. 687 

 688 

In addition to the uncertainty introduced by our assumptions about trophic status, the 689 

substantial spread between ResME results and field data indicates large additional uncertainty 690 

(Figure 6).  This uncertainty likely results from the calculations and approximations used to 691 

parameterize ResME, and from the fact that relatively sparse field estimates lead to uncertain 692 

estimates of total reservoir emissions.  Within the 57 reservoirs of the reservoir subset, mean 693 

ebullition and diffusion was 59 mg CH4-C m-2 day-1, and the mean residual was 280, or a factor 694 

of 4.7.  If we apply a positive and negative factor of 4.7 to our global estimates, we estimate a 695 

range for global hydropower surface emissions of 0.9 – 20.1 Tg CH4-C yr-1. 696 

The potential turbine sources are relatively large point sources. For example, 36% of 697 

reservoirs have maximum potential dam emissions higher than anthropogenic super-emitters, 698 

defined as sources exceeding 0.3 t CH4/hr by Subramanian et al., 2015. (estimated assuming the 699 

annual turbine emissions occur over a 3-month period) (Figure 7).   If all GRanD reservoirs were 700 

either oligotrophic or eutrophic, 24% or 41% would exceed 0.3 t/hr for all oligotrophic or all 701 

eutrophic systems (respectively).  Table S10 contains a list of the top 20 CH4 emitting reservoirs 702 

(based on turbine emissions), with estimations for maximum potential turbine emissions (both 703 

annual values, and values assuming all turbine emissions occur exclusively within a 3 month 704 

period) and surface emissions. 705 

 706 



 707 

 708 

 709 

Figure 7: Cumulative frequency distributions for modeled maximum potential dam CH4 710 

emissions assuming GRanD reservoir trophic status is based on latitude (black line), assuming all 711 

reservoirs are oligotrophic (green line), or assuming all reservoirs are eutrophic (purple line).  712 

For comparison, the grey dashed line shows methane (CH4) emissions from a large 713 

anthropogenic point source, defined as 0.3 t CH4/hr (Subramanian et al., 2015).  714 

 715 

Emissions from hydroelectric reservoirs can also dominate CH4 emissions on local scales.  716 

We compared the estimated CH4
 hydropower emissions to all anthropogenic and natural CH4 717 

emissions used in the GEOS-Chem atmospheric chemistry model (Maasakkers et al., 2019; The 718 

International GEOS-Chem User Community, 2018). Emissions from hydropower reservoirs 719 

accounted for over 50% of total CH4 emissions in 12 of the land (2° x 2.5°) grid cells (Figure S9) 720 

when primary production is based on latitude.  Methane emissions from hydropower are more 721 

likely to dominate regional emissions in places like Canada, Brazil, sub-Saharan Africa, and 722 

Russia than in China or India which have high overall CH4 emissions.  723 

Our estimate of 4.3 Tg CH4-C yr-1 emitted from hydropower facilities falls within the 724 

range of previously estimated emissions from hydropower facilities (Barros et al., 2011; Li & 725 

Zhang, 2014).  While previous estimates relied on data-fitting to measure emission rates, ResME 726 

is a mechanistic model with no empirically fitted parameters.  The mechanistic basis of the 727 



model allows for a deeper understanding of the factors affecting CH4 emissions from 728 

hydropower.  As our results have shown, estimated CH4 emissions are particularly sensitive to 729 

the CH4 fate and transport estimations that affect CH4 produced from all carbon inputs.  The 730 

model is much less sensitive to the α  decay parameter (related to the average lifetime of the 731 

more reactive compounds) than to v (related to carbon recalcitrance). This type of insight is only 732 

possible from a mechanistic model and highlights the relative advantages of using ResME to 733 

estimate reservoir CH4 emissions.  734 

  735 

7.0 Future research needs to reduce uncertainty in 736 

emissions estimates 737 

 ResME represents an important step forward in reservoir emissions modeling because the 738 

mechanistic framework allows for a more detailed understanding of emissions drivers.  However, 739 

