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ENVIRONMENTAL STUDIES

Aspirational nitrogen interventions accelerate air
pollution abatement and ecosystem protection

Yixin Guo'*3, Hao Zhao*?, Wilfried Winiwarter*®, Jinfeng Chang4’5*, Xiaolin Wang‘, Mi Zhou’,
Petr Havlik®, David Leclere’, Da Pan®, David Kanter®, Lin Zhang1’2*

Although reactive nitrogen (Nr) emissions from food and energy production contribute to multi-dimensional en-
vironmental damages, integrated management of Nr is still lacking owing to unclear future mitigation potentials
and benefits. Here, we find that by 2050, high-ambition compared to low-ambition N interventions reduce global
ammonia and nitrogen oxide emissions by 21 and 22 TgN/a, respectively, equivalent to 40 and 52% of their 2015
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levels. This would mitigate population-weighted PM2.5 by 6 g/m® and avoid premature deaths by 817 k (16%),
mitigate ozone by 4 ppbv, avoid premature deaths by 252k (34%) and crop yield losses by 122 million tons (4.3%),
and decrease terrestrial ecosystem areas exceeding critical load by 420 Mha (69%). Without nitrogen interven-
tions, most environmental damages examined will deteriorate between 2015 and 2050; Africa and Asia are the
most vulnerable but also benefit the most from interventions. Nitrogen interventions support sustainable devel-

opment goals related to air, health, and ecosystems.

INTRODUCTION

Food and energy production are essential for human well-being but
emit reactive nitrogen [N;; ammonia (NH3), nitrogen oxides (NO,),
nitrous oxide (N,0), nitrate (NO3"), etc.]. N, contributes to air and
water pollution, biodiversity losses, stratospheric ozone depletion,
and climate change (1). To address this sustainable development chal-
lenge, numerous studies analyzed N, mitigation opportunities from
changing food consumption (2-4) and production practices (5-7)
and clean energy transitions (8-10). However, a gap exists between
traditional nitrogen budget research and earth system research. The
former typically adopts the nitrogen flow approach representing mul-
tiple N, impact pathways at country/region nitrogen flow levels (3, 4,
9); the latter, instead, conducted geographically varied analyses but for
only one specific strategy, region, or impact pathway (7, 11-13). Inte-
grated analyses covering multi-pollutants and multi-impact pathways
while reflecting that their spatial variations are lacking (14), which are
necessary for incentivizing coordinated governance of N, pollution
(8, 15, 16).

Among socioeconomic damages posed by N; valued at 70 to
320 billion Euro per annum (/a) in the European Union in 2000, most
occurs through adverse human health impacts of N;-contributed air
pollution, followed by terrestrial biodiversity losses from excess N de-
position (8). NH3 and NO, are precursors of secondary inorganic
aerosols in PM, 5 (fine particulate matter with thermodynamic diam-
eter less than 2.5 um) (17); their anthropogenic emissions have been
responsible for 6.4 million premature deaths (39% of all PM, s-related
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premature deaths) in 2019 (18). NO, also serves as a precursor of tro-
pospheric Os pollution, exposure to Os led to 0.4 million premature
deaths in 2019 (19), and 3 to 7% global yield losses (ranges for major
crops) (20). Excess deposition of N, [ammonium (NH4") and NO;~
aerosols, gaseous NHj, etc.] from the atmosphere into the biosphere
has damaged biodiversity in sensitive ecosystems in North America
and Europe (21-23) through soil acidification, direct toxicity, and
deaths of species that have adapted to a N-limited environment
(24-26).

Despite such complex cascading damages, N, is currently regulated
by singular compound and singular impact in a limited number of
countries. Energy-related NO, emissions have been regulated by clean
air legislations, e.g., those in the US (27), China (28), and Europe (29),
and will be further indirectly addressed by climate policies that will cut
fossil fuel combustion (15). NH; emissions are regulated in the Euro-
pean Union under National Emission Ceilings for ecosystem conser-
vation (30-32), become recently moderately regulated in parts of
China for air quality (33), but remain largely ignored elsewhere.

To inform policymakers with potentials of N, interventions in ad-
dressing contemporary environmental and health challenges, global
future nitrogen policy scenarios and gridded N, emission projections
are critical but have been lacking. As a result, most air quality and
ecological management research have focused on general emission
abatement strategies or synergies between climate and air pollution
management (34). Future multisectoral N, mitigation opportunities,
especially those from food, energy, and sewage waste systems and their
benefits for future environmental management require in-depth quan-
tifications. Some key nitrogen interventions would include increasing
crop system nitrogen use efficiency (NUE), increasing livestock ma-
nure recycling rate, reducing food loss and waste, reducing NO, emis-
sions by modifying combustion conditions, etc. (table S1) (35).

Here, we quantify the potentials of aspirational N, interventions
(i.e., technically feasible and achievable if socioeconomic/political bar-
riers could be removed) in addressing future global PM, 5 and Oj air
pollution and excess nitrogen deposition, damages of which rank the
top two among all N, impact pathways. Taking advantage of the re-
cently available future scenarios where various levels of nitrogen policy
ambitions (low, medium, and high) are imposed upon representative
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socioeconomic development and climate policy settings [i.e., the Inter-
national Nitrogen Management System (INMS) scenarios (35); see Ma-
terials and Methods], we constructed our own integrated modeling
framework (Fig. 1 and fig. S1) that quantifies consequent N, (NH; and
NO,) emissions; global N,-related air pollution (PM, 5 and O3) and ex-
cess nitrogen deposition; and health impacts for humans (air pollution
exposure—induced premature deaths), crops (air pollution exposure-
induced yield losses), and ecosystems (excess N deposition-induced
risks of biodiversity losses) (Fig. 1 and fig. S1). Substantial synergies
between N, pollution management and multiple environmental and
health objectives (clean air and ecosystem biodiversity protection) have
been revealed, which may incentivize accelerated progresses toward
sustainable development (15, 36, 37). Effects of climate policies and N,-
specific policies for addressing future PM, 5 and Oj air pollution are
evaluated, providing implications for future clean air policymaking.
Our spatially refined evaluation of environmental/health benefits of ni-
trogen interventions and temporal evolvements of N;-related air and
ecosystem impacts may incentivize policymakers to plan locally
specific N, interventions to maximize environmental/health co-benefits
while avoiding deteriorated N, damages.

