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Hotspots of irrigation-related US greenhouse 
gas emissions from multiple sources

Avery W. Driscoll    1  , Landon T. Marston    2, Stephen M. Ogle    3,4, 
Noah J. Planavsky5,6, Md Abu Bakar Siddik    2, Shannon Spencer3,4, 
Shuang Zhang    7 & Nathaniel D. Mueller    1,3

Irrigation effectively increases yields and buffers against intensifying 
climatic stressors to crop productivity but also produces greenhouse 
gas (GHG) emissions through several pathways including energy use for 
pumping (on farm and for interbasin water transfers), N2O emissions from 
increased denitrification under elevated soil moisture, and degassing of 
groundwater supersaturated in CO2. Despite irrigation’s climate adaptation 
potential, associated GHG emissions remain unquantified. Here we conduct 
a comprehensive, county-level assessment of US GHG emissions from these 
irrigation-related pathways, estimating that irrigation produces 18.9 MtCO2e 
annually (95% confidence interval 15.2–23.5 Mt), with 12.6 Mt from on-farm 
pumping, 1.1 Mt from pumping for interbasin transfers, 2.9 Mt from elevated 
N2O and 2.4 Mt from groundwater degassing. These emissions are highly 
spatially concentrated, revealing opportunities for geographically targeted 
and source-specific GHG mitigation actions. These findings enable strategic 
consideration of GHG emissions in decision-making associated with 
irrigation expansion for climate adaptation.

The area of irrigated agricultural land in the USA has expanded from 
approximately 16 million hectares to over 23 million hectares since 1970, 
and irrigated farms are now responsible for nearly 60% of crop market 
value production despite occupying only 17% of harvested cropland 
area1. Irrigation effectively buffers against drought and heat stress by 
both meeting crop water demand and reducing local temperatures 
through increased latent heat flux2–4. Thus, irrigated croplands on 
average have both higher yields and yield stability than comparable 
non-irrigated lands5,6. Although localized contractions in irrigated 
area have occurred in the western USA owing to water scarcity, there 
have been larger expansions in irrigated area in the central and eastern 
USA where water availability is less constrained. As climate change 
exacerbates precipitation variability and increases atmospheric water 
demand, irrigation is becoming increasingly valuable for reducing crop 

vulnerability to heat and drought stress7–10, which are major drivers of 
crop losses historically11–14.
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Since irrigation is a key climate adaptation tool, a comprehensive 
understanding of irrigation-driven greenhouse gas (GHG) emissions is 
needed to identify the implications of irrigation expansion for meet-
ing urgent agricultural-sector emissions reduction goals15–18. Potential 
feedbacks arise if climate change adaptation strategies increase GHG 
emissions and therefore compromise climate change mitigation goals. 
Existing research related to irrigation emissions at large spatial scales 
has predominantly focused on energy use for pumping19–21, revealing 
that irrigation pumping represents a substantial proportion of agri-
cultural energy use emissions22. However, this body of work captures 
emissions from only one of several pathways by which irrigation con-
tributes to food system emissions15,19,23,24.
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surface water use, including all interbasin transfer emissions. How-
ever, this estimate does not include emissions from off-farm intrabasin 
pumping for conveyance of surface water owing to a lack of available 
data.

Geographic hotspots of irrigation-related emissions have an out-
sized contribution to national totals, with the highest-emitting decile 
of counties (270 counties) producing over 76% of emissions (Fig. 2). 
Broadly, the identification of hotspots of environmental impacts can 
reveal the maximally impactful leverage points for intervention38. Gini 
coefficients (G) provide a measure of equality in the distribution of a 
variable, with a value of zero indicating that the variable is uniformly 
distributed (that is, all irrigated counties produce equal amounts 
of irrigation-related emissions) and a value of 1 indicating perfect 
inequality (that is, a single county produces all irrigation-related emis-
sions)39,40. The Gini coefficient for total irrigation-related emissions 
indicates that the distribution of county-level emissions is highly 
skewed (G = 0.86). Moreover, G of emissions is larger than G of irrigated 
area (G = 0.82), indicating that the spatial concentration of emissions 
is greater than would be expected given the spatial concentration of 
irrigated area.

The spatially concentrated nature of the distribution of irrigation- 
related emissions clarifies geographic targets for GHG mitigation. 
Notable hotspots of irrigation-related emissions occur in the High 
Plains Aquifer region, the Mississippi Delta, California’s Central and 
Imperial Valleys and Southern Arizona (Fig. 2a). Although county-level 
irrigation-related emissions are tightly correlated with irrigated area 
(Supplementary Fig. 2; r2 = 0.77, P < 0.001), the area-based emissions 
intensity of irrigation also contributes to spatial variability in emis-
sions. For instance, the highest-emitting decile of counties has an aver-
age emissions intensity of 1.0 tCO2e ha−1, while the remaining counties 
have an average emissions intensity of 0.50 tCO2e ha−1. High-emitting 
counties are often associated with higher per-hectare water use, higher 
aridity, higher groundwater reliance and the presence of an interbasin 
transfer (Supplementary Fig. 3).

Different emissions sources also exhibit different degrees of spa-
tial concentration and different distributions (Figs. 2b and 3), suggest-
ing that the most effective mitigation actions may vary depending on 

Groundwater supplies 48.5% of irrigation water in the USA25, but 
it is supersaturated in CO2 due to (1) passage through soil pore spaces 
with high CO2 concentrations from microbial metabolism and (2) 
reactions with bedrock within the aquifer26,27. Upon extraction and 
application, groundwater CO2 concentrations equilibrate with the 
atmosphere, releasing excess CO2. Additionally, N2O emissions are 
influenced by soil moisture levels, with peak emissions occurring at 
water-filled pore space levels exceeding roughly 70% due to denitrifica-
tion of soil nitrate28,29. Temporarily saturated cropland soil depressions 
can produce N2O at rates 80 times higher than adjacent, non-flooded 
land30, and irrigation increases the likelihood of saturated conditions 
in croplands. However, field-scale studies of the impacts of irrigation 
on N2O emissions have identified a very wide range of effects depend-
ent on management practices, soil properties and crop type, rang-
ing from non-significant 
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changes to increases of up to 140% (ref. 31). 

Finally, interbasin transfers, or the non-natural transport water from 
one hydrologic basin to another, supply an estimated 19% of surface 
water for public supply and irrigation uses in the USA32. Some of these 
projects transport water long distances and have large elevation gains, 
leading to substantial pump energy demands32,33.

