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Abstract

Reservoirs in arid regions often provide critical water storage but little is known about their 

greenhouse gas (GHG) footprint. While there is growing appreciation of the role reservoirs play 

as GHG sources, there is a lack of understanding of GHG emission dynamics from reservoirs 

in arid regions and implications for environmental policy. Here we present initial GHG emission 

measurements from Lake Powell, a large water storage reservoir in the desert southwest United 

States. We report CO2-eq emissions from the shallow (< 15 m) littoral regions of the reservoir 

that are higher than the global average areal emissions from reservoirs (9.4 vs. 5.8 g CO2-eq m−2 

d−1) whereas fluxes from the main reservoir were two orders of magnitude lower (0.09 g CO2-eq 

m−2 d−1). We then compared our measurements to modeled CO2 + CH4 emissions from the 

reservoir using four global scale models. Factoring these emissions into hydropower production 

at Lake Powell yielded low GHG emissions per MWh−1 as compared to fossil-fuel based energy 

sources. With the exception of one model, the estimated hydropower emissions for Lake Powell 

ranged from 10−32 kg CO2-eq MWh−1, compared to ∼400−1000 kg CO2-eq MWh−1 for natural 

gas, oil, and coal. We also estimate that reduced littoral habitat under low water levels leads to 

∼50% reduction in the CO2 equivalent emissions per MWh. The sensitivity of GHG emissions to 

reservoir water levels suggests that the interaction will be an important policy consideration in the 

design and operation of arid region systems.
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1. Introduction

Water storage is critical in many arid regions of the world for social, economic, 

and environmental functions. As reservoirs are increasingly recognized as significant 

contributors to global greenhouse gas (GHG) budgets (Deemer et al., 2016; Rudd et al., 

1993), their GHG emissions are factored into environmental policy. For example, GHG 

emissions are now a component of national GHG inventories for the Intergovernmental 

Panel on Climate Change (Lovelock et al., 2019). Other proposed decision frameworks 

consider GHG budgets alongside other factors including economic costs and life cycle 

analyses of water and land use impacts in arid regions (Mahlooji et al., 2020). Despite 

critical water storage questions in arid regions, these systems are relatively under-studied 

with respect to GHG dynamics (Lovelock et al., 2019). This remains true in the U.S. even 

though arid region reservoirs, such as in the Colorado and Rio Grande basins, generally 

store high proportions of the regional mean annual streamflow (Graf, 1999) suggesting their 

importance in regional watershed carbon (C) budgets.

Estimates of emission are particularly important for larger reservoirs where total emissions 

potentially contribute significantly to regional or national GHG inventories. Here we discuss 

GHG dynamics in the two largest reservoirs in the United States, both located in the 

desert southwest. The Colorado River system provides drinking water to 40 million people 

and irrigates 4.5 million acres of cropland (U.S. Bureau of Reclamation, 2017). Water 

levels of the two largest reservoirs in the Colorado River Basin, Lake Powell and Lake 

Mead, have been in decline since the early 2000s due to over-appropriation, drought, and 

increasing temperatures, and are projected to decline to historic lows under business-as-

usual scenarios (Udall and Overpeck, 2017; Xiao et al., 2018). Guidelines and policies 

that determine how water from the Colorado River is allocated are part of the Law of 

the River, an informal accumulation of treaties, laws, Supreme Court decisions, interstate 

compacts, and administrative agreements. The scope of these guidelines and policies include 

varying consideration of social, economic, and environmental impacts and priorities. To 

our knowledge, GHG emissions from Lake Powell and Lake Mead have not been factored 

into Colorado River basin water management guidelines and policies despite an increasing 
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recognition that some reservoirs can be large GHG sources (Deemer et al., 2016; Scherer 

and Pfister, 2016).

Methane (CH4) emissions tend to constitute the majority of reservoir GHG emissions on 

a carbon dioxide (CO2) equivalent basis (Deemer et al., 2016), but are also often highly 

variable in space and time (Wik et al., 2016). Generally speaking, autochthonous production 

has been positively related to methane emissions in lakes and reservoirs at a variety of scales 

(Deemer et al., 2016; DelSontro et al., 2018; West et al., 2015). Depth may also be an 

important regulator of total methane emission, with less capacity for oxidation/dissolution of 

methane bubbles at shallower sites (McGinnis et al., 2006) and thus higher emissions (West 

et al., 2015). Reservoir inlets, which often support shallow deltaic habitats, elevated primary 

production, and elevated organic matter deposition, are also often methane emission hot 

spots (Beaulieu et al., 2016; Berberich et al., 2019; DelSontro et al., 2011). CO2 generally 

constitutes a small fraction of the GHG emissions from reservoirs on a global warming 

potential-basis, with many systems close to net zero CO2 emissions and about 15% of the 

systems studied globally exhibiting net uptake (Deemer et al., 2016).