GEOS-Chem

Atmospheric chemistry
and transport

RESULTS

Future emission reductions achieved through

nitrogen interventions

Here, we consider five INMS future scenarios: Three of them have
middle-of-the-road conditions for socioeconomic development and
climate policy but are accompanied with low-, medium-, and high-
ambition N interventions, respectively; the other two scenarios are
either highly sustainable or polluting (see tables S2 and S3). Projected
anthropogenic NH; and NO, emissions in major world regions in
2015, 2030, and 2050 are illustrated in Fig. 2 (A and B) and fig. S2.
Between 2015 and 2050, three INMS scenarios under [shared so-
cioeconomic pathways (SSPs) and representative climate pathways
(RCPs)] SSP2-RCP4p5 project —12 to +28% changes in global an-
thropogenic NHj; emissions and —60 ~ —2% changes in NO, emis-
sions (Fig. 2 and fig. S3). NH; emissions are expected to grow for all
regions under the low-ambition N policy scenario and for Southeast
Asia and the former Soviet Union even under medium- or high-
ambition N policy scenarios. This is because growing food demand
and, thus, production have dominated and outcompeted the miti-
gation effects of technological advancements. For NO,, declining
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Fig. 1. An integrated modeling framework for assessing potentials of aspirational N interventions in reducing N, (NH; and NO,) emissions, consequently PM, s,
03, and N deposition, thus providing benefits for environment and health. Our analyses start with five INMS scenarios (bottom-left block), representing different
degrees of nitrogen intervention ambitions targeting food production and consumption, fossil fuel combustion, and waste management within shared socioeconomic
development and representative climate policy pathways (SSP-RCPs) contexts and modeling chains for impact assessment (top block; see Materials and Methods and fig.
S1) and benefit analyses (bottom-right block). The INMS scenarios, once implemented into the Global Biosphere Management Model (GLOBIOM) (3) and Greenhouse Gas
and Air Pollution Interactions and Synergies model (GAINS) (see Materials and Methods), project future gridded agricultural NH; and anthropogenic NO, emissions. Com-
bining projections of N, and non-N, emissions from the CMIP6 models, we use the state-of-the-art global atmospheric chemistry transport model Goddard Earth Observ-
ing System Chemistry (GEOS-Chem) to simulate atmospheric chemistry and transport, as well as O3 and PM, s air quality and N deposition. We use critical load maps and
dose-response models to quantify ecosystem impacts of excess N deposition, crop yield losses of O3 exposure, and human health impacts of exposure to O; and PM; 5 air
pollution.
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Fig. 2. Projected anthropogenic N, (NH; and NO,) emissions (unit, Tg N/a) under three INMS (socioeconomic-climate-nitrogen policy) scenarios, i.e., low-, medi-
um-, and high-ambition nitrogen policy under SSP2-RCP4p5 in 2015, 2030, and 2050, and the effects of ambitious nitrogen interventions in reducing N, emis-
sions for major world regions (unit, Tg N/a) and contribution (unit, %) by sectors/strategies. (A and B) show trends of annual regional emissions (Tg N/a) for NH; and
NO,. Annual emissions are calculated for 10 global regions indicated by different colors, and three bars from left to right represent the years of 2015, 2030, and 2050.
(Cand D) illustrate reductions of NH3; and NO, emissions achieved through ambitious nitrogen policies by regions (left Y axis, in Tg N/a) and by strategy/sectors (right

Y axis, in %).

emissions are expected for most clean air legislation regions (i.e., East
Asia, North America, Oceania, and Europe), even under low-ambition
N policy scenarios, representing the fact that current climate policies
targeting energy system transformation reduce greenhouse gas emis-
sions as well as energy-related NO, emissions. For developing regions,
dramatic NO, emission increases occur in Southeast and South Asia,
with much smaller increases for Latin America and sub-Saharan Af-
rica. Following the highly sustainable or polluting pathways, N, emis-
sion changes between 2015 and 2050 further expand to —28 ~ +40%
for NH; and —70 ~ +17% for NO, (fig. S2). Emission reduction po-
tentials of up to 28% globally for NHj as projected under the sustain-
able high-ambition nitrogen policy scenario were not seen in other
published gridded emission projections for their lack of explicit repre-
sentation of agricultural production- and consumption-side N inter-
ventions (fig. S3) (38, 39).

Effects of aspirational N interventions are inferred from a shift
from the low- to high-ambition nitrogen policy scenarios under SSP2-
RCP4p5 (table S3). For agricultural NHj, this means shifting from a
continuation or even roll-back of historical trends [business as usual
(BAU)] toward substantial improvements in crop system NUE and
manure recycling rates, with differentiated paces and targets assigned

Guo et al., Sci. Adv. 10, eado0112 (2024) 16 August 2024

for various country groups by 2030 and 2050 [as defined in Kanter
et al. (35) and implemented into Global Biosphere Management
Model (GLOBIOM); see Materials and Methods] achieved through
improved management techniques (see table S1 and Fig. 2). For an-
thropogenic NO,, this means shifting from a BAU condition toward
maximum feasible reductions, i.e., full technological limits for NO,
controls are met regardless of costs. This means substantially improved
combustion conditions through selective catalytic reduction tech-
niques or non-catalytic selective reduction for stationary and mobile
fossil fuel use [as implemented into Greenhouse Gas and Air Pollution
Interactions and Synergies (GAINS); see Materials and Methods
(table S1 and Fig. 2)].

Nitrogen interventions would reduce global anthropogenic NH;
emissions by 16 teragrams of nitrogen per annum (Tg N/a) in 2030
and 21 Tg N/a in 2050, representing 30% and 40% of emission levels
in 2015 (Fig. 2C). The largest reductions occur in East and South Asia
and are dominantly achieved by crop NUE improvements assumed
under the high-ambition nitrogen interventions (contributing ~80%
of total reductions). Adopting measures that increase manure recy-
cling rates reduce NHj volatilization from manure while slightly in-
creasing NHj; emissions from cropland with more manure applied to
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soil because manure has a higher NH3 emission factor than nitroge-
nous fertilizer following the IPCC tier 1 default values (fig. S4). N in-
terventions reduce global anthropogenic NO, by 9 Tg N/a in 2030
and 22 Tg N/a in 2050, accounting for 21 and 52% of emission levels
in 2015 (Fig. 2D). South and East Asia together contribute more than
~2/3 of the total reductions. The largest reductions occur in industry
sectors, followed by power and transportation sectors.

Future air quality and human health benefits of

N interventions

Reductions in N; emissions improve PM; 5 and Oj air quality. We
assess air quality under five INMS scenarios in 2030 and 2050 using
a global atmospheric chemistry transport model Goddard Earth Ob-
serving System Chemistry (GEOS-Chem), projected emissions for
N; from ours and for non-N; species from CMIP6 (Coupled Model
Intercomparison Project phase 6; see Materials and Methods and
fig. S5). We conduct baseline air quality simulation for 2015 serving
as a benchmark. Simulated PM; 5 and O3 in 2015 compare reason-
ably well against observations indicated by previous research (13)
and fig. S6, respectively.

We illustrate future population-weighted PM, 5 and maximum
daily 8-hour average (MDAS8) O3 concentrations (two metrics widely
used for addressing public health impacts of air pollution) for major
world regions in figs. S7 to S9. Following the PM, 5 projections, South
Asia will surpass East Asia by 2030 and become the top PM, 5 hotspot
hereafter, followed by sub-Saharan Africa and East Asia with almost
equal PM, 5 levels by 2050. Most regions will have improved PM, 5 air
quality, e.g., East Asia in particular; instead, South Asia and sub-
Saharan Africa will experience elevated PM, 5 levels owing to in-
creased precursor emissions associated with economic development.
For MDAS8 O3, South Asia has the highest pollution levels, followed
by East Asia, Middle East and North Africa, and sub-Saharan Africa.
Low-ambition N policy scenarios (both under SSP2-RCP4p5 and
SSP5-RCP8p5) result in rapidly increasing O; concentrations in
South Asia, sub-Saharan Africa, and East Asia, while high-ambition
N policy scenarios (both under SSP2-RCP4p5 and SSP1-RCP2p6)
lead to considerable decreases in Oj levels. Regardless of INMS sce-
narios, developed regions will always have gradually mitigated PM, 5
and O3 pollution in the future (figs. S8 and S9).