Here, we comprehensively examine GHG emissions from agri-
cultural irrigation across US counties due to groundwater degassing, 
elevated N2O emissions and energy use for interbasin transfers circa 
2020, opportunistically using available data primarily from 2015 to 
2022 for each emissions source (dates for each data source are detailed 
in Supplementary Table 1). Emissions from groundwater degassing are 
calculated using measurements of pH, alkalinity and salinity of US well 
waters34 and land surface temperature35. Nitrous oxide emissions are 
estimated using a statistical metamodel of site-level N2O flux estimates 
that were developed with the DayCent biogeochemical model for the 
US GHG Inventory and are representative of all US agricultural pro-
duction36. Finally, emissions from interbasin transfers are calculated 
using energy use data collected directly from the utility companies, 
irrigation districts and government agencies that operate transfers 
that supply irrigation water32. We couple these novel emissions datasets 
with existing data about on-farm energy use emissions to construct 
a comprehensive, county-level database37 of irrigation-related GHG 
emissions in the USA (Supplementary Table 2). This publicly available 
database will facilitate improved life cycle assessment of irrigated crop 
products and enable the identification of locally relevant agricultural 
GHG mitigation opportunities.

Results and discussion
Total GHG emissions from irrigation
Irrigation produces an estimated 18.9 million metric tonnes (Mt) CO2 
equivalents (CO2e) annually circa 2015–2022 in the USA (95% confi-
dence interval (CI) 15.2–23.5 MtCO2e yr−1) (Fig. 1). On-farm energy use 
for pumping irrigation water accounts for 67% of the total emissions, 
or 12.6 MtCO2e yr−1 (95% CI 10.4–15.0 MtCO2e yr−1). Increased N2O emis-
sions from soils account for the second-largest proportion of total 
irrigation-related emissions (15%), producing 2.9 MtCO2e yr−1 (95% CI 
2.7–3.0 MtCO2e yr−1). Degassing of CO2 from groundwater produces 
2.4 MtCO2 yr−1 (95% CI 1.5–3.7 MtCO2 yr−1), or 13% of the total emissions. 
Finally, off-farm energy use for interbasin transfers produces an addi-
tional 1.1 MtCO2e yr−1 (95% CI 0.6–1.8 MtCO2e yr−1), accounting for 6% of 
total irrigation-related emissions. State-level, source-specific CIs and 
relative uncertainty estimates are available in Supplementary Fig. 1, 
and county-level, source-specific CIs are available in Supplementary 
Table 2. Even though groundwater and surface water withdrawals for 
irrigation are of similar magnitude nationally (accounting for 49% and 
51% of total withdrawals, respectively)25, groundwater accounts for 79% 
of irrigation-related emissions (14.9 MtCO2e) due to its higher energy 
requirements for on-farm pumping and the degassing flux, which, 
assuming eventual water–gas equilibration, does not apply to surface 
water. Only 21% of the total emissions (4.0 MtCO2e) are attributable to 
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Fig. 1 | Total GHG emissions associated with irrigation in the USA by source. 
GHG emissions associated with irrigation in the USA by emissions source. The 
blue bars indicate emissions associated with groundwater use, and the red bars 
indicate emissions associated with surface water use. The error bars represent 
the 95% CIs for the emissions estimates, capturing quantifiable sources of 
uncertainty for each emissions source via a Monte Carlo bootstrapping approach 
(detailed in Methods; n = 10,000 bootstrap replications for on-farm energy use 
and interbasin transfers and n = 1,000 replications for N2O and groundwater 
degassing).
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the locally dominant emissions source. Emissions due to interbasin 
transfers are the most spatially concentrated (G = 0.99), followed by 
CO2 degassing from supersaturated groundwater (G = 0.93), on-farm 
pump energy use (G = 0.91) and elevated N2O emissions (G = 0.88). 
On-farm energy use is the dominant source of irrigation-related emis-
sions across 90% of irrigated counties, which contain 78.2% of irrigated 
land. Elevated N2O emissions are the dominant source in 7% of counties 
(containing 9.6% of irrigated land), primarily in areas where pumping 
emissions and groundwater reliance are low. Groundwater degassing is 
the dominant emissions source in 55 counties (10.0% of irrigated land), 
including much of the Lower Mississippi River Valley region. Although 
energy use for interbasin transfers is the dominant emissions source in 
only 15 counties, the emissions impact is substantial in those locations.

Groundwater degassing
We estimated that CO2 degassing from groundwater that is used for 
irrigation emits 2.4 MtCO2 yr−1 (95% CI 1.5–3.7 MtCO2e), at a national 
average volume-based rate of 30,866 tCO2 km−3 of groundwater. 
These emissions are highly spatially heterogeneous (Fig. 3a,b) and 
are concentrated in the Mississippi River Valley region, which has 
experienced steady growth in irrigated area41 and irrigation volumes42 
since the 1970s to support increasing corn and soybean production43 
in addition to rice and cotton. County-level degassing emissions are 
correlated with groundwater extraction volumes (r = 0.68), but emis-
sions are also strongly influenced by the spatial variance in the partial 
pressure of CO2 (pCO2) in groundwater (Supplementary Fig. 4). For 
example, groundwater extractions from the 81 counties overlaying 
the Mississippi River Valley Alluvial Aquifer account for only 21% of 
total groundwater withdrawals nationally, but they produce 54% of 
the total degassing emissions with an average degassing emissions rate 
that is 250% of the national average due to a higher groundwater pCO2. 
As a counterpoint, the 237 counties overlying the High Plains Aquifer 
produce only 15% of degassing emissions while accounting for 24% of 
groundwater withdrawals.

Localized reductions in groundwater withdrawals in areas with 
high pCO2 values will be needed to reduce emissions from groundwater 
degassing. Increasing the water use efficiency of irrigation systems 
may reduce withdrawals of groundwater and, therefore, the emissions 
fluxes attributable to degassing and groundwater pumping, even if 
consumptive water use (that is, the volume leaving the system via 
evapotranspiration) is not substantially reduced by improved system 

efficiency44,45. For example, approximately 68% of irrigated area in the 
Mississippi River Valley utilizes highly inefficient flood or furrow irriga-
tion systems43, and nearly all rice is grown with continuous flooding46. 
Irrigation application rates for maize and soybean are approximately 
49% and 51% lower, respectively, under pivot irrigation than furrow 
irrigation42, and implementation of alternate wetting and drying sys-
tems can reduce water application rates for rice by 39% (ref. 46). CH4 
emissions can also be reduced via alternate wetting and drying, as 
discussed in the section on additional emissions sources below. Reduc-
tions in degassing emissions would be proportional to reductions in 
groundwater withdrawals, suggesting strong mitigation potential for 
this emissions flux via improved irrigation water use efficiency. How-
ever, switching to more efficient irrigation systems does not always 
reduce water withdrawals, as it can lead to an expansion in irrigated 
area and encourage planting of more water-intensive crop varieties44. 
Thus, policy efforts to regulate total groundwater withdrawals will be 
needed alongside improvements in system efficiency. Additionally, 
mitigation of degassing emissions via reduced groundwater withdraw-
als should be undertaken with consideration of crop yield impacts, 
as yield reductions may lead to increased GHG emissions through 
cropland intensification or expansion elsewhere.