Here we present an exploratory dataset containing the first-ever measurements of CH4 

emission and some of the first CO2 emissions (but see Therrien et al., 2005) from Lake 

Powell collected in July of 2017. We use this dataset together with ancillary measurements 

to identify the best predictors of emission. We then estimate Lake Powell’s surface water 

GHG emissions (with uncertainty ranges) and compare this range to estimates for both Lake 

Mead and Lake Powell that we calculated using several models (DelSontro et al., 2018; 

Hertwich, 2013; Prairie et al., 2018; Scherer and Pfister, 2016). Finally, we explore the 

role that reservoir water levels may play in total and per MWh GHG emissions. The aim 

of this study is to describe the magnitude and uncertainty surrounding the GHG emissions 

of Lake Powell and Lake Mead as well as to explore the role of water storage decisions 

(e.g. reservoir water level) on these dynamics. The climate impact of these reservoirs is but 

one of many factors that could be accounted for in decision-making processes, along with 

priorities such as water supply, energy production, ecosystem function and services, and 

cultural and social considerations. However, reducing uncertainty associated with emissions 

and management of arid region reservoirs is needed to improve environmental policy.

2. Methods

2.1. Study area

Lake Powell and Lake Mead are a coordinated, cascading water storage system on the 

Colorado River. Lake Powell is the second largest reservoir in the United States by capacity 

(30 km3) with a surface area of 653 km2, maximum depth of 178 m at full pool, and 

a mean residence time of about 2 years. The reservoir began to form in 1963 with the 

completion of Glen Canyon Dam, initially filled in 1980, and has undergone fluctuations 

in water level upwards of 30 m during its 55-year lifetime. Water is generally withdrawn 

from a fixed elevation, which has corresponded to a water depth ranging from about 24−70 

m depending on reservoir water levels (out of a total depth of 110−156 m). Lake Powell 

floods a particularly canyon-bound landscape resulting in a highly dendritic shoreline that 

is longer than the west coast of the continental U.S. This morphology also means that there 
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is more littoral habitat at full pool, with over 50% of the storage capacity in the highest 30 

m of elevation. In 2005 Lake Powell reached its lowest elevation since filling, resulting in a 

surface area of only 55% of full pool (362 km2). During the field sampling campaign in July 

2017, the reservoir surface area was 467 km2, 71% of full pool. The level of the reservoir 

also has an important effect on hydraulic head and thus energy production. Glen Canyon 

Dam has a nameplate capacity of 1320 MW, with the average energy production during a 

relatively low water year (2004: 3,320,196 MW h yr−1) only ∼60% of the energy production 

during higher water years (1978−1999: 5,196,113 MW h yr−1; Harpman and Douglas, 2005; 

U.S. Department of Interior, 2016).

Lake Mead is the largest reservoir in the United States by capacity (34.9 km3), with 

a surface area, maximum depth, and mean residence time that are similar to Lake 

Powell’s (640 km2, 162 m, and 2–4 years, respectively). The reservoir is located ∼410 

km downstream from Lake Powell and ∼40 km southeast of Las Vegas. Lake Mead has also 

been affected by persistent drought conditions: it has not reached full capacity since 1983 

and has had a smaller surface area to Lake Powell since 2013. Key differences between 

the two reservoirs are age, watershed characteristics, and morphology. Lake Mead is ∼28 

years older than Lake Powell, formed with the completion of the Hoover Dam in 1935. 

Its productivity and nutrient budget is more impacted by urban runoff in its watershed, as 

the reservoir receives effluent from the City of Las Vegas, City of Henderson, and Clark 

County municipal wastewater treatment plants (Ding et al., 2014). Lake Mead is located in 

the Southern Basin and Range and is less canyon-bound and less dendritic than Lake Powell, 

with a shoreline ∼40% as long. The average energy production at Hoover Dam is 4,500,000 

MW h yr−1.

2.2. Limnological and GHG Emission Measurements

GHG sampling in Lake Powell was supplemented by general limnological measurements of 

temperature, conductivity, dissolved oxygen, turbidity, and pH, taken as part of a long-term 

monitoring program. At a subset of sites (Figure S1) water samples were collected from 1 

m below the surface and 1 m off the bottom with a niskin-type sampler for chlorophyll 

a (surface only) total N, total P, SO42−, Ca2+, and HCO3− analysis. Details of these 

measurements are described in Vernieu (2015) and in the supplemental materials.

Emission rates of CO2 and CH4 (diffusive and ebullitive, see SI) were measured at 28 sites 

across Lake Powell using 10-minute floating chamber deployments from 17 to 22 July 2017 

(Zhao et al., 2015). We also estimated rates of ebullition using funnel traps at a subset 

of sites (Figure S1), although these measurements were not included in upscaling efforts. 

Chamber-based diffusion and ebullition emission rate calculation methods as well as more 

information about funnel trap deployments can be found in the supplemental materials.

2.3. Controls on Reservoir Emissions & Upscaling

Relationships between floating chamber-based CH4 and CO2 emissions and potential 

predictor variables were examined using generalized linear models in the R package glmm. 