Nitrogen interventions provide substantial air quality benefits, by
reducing global population-weighted PM, 5 by 3 pg/m” in 2030 and
6 pg/m” in 2050, and reducing global MDAS O; by 1 part per billion by
volume (ppbv) in 2030 and 4 ppb in 2050 (Fig. 3). Effects of N inter-
ventions on pollution mitigation are much larger in 2050 than 2030,
such growth of effects over time is larger for O3 than PM, 5. High-
ambition N policies would facilitate Southeast Asia and Former Soviet
Union under SSP2 RCP4.5 to achieve the World Health Organization
(WHO) Interim Target 4 for PM; 5 (10 pg/ m° for annual mean PM, 5),
East Asia to achieve Interim Target 1 (35 pg/ m’) (fig. S8), sub-Saharan
Africa to achieve Interim Target 1 for O3 (80 ppbv for 99th percentile
annual MDAS O3), and Latin America to achieve WHO’s O3 Air Qual-
ity Guideline (50 ppbv) by 2050 (table S4).

Reduced exposure to air pollution owing to nitrogen interventions
provides human health benefits. We estimate premature deaths asso-
ciated with PM, 5 and O3 under INMS scenarios both using future
gridded SSP-specific population projections and populations fixed at
2015 levels (fig. S10; see Materials and Methods), so influences of
both population growth and pollutant concentrations can be charac-
terized. For regions with large population growth rates (fig. S7C),

Guo et al., Sci. Adv. 10, eado0112 (2024) 16 August 2024

such as sub-Saharan Africa (+83 ~ +113% between 2015 and 2050)
and South Asia (+28 ~ +46%), their future air pollution-related pre-
mature mortality increases more substantially factoring in population
growth (fig. S10). For most regions except for East Asia and the for-
mer Soviet Union, considering future population changes also would
increase the estimated health benefits of N interventions (Fig. 3).
Globally, nitrogen interventions would avoid PM, s-related prema-
ture deaths by 357 k in 2030 and by 697 k in 2050, assuming fixed
populations; such benefits further increase to 398 k, avoiding prema-
ture deaths in 2030 and 817 k in 2050 when population growth is con-
sidered. The 817 k that avoided premature death are equivalent to
~16% of PMj 5-related human disease burdens in 2015. Similarly, the
benefits of nitrogen interventions for avoiding premature deaths as-
sociated with O increase from 207 to 252 k (34% of O3 health im-
pacts in 2015) in 2050, when factoring in population growth. These
health benefits mainly occur in Asia, i.e., East Asia and South Asia
altogether contribute to ~627 k (77% of global totals), and ~184 k
(73%) avoided PM, s- and Os- related premature deaths, respectively,
in 2050.

Reductions in air pollution-related crop yield losses and
nitrogen deposition-related risks of biodiversity loss
Nitrogen interventions save crop yields by reducing crop exposure to
O3 pollution and the risks of ecosystem biodiversity losses by reduc-
ing excess nitrogen deposition harmful to sensitive ecosystems. These
impacts are quantified using concentration-response relationships
and nitrogen deposition critical load maps (see Materials and Meth-
ods). Globally, shifting from low- to high-ambition N policy under
SSP2-RCP4p5 helps reduce yield losses of major crops (i.e., maize,
wheat, rice, and soybean) by 31 million tons in 2030 and 99 million
tons in 2050 assuming that yields are fixed at 2015 levels. Such bene-
fits further increase to 36 million tons in 2030 and 122 million tons in
2050 when accounting for scenario-specific future yield changes pro-
jected by GLOBIOM representative of both impacts of productivity
improvements and climate (Fig. 4). The 122-million ton yield loss
avoided equals 4.3% of global yield levels in 2015.

At the global scale, yield benefits of nitrogen interventions are al-
most equal for maize, rice, and wheat. Distribution of benefits among
crops is much more unbalanced at regional scales, e.g., dominated by
wheat in the Middle East and North Africa, Europe, and the former
Soviet Union; by rice in South and Southeast Asia; by maize in East
Asia and North America; and by soybean in North America and Latin
America. The largest yield benefits occur in East Asia and North
America, contributing to ~41% (43%) and ~28% (21%) of the global
benefits in 2030 (in 2050), respectively. For regions where yields
are projected to increase notably during 2015-2050, such as Latin
America, the Middle East and North Africa, South Asia, and sub-
Saharan Africa (fig. S11A), N interventions and associated O3 mitigation
are more critical in reducing yield losses than those for other regions
since O3 concentration reductions would protect an additional large
number of crops from yield damages (Fig. 4). South Asia is an excep-
tion; in the short term by 2030, N interventions even increase net
yield losses by 1.4 million tons, largely driven by higher wheat yield
losses. This is because in polluted regions, NOy reductions alone
[without controlling another precursor of O, i.e., volatile organic car-
bon compounds (VOCs)] will first increase Os levels by reducing the
titration effects, i.e., excess NOy in 2015 consumes O3, and with
decreased NOx in 2030, O; increases. As a result, the high-ambition
N policy scenario compared to the low-ambition N policy scenario,

40f14

202 ‘6T 1sNBny uo 610°80Us 195 MMM//:SANY WoJ) papeo jumoQ



SCIENCE ADVANCES | RESEARCH ARTICLE

EUR FSU World
0 0 0 0 iy 0 Lo 0
[ 1] 1]
5 8 ubLos = 5 g
o o o -0.
21 208 § 108 B2 8
= o 5 - ) = o
5 5 < -20 5 -4 —00 =
o-2 -40 5 8_1 5 ® o ®
5 § 5 = 30§ 5-6 §
O-s K 9 e 2 = -1000%
< sla= -404 <_g 4
o NAM 0 BM,s O, PM,; O PM,;, O, PM,; O PM,s O; PM,; O,
7] o
(= =1
o -10g
=-1 u_‘ 3
g -20 g o 0 e 0 2
S-2 & = =1
g -302 o 3
5.3 405§ E . 1008
o £ £ - ®
e MENA 5
<Ay T g 0 0 o g -200 £
PM,s Oy PM,; O 2 -1 e 5 O-10 £
£, b < -3004
S S
g—s —10§ PM,, 0, PM,, O,
S-a S SAS
—15% 0 0 4
g < 2 2 A SEA 4
PM,, O, PM,, O, 2 -5 100§ o &
; g 200 8 -10 §
c-10 5 ®-2 °
3 -aw0g g
515 4005 34 a0 &
LAM SSA = e o
w 0 0 o w 9=1J (g -, = 20 -8004 O -40 E
2 L] IS = -6 A
% -1 -5 3 -‘,‘1‘; - 3 PM,; O, PM,; O,
E, s & -3 PM,, O, PM,, O,
-
8 -102 g -2 5 OCE
5-3 g 5 -10 g w == 0 @
o -5 ©0-8 & 5 z
-4 = —0.5 @
< a -15< 15 01 ©
= o
PM,s 03 PM,s 0, PMzs 03 PM,5 0, § = .g
g _ -02 E
3 1:5! g
4 -2 -g;3 <
PM,, O, PM,, O,
FSU LAM NAM EAS SEA
|
[ ]PM, (ng/m;) [ ]O,(ppPb) ] Fixed populaton [ | [__]Considering population growth

Fig. 3. Effects of N interventions under SSP2-RCP4p5 in mitigating regional PM, 5 (unit, pg/m®) and O; concentrations (unit, ppbv; left Y axes) and air pollution-
related premature deaths (unit: k persons; right Y axes) in 2030 and 2050. Results are shown for each region and the world for population-weighted PM, 5 (bars in
light blue), MDA8 Os (bars in light pink), and PM, s and Os-related premature deaths (bars in blue and pink, respectively). Each cluster consists of two bars that represent
effects for 2030 and 2050 from left to right. Future premature mortalities are presented assuming fixed populations at 2015 levels (bars in solid colors) with effects of

representing future population growths also shown (bars in translucent colors).

despite having lower regional averaged MDA8 Os, turns out to have
higher AOT40 value [aggregated hourly surface ozone concentrations
during the local daylight (08:00 to 19:59) above the threshold of
40 ppb] for wheat in India, indicative of enhanced O3 exposure during
maize-growing season (fig. S12). Such impacts are modulated—moving
from 2030 to 2050— and by 2050, a net yield benefit is expected,
i.e., N interventions avoid 21.5-metric ton reductions of yield losses
in South Asia.