ResME (as well as other empirical models of CH4 emissions) have large uncertainties.  While 740 

these uncertainties are to be expected in complex, dynamic ecosystems such as reservoirs, 741 

significant reductions in uncertainty would help better constrain the potential carbon benefits 742 

from hydroelectric power as well as CH4 source-attribution in the global CH4 budgets.  Some 743 

keys to reducing ResME uncertainty are to improve allochthonous POC loading estimates, add 744 

turbine intake depth information, increase sampling frequency in field campaigns, increase 745 

studies of newly flooded reservoirs, and potentially use satellite CH4 measurements to constrain 746 

turbine emissions. 747 

 As previously described, ResME-modeled CH4 emissions from allochthonous POC inputs 748 

appear to be too high based on measured CH4 emissions from the reservoir surface.  ResME-749 

modeled allochthonous POC input also results in estimated carbon burial that exceeds the typical 750 

range presented in the literature.  This suggests that estimated inputs of allochthonous POC are 751 

too high, which is also indicated by the fact that ResME estimates of incoming river POC 752 

concentration are higher than the global distribution (although this difference could, at least in 753 

part, be because our reservoir subset is not necessarily representative of global rivers).  Since 754 



ResME estimates of allochthonous POC were built on published, data-verified methods (albeit 755 

methods with relatively high uncertainty) to estimate POC loading, more work is needed to 756 

determine why modeled CH4 emissions from allochthonous POC are not supported by field data.  757 

Spatially-explicit sampling in reservoirs could help determine if allochthonous POC loading 758 

primarily occurs near river mouths, in which case field measurements ignoring river mouths 759 

could under-represent reservoir CH4 production and at least partially explain the discrepancy 760 

when including allochthonous POC inputs. 761 

Dam design (e.g., turbine intake depth) greatly influences potential turbine emissions, yet 762 

the GRanD database lacks information on the relative water intake height for each dam.  763 

Updating GRanD to contain this information would allow us to narrow the range of estimated 764 

CH4 degassing at turbines.  Additional studies to measure turbine degassing from deep-intake 765 

turbines would also help reduce the uncertainty around ResME estimates for turbine degassing, 766 

since we currently only have 4 studies measuring emissions from deep-intake turbines. 767 

Uncertainty in the estimates of CH4 emissions from hydropower reservoirs, particularly 768 

recently-flooded reservoirs, could be reduced through more robust field campaigns to accurately 769 

estimate surface emissions.  A recent statistical analysis on the sampling necessary to adequately 770 

estimate CH4 emissions found that diffusive and ebullitive fluxes should be measured for at least 771 

11 or 39 days over at least 3 or 11 depth-stratified locations, respectively (Wik et al., 2016).   772 

Given the practical constraints on such extensive sampling, the large majority of studies do not 773 

attain this rigorous requirement.  More extensive field campaigns could provide more accurate 774 

results, though such campaigns can be prohibitively time intensive.  More field campaigns in 775 

newly flooded reservoirs are especially important given the potential for very large emissions 776 

from these systems, and the current lack of data from systems less than 10 years old. 777 

         Measured estimates of reservoir CH4 emissions could also be improved through remote 778 

sensing data from satellites. The TROPOMI instrument launched in October 2017 provides 779 

global daily mapping of atmospheric CH4 columns at 5.5 km x 7 km pixel resolution (Veefkind 780 

et al., 2012; Hasekamp et al., 2019). TROPOMI’s theoretical point source detection threshold is 781 

about 4 t CH4/hr (Jacob et al., 2016), and 39 of the 2459 GRanD reservoirs have annual average 782 

turbine emissions exceeding this threshold (assuming deep-intake turbines).  Since the turbine 783 



degassing flux is likely concentrated in the warm months when reservoirs are stratified, we 784 

assume annual turbine emissions occur over a 3-month period, and then 184 of the GRanD 785 

reservoirs could exceed TROPOMI’s CH4 detection threshold.  However, TROPOMI and other 786 

satellites cannot measure CH4 concentrations over water except for with sunglint, and 787 

TROPOMI’s coverage is limited by clouds, topography, aerosol, and inhomogeneous surface 788 

reflectances.  Despite these limitations, initial attempts to find turbine-related CH4 plumes in 789 