Potential predictor variables were identified from the suite of physical, chemical, and 

biological measurements made during the survey (see supplemental materials for more 
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information). We modeled all combinations of predictor variables, based on a literature 

review, and the best models were selected based on Akaike information criteria (AIC) 

values.

Reservoir-wide CO2 emissions (g CO2-eq m−2 y−1) from Lake Powell were estimated by 

multiplying the arithmetic mean of the measurement sites’ (n = 28) CO2 emission estimates 

by the total surface area of the reservoir. To upscale CH4 emissions, we treated shallow 

littoral regions (<15 m) and open-water regions separately. The relative surface areas of 

these regions were estimated using a combination of topographic and depth information in 

ArcGIS (see supplemental material; Deemer et al., 2021). Emission factors were defined 

as the arithmetic mean of floating chamber emission estimates for each of the two regions 

sampled. We characterized uncertainty using the propagated 95% confidence intervals (see 

supplemental material).

2.4. Emission rate estimates from existing models

We calculated annual reservoir-scale areal CO2 equivalent (CO2-eq) emissions (g CO2-eq 

m−2 yr−1) and total emissions relative to energy production (kg CO2-eq MWh−1) for Lake 

Powell and Lake Mead using an online tool and three published models for comparison 

with the upscaled July 2017 Lake Powell emission measurements. The CO2 equivalent 

emissions were calculated by multiplying the mass-based flux (in units of mg or kg CH4 

and CO2) by the 100-year global warming potential of each gas (1 for CO2 and 34 for 

CH4, Myhre et al., 2013). The existing sources we use are the GHG Reservoir Tool (G-res, 

www.hydropower.org/gres-tool; Prairie et al., 2017), and the following published models: 

the size-productivity model (SPM, DelSontro et al., 2018), generalized linear modeling 

(GLM, Scherer and Pfister, 2016), and multiple linear regressions (MLR, Hertwich, 2013). 

We used July 2017 conditions as inputs to the models where applicable. More details on the 

background and use of these existing sources can be found in the supplemental materials.

2.5. Per MWh Emissions at Different Reservoir Water Levels

Reservoir water levels can affect per MWh GHG emissions via changes in energy 

production, changes in reservoir surface area, and changes in the proportion of the 

waterbody that is shallow tributary vs. main reservoir. To look at the relationship between 

Lake Powell’s water surface elevation and the GHG emissions per MWh, we first estimated 

the degree to which energy production changes at different reservoir elevations using the 

relationship:

Paf = 9.15e−4E − 2.86

where Paf is the energy production in units of MWh per acre-foot of water released through 

the dam and E is the elevation of Lake Powell in feet. This equation was developed using 

Harpman (1999), assuming a constant release of water, and changes in powerplant efficiency 

were updated using observed historical data (Jerry Wilhite pers comm.). We estimated Paf

at 5-meter increments for reservoir elevations ranging from 1065 to 1125 m. The minimum 

surface elevation examined is just above the elevation of Lake Powell’s penstocks (1058 m). 

The maximum surface area elevation examined is about 3 meters below full pool.
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To estimate total waterbody emissions at different water levels, the surface area of Lake 

Powell at each elevation increment was estimated based on an elevation/area curve (Ferrari, 

1988). Total surface area was used together with mean areal fluxes to estimate CO2 flux, 

whereas regional surface areas and regional mean total (ebullitive + diffusive) areal fluxes 

(e.g. shallow tributary vs. main reservoir) were needed for CH4 flux estimates. Shallow 

tributary littoral surface area at each elevation band was estimated using the methods 

described above (section 2.5) with more detailed methods available in the supplemental 

materials. Main reservoir surface area was calculated as the difference between total surface 

area and littoral surface area for each elevation increment. Once total annual CO2 and 

CH4 emissions were calculated and converted into CO2-eq units, the CO2-eq MWh−1 was 

calculated assuming the powerplant is generating energy at maximum capacity for a given 

reservoir elevation (Paf calculated above) and releasing 8.23 million acre-feet yr−1 of water. 

All surface area data as well as measured emissions and model inputs are available in an 

associated data release (Deemer et al., 2021).

3. Results

3.1 July 2017 Survey Emission Results

Lake Powell was thermally stratified for the duration of the measurement survey, with 

at least a 10 °C difference between surface and bottom waters in the main body of the 

reservoir. Inflow and littoral sites were weakly stratified or isothermic, ranging from 0 to 

3.4 °C differences between surface and bottom water and were generally fresher (lower 

conductivity) than the main reservoir. Consistent with previous work (Gloss et al., 1980), 

nutrient concentrations were approximately triple (TN) and an order of magnitude (TP) 

greater in the inflow and littoral sites than in the main body of the reservoir, and chlorophyll 

a concentrations in these shallow regions were nearly double their concentration in the main 

body of the reservoir and about five times more turbid (Table 1).