Large amounts of forest and grassland areas benefit from reduced N
deposition allowed by N, emission mitigation. In 2015, nearly 300 Mha
of the terrestrial ecosystem in East Asia and 120 Mha in South Asia suf-
fer from exceedances of nitrogen critical load and potential losses of
biodiversity (fig. S11). Implementing medium- or high-ambition nitro-
gen policy under SSP2 RCP4p5 would increasingly mitigate such
critical load exceedances (fig. S11). Globally, shifting from low- to high-
ambition N policy under SSP2-RCP4p5 reduces ecosystem areas that
have N deposition exceeding N critical loads by 260 Mha in 2030
(equivalent to 43% of exceedance areas in 2015) and 420 Mha in 2050
(69%). Ecosystems in East Asia, North America, the former Soviet
Union, South Asia, and Latin America show the largest benefited areas
of 89, 74, 63, 56, and 40 Mha, respectively, in 2050.

Guo et al., Sci. Adv. 10, eado0112 (2024) 16 August 2024

Opportunities of nitrogen interventions for accelerating
sustainable development

There exist substantial yet unquantified potentials of nitrogen inter-
ventions in achieving multiple [Sustainable Development Goal (SDGs)
(40)], including SDG 3, Good Health and Well-being; SDG 2, Zero
Hunger; SDG 12, Responsible Consumption and Production; and
SDG 15 Life on Land. We compare performance of various INMS fu-
tures to the benchmark condition (year 2015) and find that nitrogen
interventions are crucial to prevent several environmental and human
health objectives from deteriorating, especially when future popula-
tion and crop yield changes are considered (Fig. 5). Following the SSP2
RCP4p5 pathway toward 2050, to keep N deposition-threatened eco-
system and Os-related deaths below the 2015 threshold level, high-
ambition N policies have to be implemented (Fig. 5A). The highly
sustainable scenario, i.e., high-ambition N policy under SSP1 RCP2pé6,
maintains all environmental metrics below 2015 levels (Fig. 5B). The
highly polluting scenario, i.e., low-ambition N policy under SSP5
RCP8p5, instead, fails to maintain the 2015 levels in almost all ecosys-
tem and human health metrics (Fig. 5C). Following the SSP2-RCP4p5,
low-ambition N policy trajectory is slightly better, but environmental
burdens still exacerbate during 2015-2050 (Fig. 5C). Notably, Fig. 5
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Fig. 4. Effects of aspirational nitrogen interventions in reducing crop yield losses associated with exposure to O; pollution (unit, 10°Mg; left Y axes) and in re-
ducing ecosystem areas (unit: 10%ha; right Y axes) that have nitrogen deposition above critical N deposition rates to limit terrestrial biodiversity loss in 2030
and 2050. Yield effects are decomposed for losses for maize, soybean, rice, and wheat, and ecosystem effects are decomposed for forests and grassland. Each cluster

consists of two bars representing effects in 2030 and 2050 from left to right.

assumes fixed future population numbers and yields at 2015 levels.
When considering their future changes, only the INMS scenarios that
have high-ambition N policies can keep future PM, 5 and O3 health
burdens and crop yield losses below the 2015 levels (fig. S13, B versus
C). Our results for low-ambition N policy scenarios are consistent with
earlier findings that population growth, rather than air pollutant con-
centration changes, would dominate future air pollution health im-
pacts (41). However, with high-ambition N policies, such impacts can
be substantially reduced.

Climate policies alone can still largely benefit PM, 5; management
by providing emission reductions of NOy, other aerosol precursors
(i.e., SO3), and primary PM, 5 through clean energy transitions.
Apart from that, N policies are more effective in reducing N, impacts
than climate policies. This is seen in Fig. 5 that, except for PM; 5,
shifting from low- to high-ambition N policies but maintaining
SSP2-RCP4p5 settings (Fig. 5A) imposes larger impacts than merely
changing SSP-RCP settings but maintaining N policy ambitions
(Fig. 5, Band C).

While we find considerable benefits of nitrogen interventions
at regional and global scales, local disparities exist. Locally, the ben-
efits of nitrogen interventions can be more substantial than those
seen as regional averages, e.g., up to 20— pg/m3 reductions in PM, 5 in

Guo et al., Sci. Adv. 10, eado0112 (2024) 16 August 2024

northeastern India (fig. S14) and up to 12-ppbv reductions in MDAS8
O3 in some areas near the equator in 2050 (fig. S15). Some hotspot
areas may even see disadvantages, e.g., parts of the North China Plain
may experience up to 3-ppbv increase of O3 in 2030 likely owing to
reduced titration effects. For parts of India, wheat production may
experience increased O3 exposure during its growing season (but not
other major grain crops) also owing to reduced titration effects
(fig. S12). This emphasizes the need for simultaneous VOCs control
or deeper NOy controls to avoid increased O3 pollution. More
regional details in projected PM, 5 O3 air quality and nitrogen deposi-
tion across future INMS scenarios can be found in figs. S16 to S18.
Features at fine geographical resolutions have important implications
for environmental justice (27, 28, 42, 43).

DISCUSSION

Environmental and health benefits of aspirational nitrogen interven-
tions demonstrated here remain conservative. Nitrogen interventions
can potentially provide benefits for climate and water (and thus for
SDG 13 Climate Action and SDG 14 Life Below Water). Agricul-
tural greenhouse gas mitigation from nitrogen interventions reaches
400 metric tons CO,-eq/a by 2050, and water pollution mitigation
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A Influences of N policies under SSP2 RCP4p5
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Fig. 5. Environmental and health metrics under 2015 and five INMS scenarios in 2030 and 2050. The six metrics include anthropogenic NHz emissions (Exxs , unit, Tg
N/a) and NOy emissions (Enox. unit, Tg N/a), premature deaths associated with human exposure to PM, s and O3 (unit, k persons), crop yield losses of major crops (maize,
wheat, rice, and soybean) associated with exposure to O3 (unit, metric tons), and terrestrial areas that have N deposition exceeding critical loads (unit, Mha). (A) illustrates
the influences of nitrogen interventions by shifting from low- to high-ambition N policy under SSP2 RCP4p5. (B) compares two high-ambition N policy scenarios. (C) com-
pares two low-ambition N policy scenarios. The shaded areas denote the benefits of shifting from low- to high-ambition N policies in 2050.