TROPOMI yielded promising results near the Lom Pangar dam in Cameroon.  Figure 8 shows 790 

two days in December with a clear CH4 enhancement over the dam. Sentinel-2 visual imagery 791 

from December 25 shows that water is flowing through the dam during that time period (Gascon 792 

et al. 2017).  The GHGSat satellite instrument targeted at point source observations has a 0.05 793 

km x 0.05 km pixel size and a lower detection threshold at 0.25 t CH4/hr (meaning GHGSat can 794 

detect weaker sources of CH4), and was also able to detect a CH4 plume from turbine outgassing 795 

over the Lom Pangar dam (Struple et al. 2019).  Assuming turbine emissions are concentrated in 796 

3 summer months, 38% of the GRanD reservoirs could have turbine fluxes detectable by 797 

GHGSat (if turbines pull from a CH4-rich hypolimnion). We also note that data from the 798 

Airborne Visible Infrared Imaging Spectrometer (AVIRIS) taken over water with high sun glint 799 

have been used to estimate CH4 emissions over water, though these measurements are not 800 

available globally (Thorpe et al., 2013). 801 

            802 



 803 

 Figure 8: TROPOMI methane data show an enhancement over the Lom Pangar dam (indicated 804 

by the cross) in Cameroon in December 2018. Also shown are 10m wind vectors from the 805 

GEOS-FP reanalysis product (Molod et al., 2012).   806 

7.0 Conclusions 807 

Our estimate of 4.3 Tg CH4-C yr-1 emitted from hydropower reservoir surfaces falls 808 

within the range of previously estimated emissions from hydropower facilities (Barros et al., 809 

2011; Li & Zhang, 2014).  However, large uncertainties remain, with ResME global uncertainty 810 

producing a range of 0.9 – 20.1 Tg CH4-C yr-1, and significant work will be needed to reduce this 811 

uncertainty.  The additional maximum contribution of 6.6 Tg CH4-C yr-1 from turbine outflows 812 

(assuming all turbines have deep water intakes) shows that turbine outflows contribute 813 

substantially to total reservoir CH4 emissions.   814 

Contributions from newly flooded carbon can substantially increase CH4 emissions in the 815 

few years after reservoir creation, though more field measurements are needed to reduce 816 

uncertainty.  Improving estimates for newly flooded reservoirs will be particularly important in 817 

the future, since there were 3,700 new hydropower dams planned as of 2015 (Zarfl et al., 2015).  818 



Predicting, and potentially mitigating, the CH4 emissions from these new systems will require 819 

more detailed data describing how CH4 emissions evolve after reservoir creation. 820 

While previous estimates relied on data-fitting to measure emission rates, ResME is a 821 

mechanistic model with no empirically fitted parameters.  The mechanistic basis of the model 822 

allows for a deeper understanding of the factors affecting CH4 emissions from hydropower.  As 823 

our results have shown, estimated CH4 emissions are particularly sensitive to estimates in carbon 824 

loading and the decay parameters used to estimate methanogenesis rates.  The model is 825 

comparatively insensitive to changes in sediment temperature. This type of insight is only 826 

possible from a mechanistic model, and highlights the relative advantages of using ResME to 827 

estimate reservoir CH4 emissions.  This mechanistic understanding will continue to be important 828 

as hydropower expands globally.    829 

 830 

Data Availability 831 

Global CH4 emissions estimates from hydropower are provided in 2 NetCDF files at 832 

http://doi.org/10.5281/zenodo.4730937 (Delwiche et al., 2021). Emissions are divided into 833 

reservoir surface emissions and potential dam emissions, and are provided for 0.1 x 0.1 pixels.  834 

Reservoir surface emissions are evenly distributed over the grid cells containing the reservoir 835 

footprint (footprint information from GRanD) and are given in kg m-2 s-1. Potential dam emissions 836 

are assigned to the grid cell containing the dam coordinates from GRanD. 837 

Model files necessary for estimating CH4 emissions from the subset of reservoirs used in this 838 

text are provided at https://github.com/kylebdelwiche/ResMe.  TROPOMI data are available at 839 

https://s5phub.copernicus.eu/. GEOS-FP data are available at 840 

https://gmao.gsfc.nasa.gov/GMAO_products/. Sentinel- 2 data are available from the Copernicus 841 

Open Access Hub (https://scihub.copernicus.eu), and data used here was obtained from the 842 

Sentinel Hub EO Browser (apps.sentinel-hub.com/eo-browser/). 843 
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