Methane emissions ranged from 0.64 to 1095 mg CH4 m−2 d−1 with ebullition contributing 

anywhere between 0 and 99% of the total flux. CO2 fluxes ranged from uptake of 3280 mg 

CO2 m−2 d−1 to emission of 10,310 mg CO2-C m−2 d−1 (Fig. 1, Table S3). Both CH4 and 

CO2 fluxes displayed spatial patterns: CH4 emissions tended to be higher in the tributary 

arm littoral regions of Lake Powell, and lower in the pelagic regions (Fig. 1, Table 1). 

Ebullition was also only observed in the further upstream, littoral sites (Table S2), with 

the exception of one shallow site in the downstream portion of the reservoir. Emission of 

CO2 from the water to the atmosphere was observed in the edges of the reservoir, both in 

the upstream littoral areas and at the mouth of the reservoir near the dam, while uptake 

from the atmosphere to the water was observed in the middle reaches of the reservoir (Fig. 

1). Transitional zones where a CO2 diffusive flux could not be discerned were observed 

between the emission and uptake regions.

3.2 Controls on Emissions and Upscaling

Water measurements indicated key differences between shallow tributary areas of the 

reservoir and deeper, open water areas (Table 1, supplemental material). General linear 

modeling identified total phosphorus and depth as the best predictors of CH4 emission, with 
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higher fluxes coming from higher P, shallower depth sites (Table 2). This formed the basis 

of our CH4 upscaling method, wherein the shallow tributary regions were treated separately 

from the main reservoir. CO2 emissions were best predicted by surface pH and bicarbonate 

concentrations, with higher fluxes coming from sites where surface pH was lower and 

bicarbonate concentrations were higher (Table 2). In the absence of a model for the lake that 

is able to predict pH or bicarbonate, we upscaled CO2 emissions based on average fluxes.

3.3 Reservoir-scale GHG emissions from measurements and literature estimates

Our upscaled emission measurements (mean and 95% CI range) yield 331 [153–854] g 

CO2-eq m−2 yr−1 from Lake Powell, almost three quarters of which is attributable to CH4 

emissions: 245 [92–745] g CO2-eq m−2 yr−1, the remainder as CO2: 85.5 [−8.3–179] g CO2-

eq m−2 yr−1 (Table 3). The modeled emissions from the SPM (DelSontro et al., 2018) were 

most similar to the upscaled emission estimate based on our measurements, with a percent 

bias of −17%, followed by the G-res, MLR, and GLM at −57% and −107%, and 136%, 

respectively. Additionally, the SPM model predicted that 70% of the total GHG footprint 

would be due to CH4 (vs. CO2) emissions, very similar to that estimated by upscaling the 

July 2017 survey. While no measurements of Lake Mead GHG emissions were made for this 

study, model-based estimates indicate slightly larger emissions with uncertainty ranges that 

overlap those of Lake Powell (Table 3).

3.4 Per MWh Emissions at Different Reservoir Water Levels

Estimated annual-scale per MWh emissions from Lake Powell declined by over 50% (from 

45.5–20.8 kg CO2-eq MWh−1) from pool elevations of 1125 to 1065 m (Fig. 2). Energy 

production across this same range of elevations declined by about 36% from 0.52 to 0.34 

MW h per acre-foot released. This implies that the steep drop in per MWh GHG emission 

we report with declining water levels is largely driven by the higher emissions in the littoral 

tributary regions. Littoral surface area (< 15 m) declined from 39.6 km2 at 1125 m to 11.2 

km2 at 1065 m and generally constituted a declining fraction of overall surface area with 

declining water level (6.4% at 1125 m vs. 5.5 at 1065 m; Fig. 2C).

Lake Powell per MWh emissions during our July 2017 sampling campaign were estimated 

at 33.0 kg CO2-eq MWh−1, which is lower than the estimated annual-scale per MWh 

emissions (Fig. 2). The discrepancy between July 2017 and annual-scale emission is due to 

higher monthly water releases in July relative to average annual-scale release, and thus a 

higher than average energy production (5.2 million MWh yr−1 versus an assumed 3.9 million 

MWh yr−1 in model). We expect the relationship between energy production emission factor 

(at a given annual release volume) and Lake Powell elevation to be constant, and not to 

affect the overarching relationship between reservoir elevation and emissions.