Our estimate of CO2 emissions from groundwater degassing falls 
within the range of another national-scale estimate developed using 
a national average value for groundwater bicarbonate concentra-
tion and an estimate of groundwater depletion (1.7 MtCO2 yr−1; 95% CI 
0.9–2.6 MtCO2 yr−1)26, though our mean estimate is 1.4 times higher. 
Two key methodological differences underly the difference between 
these two estimates. First, we derive spatially resolved pCO2 estimates 
from groundwater pH, alkalinity and temperature, rather than rely-
ing on a national average value of bicarbonate concentrations. This 
spatial resolution allows for alignment of the large variability in both 
groundwater extractions and pCO2. Second, we consider the gross 
flux from all groundwater extractions, rather than only groundwater 
depletion. Although there is a potential return flux of CO2 to the aquifer 
via groundwater recharge, the timescale of this return, particularly for 
mineral-derived carbon, may be long enough that it is irrelevant for 
shorter-term GHG accounting and irrigation decision-making. Future 
work to assess potential return fluxes and their timelines, analyse 
degassing of dissolved N2O from groundwater and evaluate interannual 
variability in groundwater extractions would further clarify the impact 
of groundwater degassing on agricultural GHG emissions.
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Fig. 2 | County-level distribution of total irrigation-related GHG emissions 
and spatial concentration by source. a, County-level map of total GHG 
emissions from irrigation. b, The cumulative proportion of emissions occurring 
within a given proportion of counties that contain irrigation. The colour scale in 
a is square-root transformed for improved visibility, and counties in white do not 
have any crop irrigation per the USGS 2015 water use dataset used in the analysis. 

The dashed black line in b represents a hypothetical uniform distribution 
of irrigation among counties, and the black, red, light-blue and green lines 
represent the observed distribution of irrigation-related emissions from on-farm 
pumping, nitrous oxide, groundwater degassing and energy use for interbasin 
transfers, respectively.
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Biogenic soil N2O emissions
We estimate that irrigation contributes 2.9 MtCO2e annually (95% CI 
2.7–3.0 MtCO2e) through increased N2O emissions on irrigated crop-
lands (Fig. 3c,d). This direct contribution of irrigation represents 
approximately 9.9% of the total direct N2O emissions (29.1 MtCO2e) 
that are produced on the 21.5 Mha of irrigated cropland included in 
this analysis. Given that irrigation increases N2O emissions by causing 
periods of elevated soil moisture that promote denitrification30,47, 
avoidance of saturated conditions through improved irrigation sched-
uling may mitigate increased N2O emissions. Additional reductions in 
irrigation-related direct N2O emissions from cropland soils are poten-
tially achievable through management practices such as the optimi-
zation of N application rates48, use of controlled-release fertilizers49 
and use of nitrification inhibitors50 (though inhibitors may increase 
indirect emissions51).

Total irrigation-related N2O emissions and per-area rates of 
emissions are much higher in the western USA than the east. The five 
highest-emitting states (Nebraska, Texas, Idaho, Kansas and California) 
produced 68% of the total emissions attributed to irrigation despite 
containing only 46% of the irrigated cropland. These high-emitting 
states are characterized by both 49% higher average N use per hectare 
and 41% lower average ratios of precipitation to evapotranspiration 
than the remaining states, both of which are likely drivers of higher 
per-hectare irrigation-related N2O emissions rates. In contrast to these 
high-emitting areas, the model indicates that irrigation reduces N2O 
emissions in three eastern states on average (Maryland, Rhode Island 
and Connecticut). It is possible that irrigation in these areas either 
improves plant uptake of N or increases nitrate leaching to ground-
water or runoff in surface water, thus reducing direct losses of N as 
N2O from croplands. However, increased runoff and leaching of N may 
lead to increases in indirect N2O emissions off-farm. Additionally, both 
the average area-based rate of decrease (−0.9 CO2e ha−1) and the total 
irrigated area in these states (54,657 ha) are very small, resulting in a 
negligible reduction of only 59 tCO2e in total. Sharp gradients at state 
boundaries in the percentage of emissions contributed from each 
source (Fig. 3b,d,f,h), such as the high relative contribution of N2O in 
Idaho, arise from reliance on some state-level input data and should 
be interpreted with caution.

To provide additional confidence in our estimate in light of model 
uncertainties, we performed a simplified Intergovernmental Panel on 
Climate Change (IPCC) Tier 1 calculation52 using a global database of 
measured climate- and irrigation status-specific emissions factors53 
as a robustness check. Notably, these emissions factors were not from 
paired, co-located irrigated and rainfed systems, but rather included all 
cropland emissions factors in the database that contained information 
on irrigation status. Based on these emissions factors and the same 
dataset of N inputs that was used for the metamodel, we estimated that 
5.8 MtCO2e (95% CI 2.4–10.2 MtCO2e) were attributable to increased 
N2O from irrigation in 2017 (Supplementary Fig. 5). This Tier 1 estimate 
of N2O emissions is larger than the metamodel results and has a wider 
uncertainty band, though the CIs of the Tier 1 and DayCent-based 
estimates overlap.

The analytical approaches used for the estimation of irrigation- 
related N2O emissions capture the variability in N2O emissions attrib-
uted to irrigation but assume that no other model variables change, 
such as cropland area, crop types or N inputs. In reality, the elimination 

of irrigation would be accompanied by other management and land 
use changes such as retirement of croplands where production is not 
feasible without irrigation and reductions in N fertilizer application 
for systems that transition to rainfed production, further reducing 
N2O emissions. On croplands that would be retired without irrigation, 
all N2O emissions from applied N could be considered attributable to 
irrigation. This analysis does not capture hypothetical area or man-
agement changes and, thus, provides a lower-bound estimate for the 
contribution of irrigation to N2O emissions, reflecting only emissions 
directly attributable to increased moisture inputs. Future work may 
consider irrigation-driven changes in cropland area and management 
to account for emissions impacts in areas where rainfed production 
is not possible and/or N application rates are higher under irrigation.