(44) (i.e., reduction in N, runoff/leaching) reaches 30 metric tons
NO;~ N/a by 2050, as projected by the GLOBIOM model (Nr emis-
sion/loss reductions by comparing those under SSP2 RCP4p5 high-
and low-ambition N policy scenarios) but are out of the scope of this
study. In addition, nitrogen interventions such as decreasing manure
N excretion rate through changing animal diets were implicitly ac-
counted for by the GLOBIOM model through endogenous shifting
livestock production systems as part of the SSP-RCP scenario assump-
tions, and, thus, its effect was not evaluated here (see the section “Un-
certainty analyses”) (45). Effects of N, interventions on N;O emission
reduction and thus stratospheric ozone conservation and human health
protection (46, 47) are not considered because of large uncertainties and
their smaller health impact compared to air pollution. Joint health im-
pacts of NO; in addition to PM, 5/O5 are also excluded here. Human
exposure to NO, also causes premature deaths and might need to be
included to fully characterize the toxicity of the atmospheric mix (45,
48). Here, we follow the Global Burden of Disease study approach that
solely addresses PM; 5 and O3 because epidemiological studies have
not evaluated the joint effects of these pollutants and risks may not
be fully additive and because model-simulated NO; requires future
careful evaluation against measurements since NO; has a rather short
lifetime (minutes to hours) and may transform quickly between
NO and NO,,

There exist other N, impact pathways unquantified here that po-
tentially provide a trade-off. For total nitrogen input scarce regions,
atmospheric deposition provides a critical nitrogen input into crop-
land, forests, and open oceans. Thus, future N, emission abatement
and reduced deposition could potentially negatively affect crop yields
(e.g., in Africa assuming insufficient fertilizer N application) and
ocean productivity. Such effects potentially could be evaluated using
crop yield response to total nitrogen input curves (49, 50) and the
Redfield ratio (51, 52). For this study, N deposition impact on yield is
not relevant, as GLOBIOM (like all other integrated assessment mod-
els) uses a nitrogen budget approach to ensure that sufficient nutrients
are applied to ensure crop and pasture production.
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To avoid anecdotal integrated N, assessment, research needs to
balance comprehensiveness (multiple objectives) and relevance to hu-
man and ecosystem welfare (some objectives are less important for
the society than others). Our research calls for future work that could
be more policy-relevant by monetizing various N, impact (14), or by
grouping end points (e.g., to loss of life years, biodiversity loss, pri-
mary production of food commodities, and net global warming ef-
fect), or by applying proxies such as distance to policy targets to better
understand to what extent nitrogen interventions could help achieve
multiple environmental/health targets (compared to other approaches).
Identifying the most relevant impacts of N, under different time
frames and in different local contexts is challenging but critical. We
heavily focus on impacts of atmospheric pollution and deposition on
human health, vegetation, and ecosystems, in different regions of the
world, based on earlier findings that air quality and ecosystem im-
pacts are the most socially damaging impact pathway of N; (8, 53).
Currently, a major global synthesis effort to compile knowledge on
nitrogen and its environmental impacts under the INMS project is
expected to deliver the International Nitrogen Assessment (INA)
report by 2025. INA would provide a thorough and comprehensive
evaluation of environmental/health benefits of halving nitrogen waste
in all directions through multi-model approaches.

In sum, our analyses unveiled potentials of future global aspira-
tional N, interventions for achieving NH3 and NO, emission reduc-
tions and thus for improving PM, s and Os air quality and mitigating
excess nitrogen deposition, which would avoid human premature
deaths and crop yield losses related to air pollution and decrease eco-
system risks of biodiversity losses. In the absence of integrated N,
management (i.e., under low-ambition N policy future scenarios),
environmental and health objectives examined here will deteriorate by
2030 and 2050 (compared to the present). Exploiting such co-benefits,
instead, by removing socioeconomic/political barriers against aspira-
tional nitrogen interventions for their implementation (see the section
“Uncertainty analyses”) can substantially increase policy successes to-
ward clean air and human health, and benefits increase from 2030 to
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2050. Nitrogen interventions would help accelerate global progress
toward achieving multiple SDGs (including SDG 3 Good Health
and Well-being, SDG 12 Responsible Consumption and Production,
and SDG 15 Life on Land).

MATERIALS AND METHODS

Future socioeconomic-climate-nitrogen policy storylines
(INMS scenarios)

Air quality studies widely adopt future emission projections from the
CMIP, i.e., the SSP-RCP future scenarios that primarily mimic influ-
ences of climate mitigation policies (expressed as RCPs) in socio-
economic contexts (expressed as SSPs) (38). Each CMIP6 scenario
consists of an SSP and an RCP component and provides estimations
of global gridded anthropogenic emissions (such as organic carbon,
black carbon, VOCs, CO, NO,, CHy, SO,, etc.) for every 5-year inter-
val between 2015 and 2100 (38).

To tackle the N, challenge, Kanter et al. (35) conceptualized an
analytical framework for global futures that integrates N, pollution
abatement measures and policies within the traditional climate-
centered SSPs-RCPs framework. This recently added nitrogen policy
dimension is critical because the nitrogen problem is challenging to
manage and has many analogies with the carbon (climate) problem
(8, 36, 37). The global planetary boundary for the biogeochemical
cycle of nitrogen has been substantially exceeded owing to energy
and food production activities, generating a broad range of cascading
damages to air and water quality, ecosystem biodiversity, soil health,
stratospheric ozone, and climate.

Kanter’s framework specifically adds N abatement interventions
at different ambition levels with quantitative targets (e.g., crop NUE)
specified for various country groups based on climate mitigation sce-
narios. These scenarios are intended for the “Towards the Establish-
ment of an International Nitrogen Management System - INMS”
project and thus are abbreviated as INMS scenarios. The INMS sce-
narios are developed as part of the INMS (https://inms.international)
project funded by the Global Environment Facility/UN Environ-
mental Program that promotes scientific and policy innovations to
establish international integrated management of the Earth’s nitro-
gen cycle.

There are seven INMS scenarios in total. Assumptions are that the
stringency of nitrogen interventions are conditional upon SSP-RCP
combinations, e.g., high-N pollution intervention policy ambitions
only exist in sustainable futures of SSP1-RCP2p6 and SSP1-RCP4p5
and middle-of-the-road future of SSP2-RCP4p5. In contrast, low-N
policy ambitions only exist in the unequal development futures of
SSP5-RCP8p5 and middle-of-the-road future of SSP2-RCP4p5.
Table S2 lists the five INMS scenarios included in this study; the other
two scenarios excluded are high-ambition N policy and high-ambition
N policy plus dietary transitions under SSP1 RCP4p5. Because the
CMIP6 system does not have an SSP1-RCP4p5 scenario where non-
N; species’ emission projections can be obtained, we excluded these
two INMS scenarios. The five INMS scenarios used are sufficient to
illustrate variations of N policy ambitions under SSP2-RCP4p5 and
represent lower and upper bounds for future possibilities.