4. Discussion

4.1 Magnitude and Controls on CO2 and CH4 Emissions

Here we report a range of GHG emission estimates from a large arid zone reservoir 

from field measurements and global models. Given very few GHG measurements from 

arid-zone reservoirs (Lovelock et al., 2019), the field survey results reported here help 
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fill a key knowledge gap. We report littoral CH4 emissions that are higher than the mean 

areal emission from global reservoirs (255 mg CH4 m−2 d−1 here vs. 160 mg CH4 m−2 

d−1 globally; Table 1 and Deemer et al., 2016) and two orders of magnitude higher than 

open water portions of the reservoir (2.1 mg CH4 m−2 d−1). Higher emissions in shallow, 

phosphorus rich and productive littoral areas associated with tributaries have been previously 

reported for numerous reservoirs (Beaulieu et al., 2016; DelSontro et al., 2011; Grinham 

et al., 2011) and are likely a result of higher temperatures at the sediment-water interface, 

high sediment deposition rates, and nutrient inputs that support phytoplankton biomass, a 

labile carbon source for methanogens. CO2 emission rates were negatively related to pH, 

suggesting that carbonate buffering exerts an important influence on CO2 concentration 

in Lake Powell surface waters (as has been observed in other alkaline reservoirs, Saidi 

and Koschorreck, 2017). Previous work has documented high rates of reservoir calcite 

precipitation as well as significant spatial variation in the importance/prevalence of this 

process (Deemer et al., 2020; Reynolds, 1978). Similarly, we observed spatial variation in 

Lake Powell wherein certain zones were CO2 sinks and others were CO2 sources (Fig. 1). 

Previous measurements of CO2 emission from Lake Powell reported only positive emission 

values (575−824 mg CO2 m−2 d−1; Therrien et al., 2005). While these emissions fall in 

between the average emissions reported for the two reservoir zones we used for upscaling 

(Table 1), they do not highlight the zones of negative flux that we captured in our survey.

4.2 Upscaling, Uncertainty, and Model Comparisons

Given limited field-based measurements of GHG emission, we also generated multiple 

model-based estimates of reservoir emission in order to reduce uncertainty (e.g. via different 

data parameterizations and uncertainty sources between the measurements and the models; 

Uusitalo et al., 2015). The models we used were based on large datasets from diverse 

ecoregions, reservoir sizes, and productivity statuses, and to a lesser extent, time of year. 

The model estimates provide context in terms of the range of uncertainty within and among 

models, and show what the best available estimate of Lake Powell’s carbon footprint would 

be absent direct measurements. The models implemented here were designed to answer 

a different set of questions over generally large-scale, aggregated spatial and temporal 

frameworks (see supplemental materials). In addition, the models were trained with data sets 

that had relatively few CH4 emission estimates as well as relatively few estimates from large 

reservoirs (>200 km2) and reservoirs in arid zones (see supplemental materials).

Overall, the upscaled measurements and several of the models converged on similar values 

for annual areal emission rates from Lake Powell and Lake Mead. The SPM and G-res 

results were most similar to our Lake Powell survey results, and these models also had 

the smallest uncertainty ranges (Table 3, Fig. 3b ). SPM and G-res rely on different inputs 

and have different parameterizations, so their similarity with the survey results gives some 

confidence in this characterization of Lake Powell’s GHG emissions.

4.3 Effect of reservoir water levels on per MWh emission

As reservoir water levels decline, the capacity for energy production declines (due to lower 

hydraulic head) as does the surface area of shallow tributaries where the highest methane 

emission rates are located. The degree to which declining water levels reduce or increase 
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per MWh GHG emissions depends on how powerplant capacity declines relative to total 

waterbody emissions. Due to the canyon bound geomorphology of Lake Powell, the spatial 

extent of shallow tributary areas declines rapidly with falling water levels (Fig. 2B and D), 

areas which have GHG emission rates two orders of magnitude greater than open-water 

portions of the reservoir (Table 1). This results in a large decline in total reservoir emissions 

and a relatively strong reduction in per MWh GHG emission as water levels drop (Fig. 2A)

The coincidence of shallow water and high nutrient/sediment inputs in tributary areas 

likely drives the high GHG emission rates observed in our survey. As water levels 

decline and shallow tributary areas become less extensive, sediment and nutrients will be 

delivered directly to deeper portions of the reservoir. Given the much colder bottom water 

temperatures in deeper portions of Lake Powell (Table 1), these materials are unlikely to 

fuel the same level of GHG production as in shallow tributaries. Furthermore, CH4- and 

CO2-rich bubbles released from deep sediments are more likely to dissolve while rising 

through the water column than when released from shallow sediments, further limiting 

GHG emissions (McGinnis et al., 2006). While this hypothesis is consistent with our survey 

data and mechanistic understanding of aquatic GHG biogeochemistry, it should be tested 

empirically before being incorporated into policy. In reservoirs with more gradual (non-

canyon bound) morphology, we do not expect that water level will cause the same steep 

decline in kg CO2-eq MWh−1. Instead, the zone of shallow productive tributary inlet water 

is expected to shift further downstream. The effect of water level on per MWh emissions 

from Lake Mead is not quantified here, but the strong reductions in per MWh emissions 

observed under declining water levels that we quantify here for Lake Powell are unlikely to 

be observed in Lake Mead due to such differences in reservoir morphology.