Field-scale studies have generally focused on measuring the 
effect of altered irrigation regimes, such as comparing N2O emissions 
under sprinkler versus flood irrigation or different irrigation water vol-
umes, rather than comparisons of adjacent irrigated and non-irrigated 
systems54. Additional in situ measurements of N2O emissions from 
comparable, co-located irrigated and rainfed fields across a range 
of environmental conditions (where rainfed production is feasible) 
and management practices will be needed to reduce uncertainty in 
the impact of irrigation on N2O emissions and facilitate scalability. 
Further improvements to N2O emissions estimates may be achievable 
through the use of additional biogeochemical models, refinements 
in model representation of irrigation, and improvements in fertilizer 
use datasets.

Energy use for interbasin transfers
We evaluated energy use along 103 active interbasin transfer projects 
that supply irrigation water, which in total produce an estimated 
1.1 MtCO2e yr−1 (95% CI 0.6–1.8 MtCO2e) from the delivery of irriga-
tion water (Fig. 3e,f). Interannual variability in pumping volumes and, 
thus, in energy requirements can be large; this variability underlies the 
relatively wide CI for this estimate. Many of interbasin transfers also 
supply water for municipal, domestic or industrial uses, so emissions 
for each transfer were scaled by the proportion of water delivered for 
irrigation. Some major projects supply very little water to agricultural 
users but have substantial total energy use and emissions, such as the 
Colorado River Aqueduct in California and the Coastal Water Author-
ity Canals in Texas. Notably, 65% of the transfers (67 transfers) do not 
require any external energy inputs and instead rely primarily on gravity 
flow through canals and pipelines to transport water. This includes 
several very large transfers, such as the All American and Los Angeles 
Canals in California, the Fryingpan-Arkansas Project in Colorado and 
the Diamond Fork Project in Utah. Inverted siphons and, in some cases, 
hydraulic lift pumps enable uphill travel without energy inputs along 
these projects.

Among the 36 projects that do involve pump energy use, emis-
sions are heavily dominated by two projects with large transfer vol-
umes, substantial elevation gain and long conveyance distances. The 
Central Arizona Project (CAP; 379,484 tCO2e yr−1) and the California 
State Water Project (SWP; 519,347 tCO2e yr−1) produced 85.4% of the 
national total emissions associated with interbasin transfers of irriga-
tion water. In contrast, 22 transfers had emissions footprints of less 
than 1,000 tCO2e yr−1, and the remaining 12 transfers produced between 
1,030 and 65,469 tCO2e yr−1. All but one of the projects rely on electrical 

Fig. 3 | Source-specific maps of GHG emissions and their relative 
contribution. a–h, County-level maps of total GHG emissions from irrigation 
(left; that is, a, c, e and g) and the percentage of irrigation-related GHG emissions 
within each county (right; that is, b, d, f and h) attributed to groundwater 
degassing (a and b), elevated N2O (c and d), energy use for interbasin transfers 
(e and f) and on-farm energy use for pumping (g and h). In e and f, the red lines 
indicate interbasin transfer conveyance paths that require energy for pumping, 
and the black lines indicate interbasin transfer paths that do not require energy 

for pumping. The emissions associated with interbasin transfers are allocated 
equally to the counties containing each conveyance path, regardless of pump 
station locations. The colour bars for emissions estimates in a, c, e and g are 
square-root transformed to better illustrate the patterns. Counties in white are 
not associated with emissions for the source owing to not having any reported 
groundwater use for crop irrigation (a and b), ground or surface water use for 
irrigation (c, d, g and h) or interbasin transfers (e and f).
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pumps (the exception being the Lower Neches Valley Authority Canals 
in Texas, which has one natural gas pump station).

Given heavy reliance on electricity, reductions in the emissions 
intensity of the electrical grid will serve to directly reduce emissions 
from interbasin transfers. Additionally, hydropower is produced along 
the paths of many of the major transfer projects, and some projects 
have invested in construction of renewable energy generation to meet 
pump energy demand. For example, approximately half of the power 
used for the SWP is produced at hydroelectric generating plants located 
along the project itself, which also deliver hydropower to the electrical 
grid. Since the 2019 closure of the coal-fired Navajo Generating Station, 
which supplied the majority of energy needed to power pumping along 
the CAP, the CAP has established long-term contracts to source 6% of 
its power from the Hoover Dam hydroelectric generating plant and 7% 
from new solar development.

Emissions associated with energy use for within-basin water con-
veyance by irrigation organizations were not estimated in this study 
owing to extremely large number of organizations involved in irriga-
tion water delivery. Future efforts to develop a national inventory of 
within-basin water infrastructure would facilitate further analysis of 
the energy and emissions implications of intrabasin water conveyance.

Additional emissions sources
Two additional emissions sources that are influenced by irrigation 
include enhanced methane emissions from rice production systems 
and methane emissions from surface reservoirs that store irrigation 
water. The 2023 US GHG Inventory estimates that US rice production 
systems, all of which are irrigated, produced 16.8 MtCO2e of CH4 in 2017 
(ref. 36), although the 95% CI extended from 4.2 to 29.4 MtCO2e and 
estimates vary between Tier 1, Tier 2 and Tier 3 accounting strategies55. 
We excluded rice CH4 emissions from the present analysis because there 
is no rainfed rice production in the USA to serve as a counterfactual to 
emissions from irrigated rice production and because several spatially 
explicit estimates of methane production from rice have already been 
generated. Although eliminating irrigation for rice production is not 
feasible in much of the rice-growing area in the USA, reducing irrigation 
intensity through practices such as alternate wetting and drying has 
potential to reduce CH4 production by 39–83% (refs. 56,57). Surface 
water storage and delivery infrastructure, including reservoirs, canals 
and constructed ponds, were estimated to produce 20.1 MtCO2e of CH4 
in 2020. However, most reservoirs and similar infrastructure are mul-
tipurpose, with uses for power generation, flood control, recreation, 
habitat, navigation and public supply in addition to irrigation. Reservoir 
end uses are not comprehensively tracked, and thus, identifying the 
share of reservoir emissions attributable explicitly to water use for 
irrigation is non-trivial. Opting to include rice and reservoir methane 
production would substantially increase the estimated GHG emissions 
impact of irrigation.