N policy ambitions are represented as nitrogen interventions to-
ward crop, livestock manure excretion, manure cycling, air pollution,
and wastewater sectors, which are expected to reduce N; losses to the
environment in the forms of NHj;, NO,, N,O, and NO; ™~ -leaching and
runoff. Representation of low, medium, and high policy ambitions is
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defined separately for The Organization for Economic Cooperation
and Development (OECD), non-OECD high-income countries and
non-OECD low-income countries [see Kanter et al. (35)]. Indicators of
crop NUE and nitrogen surplus are used for the crop sector. High (me-
dium) N policy ambitions require OECD countries to achieve target
NUE by 2030 (by 2050), non-OECD high-income countries to achieve
NUE in 10 years (30 years) after catching up with OECD countries,
and non-OECD low-income countries in 30 years after catching up
with OECD countries (follows historical trends over 30 years before
improving). Low-N policy ambitions allow OECD countries to have
constant NUE, non-OECD high-income countries to follow historical
trends if they have been decreasing otherwise NUE is constant, and
non-OECD low-income countries follow decreased NUE trends as
countries in similar socioeconomic status. Detailed assumptions for
manure generation, cycling, air pollution, and waste management can
be found in Kanter et al. (35).

Estimating future agricultural NH; emissions in

INMS scenarios

This research adopts the International Institute for Applied System
Analysis (ITASA) GLOBIOM and an extended nitrogen cycling mod-
ule developed by Chang et al. (3) to generate gridded agricultural
NHj; emission estimates for five future INMS scenarios. GLOBIOM is
a global land sector economic equilibrium model that analyzes the
implications of global agriculture, forestry and bioenergy production,
consumption and trade on land competition, resource uses (water
and fertilizers), food security, and pollutant releases (N, greenhouse
gas emissions, etc.) (54-56).

The principal variable characterizing the livestock production in
GLOBIOM is the number of animals by species, production system
and production type in each simulation unit.

Each livestock category is characterized by product yield (meat,
milk, and egg) and feed requirements. The feed requirements for
ruminant are calculated at the level of four aggregates—grains (con-
centrates), stover, grass, and other using the RUMINANT model
[Herrero et al. (57)]. When estimating the feed-yield couples, the
RUMINANT model takes into account different qualities of these
aggregates across regions and systems. Feed requirements for monogas-
trics are at this level determined through literature review presented in
Herrero et al. 2013. That is to say in the GLOBIOM, animals in differ-
ent production systems have different diet and thus different manure
N excretion. For livestock dynamics, the number of animals of a given
species and production type (meat or milk for ruminant and meat or
eggs for poultry) in a particular production system and supply unit is
an endogenous variable. This means that it will decrease or increase in
relation to changes in demand and the relative profitability with re-
spect to competing activities. Therefore, as part of the SSP-RCP sce-
nario assumptions [O’Neill ef al. (58)], the socioeconomic pathways
drive the demand and supply those endogenous shifting livestock
production systems. For detail of the GLOBIOM model description,
structure, and in particular for the livestock system transitions, please
refer to Havlik et al. (59).

In this study, INMS scenarios are implemented in GLOBIOM. SSPs
determine GDP, population growth rate, dietary patterns, and trade
policies. RCPs determine the magnitude of bioenergy production,
which competes for land use with food production. Nitrogen inter-
ventions happen by influencing crop system NUE, manure recycling
rate, and associated losses and emissions. Crop system NUE mea-
sures the ratio of crop nitrogen harvested in total nitrogen inputs into
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cropland, including fertilizer, manure, irrigation, atmospheric deposi-
tion, and biological fixation.

Under the high-ambition N policy scenarios, 1) crop NUE is pro-
jected to reach the target proposed by Zhang et al. (60) for country
groups (OECD, non-OECD high-income countries, and non-OECD
low-income countries) by 2030 (with linear progression starting in
2010) and subsequently kept constant; 2) the share of manure col-
lected into confinement and allocated to other uses than recycling
into cropland and pasture (varies between livestock production sys-
tem and regionally between 0 and 55% for 2010) is capped to 10% by
2030 (with a linear progression toward that target starting in 2010 if
higher than 10% in the baseline and kept constant if lower than 10%
in the baseline); 3) losses of manure collected into confinements are
reduced by 50% in 2030 (with a linear progression toward that target
starting in 2010); 4) ammonia emissions were scaled proportionally
to the N surplus, implying that with higher crop NUE, the ammonia
emissions from manure and fertilizer spreading are reduced. For the
medium-ambition N policy scenarios, the assumptions of future ni-
trogen management would reach the same level as that in the high-
ambition N policy scenarios but 20 years slower (reaching targets by
2050). For the low-ambition N policy scenarios, the NUE, manure
recycling rate, and manure losses are kept constant and no adjust-
ments or reductions per N input on ammonia emissions compared
with the 2010 level.

The nitrogen cycling module within GLOBIOM budgets food
system nitrogen flows and parameterizes NH3, N,O, nitrate-leaching,
and runoff emissions at grid levels and has shown good comparison
against other global agricultural NH; inventories (3). Emissions gen-
erated are gridded at 0.5° latitude and longitude resolution every
10 years between 2010 and 2100. Emissions for 2030 and 2050 are
used. Ammonia emissions were scaled proportionally to the N sur-
plus, implying that with higher crop NUE, the ammonia emissions
from manure and fertilizer spreading are reduced.

Estimating future NO, emissions in INMS scenarios

We use the GAINS model to estimate country- and sector-specific
anthropogenic NO, emissions under future INMS scenarios. The
GAINS model has been widely used for policy-oriented research on
all-sector control technologies and costs, emission reduction poten-
tial, and consequent climate and air quality benefits (61). It includes
major air and climate pollutants, i.e., PM (PM; 5, PM,, organic car-
bon, black carbon, and organic matter), SO,, NO,, NH;, VOCs, N0,
CH,4, CO,, CFCs, CF4, and HFCs. It represents emission processes
based on statistics and data on sectoral/fuel activities, emission fac-
tors, end-of-pipe control technologies, and technological adoption
costs for major countries and regions worldwide.

GAINS takes advantage of external projections of the development
of economic commodities. For NO, emissions, energy and industry
projections are needed. Here, we took advantage of data from the
World Energy Outlook (62) in three different scenarios: “current pol-
icies,” “new policies,” and “sustainable development” (these policies
reflect climate policies inconsiderate of pollution). We understand
that the current policies scenario most closely resembles an INMS
scenario without climate mitigation, the new policies scenario reflects
moderate climate mitigation, and the sustainable development repre-
sents a high climate mitigation scenario in INMS (see Fig. 1).

GAINS also allowed adequately covering the nitrogen policy levels
(low, medium, and high ambitions) defined by Kanter et al. (35).
Here, GAINS can quantify emissions of a future situation assuming
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that abatement technology is in place at a given level (63). Emissions
of NO, are reduced by applying measures such as modified (im-
proved) combustion conditions, selective catalytic reduction tech-
niques, or non-catalytic selective reduction including reducing agents.
We understand that the low policy ambition reflects a continuation of
the current situation without adding further emission controls (ex-
trapolating trends “no further control”). For medium policy ambi-
tion, we understand that at least emission reductions that have been
put forward on a policy agenda are being implemented at the pro-
posed level. We call these “current legislation” not allowing for any slip
in ambition that accompanies such legal proposals in practice. The
high policy ambition then aligns with maximum technically feasible
reduction currently implemented in GAINS.

Future non-N, anthropogenic emissions

Anthropogenic emissions of non-N; species are from the CMIP6 SSP-
RCP database, including monthly anthropogenic emissions for black
carbon (BC), methane (CHy), carbon monoxide (CO), organic car-
bon (OC), sulfur dioxide (SO,), and various VOCs species in 2030
and 2050. Emissions for the same RCP-SSP combinations as the above
INMS settings in the CMIP6 scenarios are selected.