4.4 Sources of uncertainty

While falling water levels will decrease GHG emissions from shallow littoral regions in 

Lake Powell, declining water levels could increase emissions from other pathways. For 

example, punctuated drops in water level can cause upwards of 90% of annual emission 

(e.g. bubble release due to hydrostatic pressure drop as in Harrison et al., 2017) and several 

studies have measured relatively high fluxes from recently exposed sediment along reservoir 

margins (“drawdown regions”; Deemer et al., 2016). Time series studies show that these 

drawdown emissions are generally concentrated over short time periods (on the order of 

1 month) immediately after the reservoir water levels decline and again immediately after 

reflooding (Kosten et al., 2018; Paranaíba et al., 2020). Still, per area emissions can be 

high, with CO2 emissions from drying inland waters elevated by an order of magnitude 

over surface water fluxes (Almeida et al., 2019; Keller et al., 2020; Kosten et al., 2018). 

Observations of CH4 bubbling from mud volcanoes on the exposed inlet sediment deltas 

of Lake Powell (Malenda et al., 2020) contrast with other work reporting that dried 

reservoir sediments may sometimes function as CH4 sinks (Yang et al., 2012), suggesting 

the importance of constraining this emission pathway. Here we evaluated the potential 

sensitivity of our findings to greenhouse gas emissions from drying sediments by assuming 

that CO2 emissions increase by an order of magnitude for a 31-day period in the drawdown 

region of the reservoir (see supplemental materials for more detail). Water level declines in 

Lake Powell occur over time scales of years to decades, so the drawdown area exhibiting 
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elevated CO2 emission rates is a small fraction of the total drawdown area (average annual 

8.75 m water level fluctuation). We estimate that additional CO2 production from these 

drying sediments could elevate the per MWh emissions we report here by an average of 

5%, but does not affect the overall pattern of declining per MWh emission with declining 

water level (Figure S2). Overall, the strong effect of water levels on per MWh emissions 

that we estimate here suggests that these effects could be important in other reservoirs, 

especially in reservoirs with similar canyon bound geomorphology. This finding could 

inform environmental policy in systems where GHG emissions are a policy consideration.

Additional sources of uncertainty in the survey measurements include: a.) limited temporal 

scope (1 survey in the month of July, <30 min per site), b.) a lack of longer term (>24 

h) measurements to estimate diel emission patterns, and c.) limited spatial scope (sampling 

density of 0.06 sites per km2 and no measurements from dried sediments on the margins 

of the reservoir). The first source of uncertainty may bias our measurements high, since we 

are scaling up using warm-season measurements, but it may also bias emissions low if hot 

moments (or times of disproportionately high flux) associated with reservoir mixing and/or 

changes in hydrostatic pressure are missed (Harrison et al., 2017; Linkhorst et al., 2020). It 

is unknown if our estimates are biased by a lack of diel measurements. The literature on this 

topic is mixed, with some investigators reporting persistent diel patterns in CH4 emission 

rates and others reporting no diel patterns (Erkkilä et al., 2018; Podgrajsek et al., 2015, 

2014; Sieczko et al., 2020). In general, undersampling tends to bias methane emissions low 

(Wik et al., 2016) because hot-spots (i.e., small areas with high emission rates) are likely to 

be missed.

Given considerable variability in sedimentation rates across 27 selected tributary canyons 

to Lake Powell (ranging from undetectable to 0.76 m yr−1; Kasprak and Schmidt, 2019), it 

is likely that productivity and associated CH4 emissions from these regions are also quite 

variable. The survey conducted here only represents 4 of the 95+ tributary arms, suggesting 

the importance of more resolved sampling for better constraining whole system emissions. 

Our results also highlight the sensitivity of our estimate to the way in which shallow 

tributary areas are identified. Overall CO2-eq emissions are two orders of magnitude higher 

in shallow tributary and inlet regions than they are in the main body of the reservoir due 

to lower emissions of both methane and carbon dioxide in the main body of the reservoir 

(Table 1). If the shallow tributary and inlet regions were double their currently estimated 

surface area (at the July 2017 pool elevation and power production), then our overall 

emission estimates for this time frame would increase by ∼ 50% to 49.3 kg CO2-eq MWh−1.

4.5 Contribution to policy context

Recent controversy over water storage allocation in the desert southwest reservoirs Lake 

Mead and Lake Powell has considered how alternative water management strategies would 

influence water losses (via changes in evaporation and groundwater storage) and critical 

aspects of Colorado River ecology (i.e. stream flow, water temperature, sediment supply, and 

the distribution of native and non-native fish populations; Dibble et al., 2020; Schmidt et al., 

2016). Together, these desert southwest reservoirs represent approximately 70% of the total 

water storage for the Colorado River Basin (Miller, 2012), but ongoing drought (Udall and 
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Overpeck, 2017) and the high human demand for water relative to supply (Sabo et al., 2010) 

have led to a situation where neither reservoir has reached full capacity since 2000. This 

study provides context regarding the environmental tradeoffs between energy generation and 

GHG production in these systems as well as demonstrating relationships between water 

storage, energy production, and per MWh GHG emissions that may be important to consider 

in both the planning and management of other systems.