Conclusions
We estimate that US irrigation produces 18.9 MtCO2e annually through 
pump energy use, groundwater degassing of CO2 and increases in N2O 
emissions circa 2020. Irrigation-related emissions are predominately 
attributable to energy use (72% of total emissions) and groundwater use 
(79% of total emissions). They are also highly spatially concentrated, 
leading to geographic hotspots of irrigation-related emissions in which 
emissions mitigation actions can be targeted towards the key sources. 
As energy use accounts for the majority of total emissions, pump elec-
trification and grid decarbonization will be effective strategies for 
reducing irrigation-related emissions nationwide. Reductions in degas-
sing emissions will require reductions in groundwater extractions, 
particularly from aquifers with high pCO2, which will be achievable in 
part through increased irrigation system efficiency. Effective irrigation 
scheduling and improved efficiency may additionally help mitigate 
excess N2O emissions by minimizing periods of very high soil moisture 

contents, particularly when coupled with interventions to reduce the 
excess reactive N load such as use of controlled-release fertilizers and 
optimized N application rates. Additional work to assess interannual 
variability in irrigation-related emissions and evaluate implications 
of hypothetical policy scenarios may be useful for further targeting 
mitigation efforts.

To our knowledge, this is the most comprehensive national-scale 
analysis of irrigation related emissions so far, and we believe that the 
resultant database has several important uses. First, the incorpora-
tion of irrigation-related emissions into life cycle assessment mod-
els will improve GHG accounting of products derived from irrigated 
crops. Second, the data provide insight into potential future changes 
in irrigation-related emissions due to changing environmental condi-
tions, such as increased crop water demand, groundwater depletion 
and altered surface water availability, among others. Third, the data 
enable consideration of the GHG emissions impacts of irrigation policy 
decisions, such as incentives for irrigation expansion or improve-
ments to system efficiency, which is particularly relevant for irrigation 
policy decisions motivated by climate change adaptation. In sum, these 
spatially resolved, source-specific estimates of GHG emissions from 
irrigation will enable more thorough evaluation of trade-offs between 
increased crop productivity, increased water scarcity and increased 
emissions in the context of continued irrigation expansion.

Methods
Groundwater degassing
Source data. We collected a suite of well water chemical species and 
parameters, including alkalinity, pH and salinity of the groundwater 
system in the contiguous USA from the US Geological Survey (USGS)34. 
Specifically, we selected 11 different parameter codes for alkalinity 
(00418, 00421, 29801, 29802, 29803, 39036, 39086, 39087, 99431, 
00410 and 90410), three parameter codes for pH (00400, 00403 and 
00408) and four parameter codes for salinity (that is, total dissolved 
solids) (70300, 70301, 70303 and 00515) according to the USGS param-
eter coding system34. For each of these parameters, we removed the 
samples that were not labelled as ‘Groundwater’. We further calculated 
the average value of each of the parameters for the samples that have 
the same ‘Activity Identifier’ (an identifier for each measurement). Out-
lier data, defined as values lower than the 0.5th percentile and higher 
than the 99.5th percentile of each parameter, were removed. Sites 
with multiple measurements in a day were averaged on a daily basis for 
each parameter. To maintain a high-quality average annual signal, we 
removed the sites that lacked at least one data point for each season. 
We also removed data points from the winter season (December, Janu-
ary and February) to reflect the potential irrigation season in most of 
the USA. After data filtering, the average value of each parameter for 
each site was calculated by sequentially aggregating the samples by 
month, season and year. Note that, for pH values, we first converted 
original pH values from −log10([H+]) scale to the [H+] concentration 
scale (mol l−1) before data aggregation and then converted them back 
to −log10([H+]) in the final step. This resulted in our final groundwater 
dataset (3,918 sites) with alkalinity, pH and salinity (Supplementary 
Fig. 6). The March to November average land surface temperatures for 
these groundwater sites (Supplementary Fig. 7) were extracted from 
the CHELSA dataset (Climatologies at High Resolution for the Earth’s 
Land Surface Areas)35.

Data analysis. The aqueous concentration of CO2 ([CO2]aq) in ground-
water was determined using compiled data on alkalinity, pH, salin-
ity and surface temperature via the ‘seacarb’ R package58. Utilizing 
globally averaged atmospheric CO2 concentrations from the National 
Oceanic and Atmospheric Administration Global Monitoring Labora-
tory59 for 2015–2020 (excluding data from December, January and 
February), we calculated the equilibrium concentration of aqueous 
CO2 ([CO2]aq_eq) in groundwater, based on groundwater pH, salinity and 
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surface temperature58. Subsequently, the difference between [CO2]aq 
and [CO2]aq_eq ([CO2]aq − [CO2]aq_eq) was computed for all sampling loca-
tions. To spatially extend these results, we employed inverse distance 
weighting to interpolate the calculated [CO2]aq − [CO2]aq_eq values across 
the contiguous USA at a 0.1° resolution. These interpolated values were 
then aggregated to the county-level average and integrated with the 
corresponding irrigation groundwater withdrawals for each county.

Assuming that all excess CO2 in the groundwater would be 
degassed into the atmosphere, the CO2 flux from irrigation to the 
atmosphere was calculated using 




equation (1):

fCO2=([CO2]aq−[CO2]aq_eq)×Virrigation
(1)

Here, fCO2 represents the carbon degassing flux resulting from irriga-
tion, [CO2]aq is the actual CO2 concentration in the groundwater upon 
its extraction, [CO2]aq_eq is the equilibrium CO2 concentration in the 
groundwater and Virrigation is the volume of groundwater withdrawn for 
irrigation. County-level irrigation groundwater use data were acquired 
from the USGS database ‘Estimated Use of Water in the United States 
for 2015’25 (the most recent year available at the county scale) and 
modified to account for golf course irrigation, as detailed in Supple-
mentary Methods.

A 95% CI was constructed using a Monte Carlo approach. First, 
the standard errors of [CO2]aq and [CO2]aq_eq were estimated using the 
default implementation of the ‘errors’ function in the ‘seacarb’ pack-
age58, which propagates uncertainties associated with alkalinity, pH, 
salinity, temperature, atmospheric CO2 concentration and seven key 
dissociation constants used in the calculation. We assumed a standard 
measurement error of 1% for pH and alkalinity, used the standard error 
of the monthly mean atmospheric CO2 concentrations to incorporate 
uncertainty in the timing of pumping, and used the default standard 
uncertainty values for all remaining variables. The standard error 
of the difference of [CO2]aq_eq and [CO2]aq for each measurement was 
calculated by taking the square root of the sum of squared errors. To 
incorporate uncertainty in the spatial interpolation step, we conducted 
1,000 iterations of the interpolation of [CO2]aq_eq − [CO2]aq values. For 
each interpolation iteration, we first randomly sampled the sites to be 
included (with replacement). From each selected site, we then sampled 
from a distribution of potential [CO2]aq_eq − [CO2]aq values generated 
with the ‘rnorm’ function using the calculated mean and standard 
error of the estimate for each site. These sampled values were used as 
the input data for the interpolation, and the 2.5th and 97.5th percentile 
values from the bootstrapped iterations were used to calculate the CI 
for the national emissions estimate.