Estimating PM, 5 and Os air quality in 2015, 2030, and 2050
We use the GEOS-Chem 3D model version 12.9.3 to analyze present
and future air quality. Metrics of regional population-weighted PM 5
concentrations and MDAS8 Os concentrations have been adopted for
their great relevance to public health. GEOS-Chem air quality simula-
tions are conducted for the baseline year (2015) and for the future
(2030 and 2050) under five INMS scenarios’ emission projections.
Simulations are driven by assimilated meteorological fields from NA-
SAs Modern-Era Retrospective Analysis for Research and Applica-
tions, version 2 for 2015. GEOS-Chem has widely been applied to air
quality research and shows reasonable agreements between observa-
tions and modeled PM, 5. Version 12.9.3 has several improvements,
including updated ISORROPIA v2.2, improved isoprene (64-69), and
an improved deposition scheme for HNO; and particulate nitrate
(70). For the 2015 baseline simulation, the Community Emissions
Data System (CEDS) emission inventory (71) is used for anthropo-
genic emissions. Natural emissions include NOy from soil and light-
ning, NHj from soil and seabirds, as well as biomass burning emissions
from the Global Fire Emissions Database (GFED4) (72) in 2015.

For future simulations, we conduct 10 simulations in total repre-
senting five INMS scenarios (table S2) and 2 years (2030 and 2050).
Anthropogenic NO, emissions are from 2015 CEDS NO, multiplied by
trends indicated by GAINS. Agricultural NH; emissions are from 2015
CEDS NH; multiplied by trends indicated by GLOBIOM. GLOBIOM’s
2015 emission estimate is from interpolations between 2010 and 2020
since the model is run at a 10-year time step. Natural emissions and
meteorology in future simulations are the same as that in 2015. This is
a suitable and typical approach [e.g., as used by Cheng et al. (73) and
Zhou et al. (74)] since the most recent IPCC report finds that changes
in precursor emissions are the primary driver of future changes in air
quality as opposed to climate change (75). Future anthropogenic
emissions of other non-N; species are directly from CMIP6 projec-
tions since CMIP6’s estimate for 2015 has largely been harmonized
with CEDS 2015 emissions.

Each simulation is for 1 year after a 4-month spin-up with a hori-
zontal resolution of 2° X 2.5° and a vertical resolution of 47 layers. The
2° X 2.5° resolution is widely used for global PM, 5 studies (76-79)
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and IPCC’s global future PM, 5 projections (80, 81), and is thus suffi-
cient for estimating regional air quality.

Estimating public health impacts of exposure to PM, 5
Assessments of the human health burden of exposure to ambient
PMj, 5 have been through epidemiological cohort studies that link pre-
mature mortality to long-term exposure of PM; 5. Here, we use the
Global Exposure Mortality Model (GEMM) to estimate premature
deaths of noncommunicable diseases (NCDs) and lower respiratory
infections (LRIs) due to human exposure to certain levels of PM, 5
(82). GEMM has been widely applied to quantify human disease bur-
dens imposed by exposure to PM; 5 (74, 83, 84). GEMM calculates the
relative risks (RR) of NCDs and LRIs associated with PM, 5 exposure
for adults (>25 years old), with age groups in 5-year intervals from 25
to greater than 85 via

9$ln(§+l)
RR(c)=e e ,z=max(0,c — 2.4)

where ¢ is long-term ambient PM, 5 concentration; 6, «, 1, and v are
parameters that determine the shape of the concentration-response
relationships estimated by the GEMM model (82); and 2.4 pg m™ is
the PM, 5 threshold below which no effect occurs.

The reduction in premature deaths in each scenario can be esti-
mated using

6MortiJ = Popij * Base; * 1 — 1
’ RRscenuria,i,j RRbuse,i,j

where 8Mort;; is the avoided premature mortality in our scenario
compared to the base case for age group i in a GEOS-Chem grid j;
Pop; is the number of population within age group i in grid j; Base; is
the national average mortality rate of NCDs and LRIs in 2015 for age
group i RRgcenarioij and RRypug,ij are the relative risks of NCDs and
LRIs for age group i, in grid j, at PM, 5 exposure level in the scenario
and the base case, respectively. Data of global gridded population
counts and population by age and sex for 2015 are derived from the
Global Population for the World dataset provided by NASA Socioeco-
nomic Data and Applications Center (85). National mortality rate and
age distribution data are both retrieved from the Global Burden of
Diseases study (http://ghdx.healthdata.org/).

For 2030 public health analyses, given the lack of future baseline
mortality rate projection, we use 2015 baseline mortalities. For popula-
tion, we use 1 km of SSP-specific population data in 2030 and 2050
reported by Wang et al. (86), while future age distribution are assumed
to remain as in 2015. We also calculate health impacts assuming that
population remains as 2015, a comparison that helps discriminate ef-
fects of population growth and pollution concentration changes in fu-
ture health burdens.

Estimating public health impacts of exposure to O3

The relative risk of long-term ozone exposure to human health
through end point disease of COPD (chronic obstructive pulmo-
nary disease) is estimated using the exposure-response function
via (87, 88)

RR(c) = eP(e=)
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where ¢ is the annual average of surface MDAS8 ozone concentration,
and ¢y equals 26.7 ppb representing the minimum level of annual
MDAS ozone exposure that poses no risk to human health (89). The
exposure-response parameter, f, was derived from cohort studies
(89). For ozone, we use baseline mortality rate at country level for
COPD for all ages and genders in 2019 from the Global Health Data
Exchange database (http://ghdx.healthdata.org/).

Estimating crop yield losses associated with exposure to O3
We use a concentration-based approach to estimate damaging effects
of surface ozone pollution on four major staple crops: maize, soybean,
wheat and rice (20). The concentration-based metric AOT40 (in units
of parts per million per hour) is defined as aggregated hourly surface
ozone concentrations during the local daylight (08:00 to 19:59) above
the threshold of 40 ppb:

N
AOT40= ) (C,,, —40)

t=1

We calculate the cumulative AOT40 exposure during the growing
season period, which spans from 104 to 14 days before the start of the
harvesting date. The harvesting date is determined using the global
crop calendar dataset of major crops, with a resolution of 0.5° longi-
tude by 0.5° latitude (90). Then, the relative yield (RY) of four main
crop types, denoted by i, from ozone exposure was estimated follow-
ing the exposure-yield relationship as

RY, =1-y,A0T40

Here, RY; represents the ratio of crop yields exposed to ozone pollution
to those without ozone exposure. The coefficients y; are derived
through constructing relationship between AOT40 metric and crop
field experiment, which were 0.0163, 0.0415, 0.0113, and 0.0356 for
wheat, rice, soybean, and maize, respectively (91, 92). Then, the yield
loss of crop production (L;) is estimated by the difference between the
theoretical production (P/RY) and the actual production P; following

Pi
L=—-p,
RY,

The crop productions P; in 2015 are obtained from the Global Agro-
Ecological Zones version updated to 2015 (GAEZ+_2015) dataset
(93). This dataset downscales the original crop production statistics,
obtained from the Food and Agriculture Organization dataset at the
country level, into 5-arc min grid cells. We then regrid the data to
2.5° longitude by 2° latitude. We also estimated the yield loss in 2030
and 2050 based on predicted ozone exposure and crop productions,
while other parameters remained the same. We first calculated the
changing ratio of crop production from 2015 to 2030 and 2050 at
country level using data from GLOBIOM. Such change ratio is then
applied to the gridded crop productions in the baseline year 2015 to
derive the predicted crop productions at 2.5° longitude by 2° latitude.