By comparing different modeled estimates of GHG emissions from the two reservoirs with 

measurements, we aim to both communicate current uncertainty and inform discussion as to 

the utility of better narrowing this uncertainty. Previous work has implied that Lake Mead’s 

Hoover Dam and Lake Powell’s Glen Canyon Dam have a larger carbon intensity than 

natural gas, and even some oil and coal power plants (Table 3, Fig. 3a, Scherer and Pfister, 

2016). The authors compared their GLM modeling results for 1473 hydropower reservoirs 

to carbon intensity (termed “carbon footprint”) values published in a life cycle assessment 

of other energy sources (Turconi et al., 2013). The results suggested that the emissions 

from hydropower were far higher than previously assumed and called into question the 

sustainability of hydropower, though the GLM was intended to be used at an aggregate scale 

and not for specific reservoirs (see Section 4.2 and supplemental materials). The results we 

present here (e.g. from the G-res tool, the SPM, and the July 2017 Lake Powell survey 

measurements) indicate that the carbon intensity of these systems is likely much lower than 

was suggested by Scherer and Pfister (2016), more similar to that of energy from solar or 

biomass (Table 3, Fig. 3b). More recent studies have estimated the regional greenhouse gas 

footprint of hydropower reservoirs in the Mekong River Basin (Räsänen et al., 2018) and in 

Québec, Canada (Levasseur et al., 2021) and have found that the majority of systems have 

emissions comparable to other renewable energy sources. Our results also suggest that Lake 

Mead and Lake Powell are similar in the magnitude of their per MWh GHG emissions, with 

modeled emissions from Lake Mead ranging from 0.57 to 2.8 times that of Lake Powell 

based on the G-res, SPM, and MLR models respectively (Table 3, Fig. 3), but this is without 

field-based measurements from the Lake Mead system.

Here we have presented the best available estimates of gross surface GHG emissions from 

Lake Powell and Lake Mead, but many frameworks stress the importance of reporting 

net reservoir GHG emissions, or the difference between emissions from the reservoir and 

the previous landscape. Parsing pre-existing ecosystem GHG emissions from those due 

specifically to reservoir formation is unfortunately not a straightforward task. While CH4 

emissions are generally thought to originate from reservoir waterbody formation, some 

fraction of a reservoir’s CO2 balance would exist in the absence of a reservoir, making the 

net effect of the reservoir on the CO2 balance difficult to quantify (Prairie et al., 2018). In 

addition, we do not take into account factors such as potential dam decommissioning effects 

(e.g. fate of C stored in sediments, Pacca, 2007), nor do we consider the magnitude of C 

burial occurring in the reservoir.

Future water storage decisions may not only affect the water levels and associated per MWh 

emissions from the reservoirs (as in Fig. 2) but may also affect limnological conditions 

within the two reservoirs that ultimately determine total emission. For example, the warm 

water releases expected from Lake Powell under lower water levels (Dibble et al., 2020) may 
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reduce cold underflow mixing in Lake Mead leading to lower oxygen conditions and more 

CH4 production. Nevertheless, our results demonstrate a substantial difference in per MWh 

GHG emissions contingent on water level. This finding has implications for managing arid 

region reservoir levels in conjunction with replacement energy production and the planning 

and design of future hydropower facilities. For example, the impact of declining water levels 

on overall per MWh GHG emissions should include GHG emissions from energy production 

to replace the lost powerplant capacity. These considerations could play an important role 

in the operation of arid region reservoirs, as integration of renewables into the electricity 

sector continue, and the seasonal drawdown of reservoirs influence the total change in GHG 

emissions. Our results demonstrate that changes in reservoir design and operation could have 

a significant impact on aggregate per MWh GHG emissions.

5. Conclusions

Some of the first measurements of GHG emission from Lake Powell indicate a capacity for 

high emissions from littoral tributary regions, with average areal fluxes from this zone that 

are approximately 1.6 times the global average for reservoir systems. Still, when upscaled, 

Lake Powell’s CO2-eq per MWh emissions are on the low end of those estimated for other 

reservoir systems (as are the majority of the estimates produced by global scale models; 

Fig. 3). The large disparities in emission between different reservoir zones that we report 

here call for additional sampling to further constrain system-wide emissions. In addition, a 

number of phenomena (including drops in hydrostatic pressure and thermal mixing) could 

significantly affect annual emission estimates but were beyond the scope of this study. While 

global models suggest that per MWh emissions are likely similar between Lake Powell and 

Lake Mead, important differences between the systems may result in differential responses 

to environmental policy decisions. Overall, the work presented here highlights reservoir 

water level as an important determinant of per MWh GHG emissions -- a finding with 

potentially important implications for environmental policy in arid zone reservoirs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Shallow tributary regions were the main source of GHGs

• Methane dominated the GHG equivalent emissions throughout the reservoir

• GHG emissions per MWh vary dramatically with reservoir water level

• GHG emissions per MWh were low compared to other conventional energy 

sources
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Figure 1.
CH4, CO2 and total CO2-equivalent emissions from the July 2017 Lake Powell survey. 