Biogenic emissions
Source data. The analysis of irrigation’s contribution to N2O emis-
sions relied on an existing, point-level timeseries of agricultural GHG 
emissions and sinks that was developed for the US GHG Inventory36. 
Detailed descriptions of the database development and model inputs 
are available in section 5.4 of the 2023 US GHG Inventory Report36. 
Briefly, direct N2O emissions for 22 major crops grown on mineral soils 
and most non-federal managed grasslands were estimated using Day-
Cent, an ecosystem biogeochemical model with a daily timestep60,61. We 
utilized input and output data from the site-level DayCent model runs 
conducted at US Department of Agriculture (USDA) National Resource 
Inventory (NRI) survey locations on agricultural lands for 1990–2017. 
Each site was associated with an expansion factor, indicating the land 
area with similar physical and management characteristics, to allow 
for upscaling. Key land use and management input data included crop 
type and areas, irrigation, fertilization rates (from synthetic ferti-
lizers and manure), cover crop management, tillage, and planting 
and harvest dates. Numerous data sources were leveraged for these 
underlying DayCent analyses reported in the US GHG Inventory, includ-
ing the USDA NRI62, USDA National Resource Conservation Service 
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Conservation Effects and Assessment Project, the USDA Economic 
Research Service Agricultural Resource Management Surveys and the 
USDA Census of Agriculture, among others. Fertilizer application rates 
were harmonized with sales data from the USGS63 and the Association of 
American Plant Food Control Officials reports, and manure input data 
were harmonized with estimates of the total manure available for land 
application. These nitrogen use data are somewhat uncertain and may 
present an opportunity for improving N2O estimates, particularly with 
respect to the spatial distribution of nitrogen application. In addition 
to management data, the DayCent simulations utilized weather data 
from PRISM (Parameter-elevation Regressions on Independent Slopes 
Model)64, soil physical properties from the Soil Survey Geographic 
Database65 and MODIS Enhanced Vegetation Index data66,67 to inform 
primary productivity.

Metamodel development. To isolate the effect of irrigation on N2O 
emissions from US croplands and pastures, we fit a generalized linear 
mixed-effects model of DayCent predictions of N2O-N ha−1. The rate of 
N2O emissions was modelled with a gamma distribution and log link 
function to avoid prediction of negative N2O fluxes68. A random slope 
was included per site to account for non-independence of DayCent 
predictions across years. Twelve systematic predictors and two interac-
tion terms were also included in the model (Supplementary Table 3). 
Specifically, binary predictors were included for irrigation status, 
previous-year fallow and a transition to cropland from grassland within 
the previous 3 years. Categorical predictors were included for crop 
type (16 categories) and tillage, including categories for conventional 
tillage, reduced tillage, no-till and ‘not applicable’ (for permanent 
pasture). Continuous predictors were included for total N application 
rate, precipitation minus evapotranspiration (P-ET), mean annual tem-
perature, per cent sand, bulk density, soil pH and soil organic carbon. 
All continuous predictors were modelled as second-order orthogonal 
polynomials to allow for quadratic effects and reduce multicollinear-
ity. Finally, interactions between irrigation and N application rate and 
irrigation and P-ET were also included as these variables may modulate 
the effect of irrigation on N2O emissions.

The model was fit on a total of 6,651,156 observations, representing 
258,832 unique cropland and pasture sites, using the ‘lme4’ package69. A 
total of 849,365 of the observations were irrigated. Variable inclusion in 
the full model was based on mechanistic drivers of N2O emissions vari-
ability and data availability, and all predictors significantly influenced 
N2O emissions (α = 0.05). We calculated the average out-of-sample 
root mean square error by randomly resampling 80% of the sites in 
the database for training the model and using the remaining 20% of 
the sites for testing. The final metamodel effectively reproduced the 
DayCent emissions estimates (Supplementary Fig. 8; root mean square 
error 490 g N2O-N ha−1, R2 = 0.86 at the site–year level).

Metamodel projections and uncertainty estimates. The metamodel 
was then used to generate predictions of the area-based rate of N2O 
emissions on irrigated croplands under two scenarios: (1) the baseline 
scenario with full irrigation and (2) a hypothetical no-irrigation scenario 
with irrigation set to zero but otherwise identical input data. The differ-
ence between the baseline N2O estimates and the no-irrigation scenario 
was used to approximate the additional N2O emissions attributable to 
irrigation. Importantly, the no-irrigation scenario does not represent 
the cropland retirement or decreases in N application rates that would 
be expected in the absence of irrigation. This method therefore pro-
duces a conservative estimate of irrigation related N2O emissions as 
it reflects only the increase attributable to changes in soil moisture.

We used a block bootstrapping approach to generate a 95% CI for 
N2O emissions estimate. Individual sites were resampled with replace-
ment, and all observations for the resampled sites were used to refit 
the metamodel, generate predictions under the baseline and the 
no-irrigation scenario, and calculate the total change in N2O emissions. 
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This procedure was repeated 1,000 times, and the CI was calculated as 
the 2.5th and 97.5th percentile estimates. The calculated CI for irriga-
tion’s contribution to N2O emissions reflects only the uncertainty 
stemming from the metamodel itself, and not the uncertainty associ-
ated with the predicted site fluxes from the DayCent model, which 
are considerable. For example, the 95% CI for the US GHG Inventory 
estimate of total direct N2O emissions from all croplands in 2015 ranges 
from 26% below to 31% above the central estimate, after incorporating 
uncertainty in input data, parameterization and structural uncer-
tainty in the DayCent model. Moreover, uncertainty in N2O emissions 
estimates is larger at smaller spatial scales60 than at the national scale.

