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            Abstract
Outdoor air pollution adversely affects human health and is estimated to be responsible for five to ten per cent of theÂ total annual premature mortality in the contiguous United States1,2,3. Combustion emissions from a variety of sources, such as power generation or road traffic, make a large contribution to harmful air pollutants such as ozone and fine particulate matter (PM2.5)4. Efforts to mitigate air pollution have focused mainlyÂ on the relationship between local emission sources and local air quality2. Air quality can also beÂ affected by distant emission sources, however, including emissions from neighbouring federal states5,6. This cross-state exchange of pollution poses additional regulatory challenges. Here we quantify the exchange of air pollution among the contiguous United States, and assess its impact on premature mortality that is linked to increased human exposure to PM2.5 and ozone from seven emission sectors for 2005 to 2018. On average, we find that 41 to 53 per cent of air-quality-related premature mortality resulting from a stateâ€™s emissions occurs outside that state. We also find variations in the cross-state contributions of different emission sectors and chemical species to premature mortality, and changes in these variations over time. Emissions from electric power generation have the greatest cross-state impacts as a fraction of their total impacts, whereas commercial/residential emissions have the smallest. However, reductions in emissions from electric power generation since 2005 have meant that, by 2018, cross-state premature mortality associated with the commercial/residential sector was twice that associated with power generation. In terms of the chemical species emitted, nitrogen oxides and sulfur dioxide emissions caused the most cross-state premature deaths in 2005, but by 2018 primary PM2.5 emissions led to cross-state premature deaths equal to three times those associated with sulfur dioxide emissions. These reported shifts in emission sectors and emission species that contribute to premature mortality may help to guide improvements to air quality in the contiguous United States.
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                    Fig. 1: Early-death sourceâ€“receptor matrices for 2011.[image: ]


Fig. 2: Total annual early deaths caused per 10,000 people for 2005, 2011 and 2018.[image: ]


Fig. 3: Total annual early deaths attributable to emission sector, emission species and in total.[image: ]
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                Data availability

              
              The cross-state sourceâ€“receptor matrices generated and analysed here, together with sector definitions, are available in the 4TU.ResearchData repository at https://doi.org/10.4121/uuid:edfc5304-39ed-4556-a95a-f8b3313f7cfc.

            

Code availability

              
              The atmospheric modelling code used is publicly available; instructions for download are given at http://wiki.seas.harvard.edu/geos-chem/index.php/GEOS-Chem_Adjoint.
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Extended data figures and tables

Extended Data Fig. 1 Sourceâ€“receptor matrix showing total impacts in 2011 for the contiguous US.
â€˜By each stateâ€™ indicates sources; â€˜in each stateâ€™ indicates receptors. The matrix is annotated with state abbreviations and their regional grouping.


Extended Data Fig. 2 Annual early-death sourceâ€“receptor matrices for 2005, 2011 and 2018 for the contiguous US.
Each matrix comprises 48Â Ã—Â 48 states. a (i), The total sourceâ€“receptor matrix for 2011. aÂ (ii), Its breakdown to PM2.5-attributable and ozone-attributable impacts for all three years. b, Sourceâ€“receptor early-death attribution to emission sectorsÂ (i) and emission species that lead to the formation of PM2.5 and/or ozoneÂ (ii). States are grouped in regions defined by the Bureau of Economic Analysis20 (labelled in a) and ordered from west (left) to east (right). The ordering of individual states is presented in Extended Data Fig. 1. Boxed percentages represent the fraction of impacts that occur out of the state that caused the corresponding emissions. We note that to obtain these summarized sourceâ€“receptor matrices using conventional modelling approaches (â€˜forward difference simulationsâ€™) would have required around 1,300 simulations.


Extended Data Fig. 3 Origins of New York annual early deaths, for 2005, 2011 and 2018, for five sectors and in total.
Each state is coloured according to the annual early deaths that emissions from that state cause in the state of New York, for each sectorâ€“year combination. The total early deaths occurring in New York (that is, the sum of all statesâ€™ values) for each sectorâ€“year combination is displayed at the bottom left of each panel.


Extended Data Fig. 4 Origins of North Carolina annual early deaths, for 2005, 2011 and 2018, for five sectors and in total.
Each state is coloured according to the annual early deaths that emissions from that state cause in the state of North Carolina, for each sectorâ€“year combination. The total early deaths occurring in North Carolina (the sum of all statesâ€™ values) for each sectorâ€“year combination is displayed at the bottom left of each panel.


Extended Data Fig. 5 Receptors of annual early deaths due to emissions in Indiana for 2005, 2011 and 2018, for five sectors and in total.
Each state is coloured according to the annual early deaths that occur in that state because of emissions in Indiana, for each sectorâ€“year combination. The total early deaths caused by Indiana emissions (that is, the sum of all statesâ€™ values) for each sectorâ€“year combination is displayed at the bottom left of each panel.


Extended Data Fig. 6 Changes in the response of surface-population-weighted PM2.5 and ozone concentrations to US emissions.
Data points show the results of a series of forward simulations, in which the input conditions of the simulation (the total US anthropogenic emissions of all species) are reduced, joined by a cubic spline fit. The â€˜average sensitivityâ€™ lines indicate the gradient implied when impacts due to all sectors combined are calculatedâ€”that is, when the effects of atmospheric nonlinearity are taken into accountâ€”and thus the total results are scaled to match this. The â€˜marginal sensitivityâ€™ lines indicate the gradient of the response obtained by our GEOS-Chem adjoint simulation, and are used for calculations of individual sector and species impacts (where individual perturbations are of smaller size). The difference between the zero intercept of the two lines constitutes the â€˜interactionâ€™ effect. All values are population-weighted means for 2011.


Extended Data Table 1 Primary PM2.5, NOx and SOx emissions totals for 2005, 2011 and 2018Full size table


Extended Data Table 2 Five states with the greatest reduction in annual early deaths between 2005 and 2018Full size table


Extended Data Table 3 Early deaths attributable to each sector and species (that lead to PM2.5 and/or ozone formation) for 2005, 2011 and 2018Full size table


Extended Data Table 4 Alternative CRF application to 2011 early deaths for all sectors, for PM2.5 and ozoneFull size table
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