Funnel-based ebullition estimates are denoted as purple triangles whereas floating chamber-

based total emissions are circles (orange for sink, green for source). All emission values are 

scaled based on CO2-equivalent emissions over a 100-year timeline with green indicating a 

source of GHGs from the water surface and red indicating a sink for GHGs in the reservoir.
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Fig. 2.
A) Estimated annual scale CO2-eq emission from the Lake Powell water surface per MWh 

of power production at various pool elevations (A), inundated reservoir surface areas at 

different water elevations (C), and images of the Colorado River where it flows into Lake 

Powell at low (B) and high (D) water levels. Images in panels B and D match those in the 

graphical abstract. In panel A, pink dots depict emissions per MWh assuming the dam is 

generating energy at capacity for a given reservoir elevation at a constant release totaling 

8.23 million acre-feet yr−1. The blue dot shows the estimated emissions per MWh for the 

July 2017 survey conducted as part of this study. Lower CO2-eq emissions in July of 2017 

relative to annual-scale estimates are due to higher monthly water releases in July relative 

to average annual-scale release. In panel C, the littoral tributary surface area represents 

tributary regions <15 m deep as was used for methane emission upscaling, note the log scale 

on the y axis, x marks the elevations at which aerial photos were taken in panels B and D.
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Fig. 3.
Panel a: Adaptation from Fig. 2 of Scherer and Pfister (2016): Carbon footprints of various 

energy sources. The dots show all values included for each source (although only the 10th 

and 90th percentile of systems are shown for GLM hydropower to improve visualization). 

The boxes show upper and lower quartiles (25% and 75%), and the horizontal line indicates 

the median. The whiskers extend to the largest values no more than 1.5 * the IQR. Panel 

b: the renewable energy subset of panel a, plotted on a log scale and including the multiple 

carbon footprint estimates for Lake Powell and Lake Mead discussed in this study. Color and 

shape of the marker indicates the source of the carbon footprint estimate for Lake Powell 

and Lake Mead. Whiskers indicate model or measurement uncertainty; measurement 95% 

CI range (“This Study”) is on the same order as upper and lower emission estimates in high 

and low reservoir water level scenarios pictured in Fig. 2.
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Table 1.

Mean values of key measured water quality parameters during the July 2017 Lake Powell survey.

Region Shallow Tributary (n=8 sites) Main Reservoir (n=20 sites)

Depth (m) 5.7 87.2

Surface Water Temperature (°C) 27.4 27.9

Bottom Water Temperature (°C) 26.5 8.4

Surface pH 8.36 8.44

Surface Bicarbonate (mg L−1) 160 126

Surface Calcium (mg L−1) 58.2 47.7

Surface Chlorophyll a (μg L−1) 2.8 1.5

Bottom Dissolved Oxygen (mg L−1) 5.4 4.9

Bottom Conductivity 539 848

Bottom Turbidity 16.5 2.6

Total Phosphorus (mg L−1) 0.54 0.08

Total Nitrogen (mg L−1) 1.45 0.52

Sulfate (mg L−1) 116 108

Surface Dissolved Organic Carbon (mg L−1)^ 0.43 3.9

Total CH4 Flux mg CH4 m−2 d−1 255.2 (sd=12.4, n=8) 2.1 (sd=0.1, n=20)

Chamber Diffusion mg CH4 m−2 d−1 66.4 (sd=3.2, n=8) 2.0 (sd=0.1, n=20)

Chamber Ebullition mg CH4 m−2 d−1 188.8 (sd=10.6, n=8) 0.07 (sd=0.01, n=20)

*Funnel Ebullition mg CH4 m−2 d−1 0 (n=1) 46.2 (sd=4.1, n=5)

Total mg CO2 m−2 d−1 757.4 (sd=42.0, n=8) 24.8 (sd=18.5, n=20)

Total mg CO2-eq m−2 d−1 9434.2 96.2

*
Funnel ebullition measurements were not included in upscaling exercises given their limited coverage.

^
Dissolved organic carbon concentrations were only measured at Wahweap (main reservoir, n=1) and at the inflow sites (shallow tributary, n=3).
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Table 2.

The top five models for floating chamber-based total CH4 and CO2 emissions from the July 2017 Lake Powell 

survey. The increase in the Akaike Information Criteria (AIC) score from the top model is also shown.

Gas Model Delta AIC

CH4 Total P + Depth 0

Bottom Temp + Bottom Conductivity 2

Total P * Bottom Temperature 5

Bottom Conductivity 10

Total P 12

CO2 Surface pH + Surface HCO3
− 0

Surface pH + Surface Ca2+ 3

Surface pH + Surface Temperature 5

Surface HCO3
− 11

Total N 13
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