N2O emissions mapping. The total CO2e (E) associated with N2O emis-
sions attributed to irrigation for each state (s) was calculated according 
to equation (2). Here, R represents the rate of N2O emissions in grams of 
N in N2O per hectare associated with irrigation in each survey location 
(summed by state), MN2O is the molar mass of N2O (44.013 g mol−1) and 
MN2 is the molar mass of N2 (28.0134 g mol−1). The ratio of molar masses 
is used to convert grams of N in N2O to grams of N2O before multiplying 
by G, the 100-year global warming potential of N2O from the IPCC Sixth 
Assessment Report without feedbacks (273 g CO2e per g N2O), and A, 
the land area (hectares) in the state represented by the survey location 
according to the NRI.

Es = ∑R × MN2O
MN2

× G × A (2)

The NRI expansion factors (A) for upscaling reflect the area that the 
survey location represents with respect to land cover, management, 
climate and soil characteristics and are based on a stratified sampling 
approach at the county and township levels. These area estimates 
contain larger uncertainty at smaller spatial scales (ex. counties) than 
at larger spatial scales (ex. 




states). To account for trends in irrigated 

area over time, the average irrigated area for each land use type and 
county was taken from 2015–2017 for upscaling. We found that the 
total irrigated land area represented in the NRI data included in the 
analysis (21.5 Mha) was reasonably consistent with the USGS 2015 
‘Estimated Use of Water in the United States’ database (23.4 Mha) but 
that the county-level distribution of irrigated area from the NRI data 
was not consistent with the USGS data (Supplementary Fig. 9) owing 
to uncertainty inherent in the NRI sampling approach. For consistency 
with other emissions sources, emissions estimates were summed to 
the state level and then allocated to the county level by multiplying 
the state-level total emissions by the proportion of statewide irrigation 
water use that occurs within that county. New Hampshire, Vermont, 
New York and Maine each contained zero or one irrigated observation 
each and, thus, were grouped for aggregation and downscaling. West 
Virginia contained no irrigated observations and was grouped with 
Virginia for aggregation and downscaling. County-level surface and 
groundwater irrigation water use data were acquired from the USGS25 
and modified to account for surface water conveyance losses70 and golf 
course irrigation, as detailed in Supplementary Methods.

Comparison with Tier 1 methodology. In addition to the metamodel 
generated estimates, we produced a second, independent estimate 
of the contribution of irrigation to biogenic emissions using a Tier 1 
approach and a database of experimentally derived emissions factors 
compiled by Hergoualc’h et al.53. This database contains 255 emissions 
factors that explicitly indicate irrigation status, which are further 
broken down by IPCC climate type (‘wet’ versus ‘dry’ based on a P/P-ET




 

threshold of 0.65). For this calculation, we took the average of emis-
sions factors under each of the following conditions: irrigated in a 
wet climate (n = 20), irrigated in a dry climate (n = 106), non-irrigated 
in a wet climate (n = 85) and non-irrigated in a dry climate (n = 44). 
Consistent with IPCC guidelines52, we calculated county-level aridity 
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index as mean P/P-ET using 1988–2018 TerraClim data71 and classified 
the counties as wet or dry accordingly, matching them with the relevant 
emissions factors. Using the same N input and land use data that were 
compiled for the US GHG Inventory and the metamodel analysis, we 
again calculated estimated emissions on irrigated croplands under 
irrigated and non-irrigated scenarios. The difference between these 
two estimates is indicative of the additional N2O emissions due to 
irrigation. To construct a 95% CI for this estimate, emissions factors 
from each category were resampled with replacement to calculate a 
new average emissions factor for each climate–irrigation category. 
The emissions calculations were repeated 1,000 times, and the 2.5th 
and 97.5th percentile estimates from this bootstrapped distribution 
were taken as the 95% CI.

Energy use for interbasin transfers
Data collection. Interbasin water transfers that were currently active 
in the USA and had irrigation listed as at least one of the purposes of 
the project were identified from Siddik et al.32. Transfers that were part 
of a single interconnected project and managed by the same operator 
were then consolidated, producing a list of 136 unique systems for 
further investigation. Thirty of these projects were excluded from 
consideration after evaluating government records, satellite imagery 
and, when needed, contacting the operator. Exclusions were due to at 
least one of the following criteria: (1) the transfer did not supply any 
agricultural users, only municipal, domestic or industrial users, (2) 
the transfer was contained entirely within and operated exclusively 
for an individual ranch or (3) the transfer was no longer active. For 
transfers contained within an individual ranch, the energy use emis-
sions are captured in our estimate of on-farm pumping emissions (see 
‘On-farm energy use for pumping’ 


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section). There were 106 projects 

included in the analysis.
The operator of each project was identified via web search and 

contacted via email (or phone, if email was unavailable) with a request 
for records from 2017–2022 related to (1) pump energy use along the 
transfer, (2) the proportion of water delivered to agricultural users 
and (3) static pump head, if available. Up to three follow-up emails 
were sent to non-responsive operators, as needed. Then, a formal 
public records request was submitted, consistent with state public 
records legislation. Finally, a minimum of two attempts were made to 
contact the operator via phone. Operators of 15 transfers remained 
non-responsive after these attempts. Energy requirements for these 
transfers were estimated on the basis of the best available information 
about pump head, pumping volumes and the average energy intensity 
of comparable projects. For three small transfer projects with evidence 
of pumping, insufficient information was available to estimate energy 
use and the transfers were excluded from the analysis. Detailed infor-
mation about the estimation process for each transfer missing data and 
further information about the three excluded transfers are provided 
in Supplementary Methods.

If the operator was not immediately identifiable, county or city 
water districts, water conservancy organizations, researchers working 
in water conveyance, and state and/or regional water agencies in the 
surrounding area were contacted in an attempt to identify transfer 
operators. If the search for the operator failed, satellite imagery and 
all available documentation related to the transfer, such as historical 
reports, documentation from state engineering offices, and state 
water infrastructure databases were inspected for any indication of 
pumping. There was no evidence of pumping from data sources for 
22 transfers, which were assumed to be gravity-fed. If there was an 
indication of pumping and the operator was not found, the data were 
treated as missing.

Calculation of GHG emissions. There were 67 transfers that did not 
rely on pumping plants and therefore were not associated with any 
emissions. For transfers that did involve pumping, data availability 
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varied between projects, and the temporal coverage and type of data 
for each project are detailed in Supplementary Table 4. Energy use 
records were variably supplied as direct usage data, expenditures 
for electricity or the rate of energy use per volume of water coupled 
with pumping volumes. For projects that reported expenditure, 
energy use was calculated by dividing electricity expenditures by 
state-level annual average retail electricity prices for industrial users. 
Retail electricity prices for industrial users were accessed from the 
US Energy Information Administration. Electricity use data were 
then converted to emissions by multiplying by the annual average 
emissions factor for electricity consumption across all balancing 
authorities intersected by the path of the interbasin transfer, based 
on an hourly dataset of electrical grid emissions factors adjusted 
for the transfer of electricity across balancing authority bounda-
ries72. One project reported natural gas usage in addition to elec-
tricity, which was converted to emissions using an emissions factor 
of 53.608 kg per MMBtu,




 taken from the Environmental Protection 

Agency Greenhouse Gas Emissions Factor Hub. For mapping, emis-
sions were allocated evenly among counties containing the path of 
the transfer, regardless of the location of the pump station or the site 
of electricity generation.

Uncertainty estimation. We used a bootstrapping approach to cal-
culate 95% CIs for our estimate of GHG emissions from interbasin 
transfers by resampling with replacement 10,000 times from all avail-
able values used in the calculation. For projects with data supplied as 
an annual timeseries of electricity use, we randomly selected a year in 
each resampling and then a monthly emissions factor for the associated 
year to account for uncertainty in the timing of pumping. For projects 
with data supplied as an annual timeseries of energy expenditures, we 
followed the same procedure but additionally resampled from monthly 
energy prices. For projects with missing energy use data, we addition-
ally resampled from the energy intensity, the pump head and/or the 
pumping volume, as applicable.

On-farm energy use for pumping
Emissions from on-farm energy use for irrigation pumping were calcu-
lated in Driscoll et al. 


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(2024). Briefly, data on energy expenditures for 

irrigation pumps from the 2018 USDA Irrigation and Water Manage-
ment Survey were coupled with concurrent energy prices from the 
Energy Information Administration and emissions factors from the 
Environmental Protection Agency to calculate emissions for each fuel 
and water source at the state level. Emissions were then downscaled 
to the county level on the basis of 2015 USGS irrigation water use data 
(adjusted for golf irrigation and conveyance losses), with groundwater 
pumping emissions scaled by groundwater depth. Emissions from 
on-farm electrical energy use for irrigation pumping reflect the site of 
irrigation, not necessarily the site of electricity generation.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
County-level emissions estimates and associated CIs, broken down by 
emissions source and water source, are available as Supplementary 
Table 2. The data required to reproduce the figures and analyses pre-
sented in this manuscript are available on Zenodo at https://doi.org/ 
10.5281/zenodo.12552398 (ref. 37). The raw data used to calculate 
emissions estimates for groundwater degassing are available in the 
same repository. The raw data used to calculate emissions from indi-
vidual interbasin transfer operators are available upon request to the 
corresponding author. The raw National Resource Inventory data 
underlying the N2O emissions model are confidential, and data access 
is regulated by the USDA.
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Code availability
The code used to produce the figures and analyses presented in 
this manuscript are available on Zenodo at https://doi.org/10.5281/
zenodo.12552398 (ref. 37).
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rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no 
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if 
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study analyzes greenhouse gas emissions associated with irrigation in the continental US due to energy use, groundwater 
degassing, and increased N2O emissions. It is an analytical study that primarily integrates existing data sets and is not experimental in 
nature.

Research sample This study provides a comprehensive analysis of irrigation-related GHG emissions from all counties in the continental United States.

Sampling strategy No sampling was conducted. The study uses all available data for each emissions source.

Data collection Original data collection was only conducted for the interbasin transfer energy use analysis. Data were collected directly from IBT 
operators via email, phone, or public records requests. All data collection was done by the corresponding author.

Timing and spatial scale The analysis includes comprehensive coverage of the continental US at the county scale. The exact timing of the data collection 
varied across datasets, but all estimates reflect recent conditions (2015-2022). Interbasin transfer energy use data were requested 
between March and November of 2023. Data from the past 5-10 years were requested, although the temporal coverage of available 
data varied as detailed in Table S1.

Data exclusions A small number of outliers were excluded from the source data used for analysis of N2O and degassing emissions, as detailed in the 
methods.

Reproducibility All analyses were conducted via reproducible code that will be made publicly available upon acceptance. Records of communications 
with interbasin transfer operators have also been archived.

Randomization The study was not experimental in nature and no randomization was conducted.

Blinding This study was not experimental in nature and therefore blinding was not applicable.

Did the study involve field work? Yes No
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Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in 
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority, 
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Describe all antibodies used in the study; as applicable, provide supplier name, catalog number, clone name, and lot number.

Validation Describe the validation of each primary antibody for the species and application, noting any validation statements on the 
manufacturer’s website, relevant citations, antibody profiles in online databases, or data provided in the manuscript.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or 
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for 
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the 
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable, 
export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.
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Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where 
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are 
provided.

Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species and age where possible. Describe how animals were 
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released, 
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex. 
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall 
numbers in this Reporting Summary. Please state if this information has not been collected.  Report sex-based analyses where 
performed, justify reasons for lack of sex-based analysis.

Field-collected samples For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature, 
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance 
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data
Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.

Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.

Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern
Policy information about dual use research of concern

Hazards
Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented 
in the manuscript, pose a threat to:

No Yes

Public health

National security

Crops and/or livestock

Ecosystems

Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

No Yes
Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents

Enhance the virulence of a pathogen or render a nonpathogen virulent

Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches, 
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the 
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe 
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor 
was applied.

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If 
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Authentication Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to 
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism, 
off-target gene editing) were examined.

Plants

ChIP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links 
May remain private before publication.

For "Initial submission" or "Revised version" documents, provide reviewer access links.  For your "Final submission" document, 
provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session 
(e.g. UCSC)

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to 
enable peer review.  Write "no longer applicable" for "Final submission" documents.

Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and 
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and 
lot number.

Peak calling parameters Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files 
used.

Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Software Describe the software used to collect and analyze the ChIP-seq data. For custom code that has been deposited into a community 
repository, provide accession details.



7

nature portfolio  |  reporting sum
m

ary
April 2023

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.

Instrument Identify the instrument used for data collection, specifying make and model number.

Software Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a 
community repository, provide accession details.

Cell population abundance Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the 
samples and how it was determined.

Gating strategy Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell 
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial 
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used 
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across 
subjects).

Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.

Field strength Specify in Tesla

Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size, 
slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI Used Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction, 
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for 
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g. 
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and 
physiological signals (heart rate, respiration).
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Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and 
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether 
ANOVA or factorial designs were used.

Specify type of analysis: Whole brain ROI-based Both

Statistic type for inference

(See Eklund et al. 2016)

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a Involved in the study
Functional and/or effective connectivity

Graph analysis

Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation, 
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph, 
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency, 
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation 
metrics.
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