Estimating ecosystem areas affected by N deposition

GEOS-Chem-simulated deposition of N species is first downscaled
to 0.1° resolution following methodology used in Guo et al. (13).
We follow the method of Schulte-Uebbing et al. (43) to derive the
critical N deposition rates to limit terrestrial biodiversity loss for dif-
ferent biomes in the GLOBIOM model (table S5). The critical N depo-
sition rates to limit terrestrial biodiversity loss are based on (84),
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which presented an extensive synthesis of empirical studies (94). Forest
and grassland, which are spatially represented in the GLOBIOM model
for both historical years and future projections, are divided into eight
biomes based on the climate zones from the Képpen-Geiger climate
classification (95). Forest and grassland areas with N load exceedance
are obtained by overlaying the spatially explicit nitrogen deposition
projections by GEOS-Chem, biome maps projected by the GLOBIOM
model, and the biome-specific critical N deposition rates.

Uncertainty analyses

Our analyses include several uncertainties. First, the evaluation of
future disease burdens associated with air pollution uses grid level
(2° latitude by 2.5° longitude) population structure and baseline mor-
tality rates from the year 2015 due to a lack of their projections at fine
geographical resolution for the future. This may lead to a moderate un-
derestimation in health benefits of nitrogen interventions because cur-
rent literature indicates that aging may increase the share of populations
vulnerable to air pollution-related premature deaths (41, 96).

Second, we used the premature mortalities metric for evaluating
public health impacts of air pollution in present-year and future sce-
narios, which is a widely used metric by the Global Burden of Disease
study (19) and air quality studies (18). However, another metric, years
of life lost (YLL), incorporates both the concept of premature deaths
and losses of life years from standard life expectancy at age of death; it
thus comprehensively represents losses of human welfare from air
pollution exposure. However, for a lack of future predictions of stan-
dard life expectancy for all countries under various future SSPs and
for ease of interpretation of drivers of future public health burdens
(nitrogen policies, populations growth, etc), we use the premature
death metric here. When more data become available in the near fu-
ture, the YLL metric could be used for more compressive prediction
of future disease burdens and their differences across countries.

Third, our projected future agricultural NH; emissions from
GLOBIOM with a nitrogen budgeting module well represent influ-
ences of socioeconomic development and climate policies on land use,
detailed agricultural production. and management. However, it cur-
rently excludes the impact of climate change on NHj3 emission factors.
Under a warmer climate with more extreme precipitation, fertilizers
evaporate or leach N, quicker, and more sophisticated technological
combinations are needed to help maintain a high NUE. Still, this re-
mains a methodological development limitation since, currently, there
does not exist a model that simultaneously and endogenously repre-
sents the influences of agricultural production, supply, trade, and
climate on NHj; emissions. Process-based models such as flow of agri-
cultural nitrogen model represent climate impacts on NH; emissions
but have to use prescribed agricultural activity levels (97).

Fourth, recent research shows that airborne aerosols can affect crop
yields via both direct and diffused radiation (98). We were not able to
represent crop benefits of PM, 5 mitigation because GEOS-Chem does
not simulate aerosol-radiation feedback. Inclusion of joint benefits of
ozone and PM, 5 reductions may lead to larger yield savings.

Fifth, nitrogen deposition provides a source of nitrogen input to
global cropland, and such inputs could be critical to nitrogen fertiliz-
er-scarce regions such as Africa. Impacts of reduced nitrogen deposi-
tion on crop yields could be evaluated, in future studies, using crop
yield response curves to total N inputs (49, 50). Such effects are not
evaluated here because GLOBIOM uses a nitrogen budget approach
to ensure that sufficient nutrients are applied to ensure crop and pas-
ture production. The crop and pasture production (harvested biomass
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withdrawal) is endogenously estimated by the IAM as a result of pro-
jected future demand and market dynamics. The harvested biomass is
multiplied with N contents for which different assumptions are made
in the three IAMs. On the basis of withdrawals and assumptions of
the exogenous scenarios for the NUE following Kanter et al. (35), the
GLOBIOM estimate the nutrient requirements of the crops. In the
scenarios, the available organic fertilizers (i.e., manure), atmospheric
deposition, and symbiotic and nonsymbiotic N fixations are subtract-
ed from the nutrient requirements to estimate the need for inorganic
fertilizers. Therefore, the nutrient requirements of the crops are al-
ways met in the nitrogen budget simulated by the GLOBIOM.

Last, we do not focus on individual technologies but bulk sectoral
interventions as INMS scenarios represent. Moreover, we call these
interventions “aspirational” as to some extent, they represent the best
case combing demand- and supply-side management strategies and
technologies while recognizing that substantial socioeconomic and
political barriers exist, and only removing them could make these as-
pirational interventions become fully achievable and feasible. For
example, regulating ammonia emissions in the U.S. or taking away
fertilizer subsidies in India may not be politically feasible for the fore-
seeable future. The goal of 70% crop system NUE in the high-ambition
nitrogen policy future scenario can be very difficult for fruits and veg-
etables, even with good adoption of best management practices for
those cropping systems. Technologies such as nitrification inhibitors
have shown considerable promise in some, but not all, circumstances,
and even when they are adopted, farmers do not necessarily reduce
their application rates of N fertilizers. However, analyzing aspirational
nitrogen interventions and comprehensively evaluating consequent
benefits for human, crop, and ecosystem health are critical for incen-
tivizing integrated nitrogen management policies and sustainable
development.

Supplementary Materials
This PDF file includes:

Figs.S1t0 518

Tables S1 to S5

REFERENCES AND NOTES

1. J.N. Galloway, J. D. Aber, J. W. Erisman, S. P. Seitzinger, R. W. Howarth, E. B. Cowling,
B. J. Cosby, The nitrogen cascade. Bioscience 53, 341 (2003).

2. Y.Guo, P.He, T. D. Searchinger, Y. Chen, M. Springmann, M. Zhou, X. Zhang, L. Zhang,

D. L. Mauzerall, Environmental and human health trade-offs in potential Chinese dietary
shifts. One Earth 5, 268-282 (2022).

3. J.Chang, P. Havlik, D. Leclére, W. de Vries, H. Valin, A. Deppermann, T. Hasegawa,

M. Obersteiner, Reconciling regional nitrogen boundaries with global food security. Nat.
Food 2,700-711 (2021).

4. B.L.Bodirsky, A. Popp, H. Lotze-Campen, J. P. Dietrich, S. Rolinski, I. Weindl, C. Schmitz,

C. Muller, M. Bonsch, F. Humpenoder, A. Biewald, M. Stevanovic, Reactive nitrogen
requirements to feed the world in 2050 and potential to mitigate nitrogen pollution. Nat.
Commun. 5,3858 (2014).

5. Y.Guo, Y. Chen, T. D. Searchinger, M. Zhou, D. Pan, J. Yang, L. Wu, Z. Cui, W. Zhang,
F.Zhang, L. Ma, Y. Sun, M. A. Zondlo, L. Zhang, D. L. Mauzerall, Air quality, nitrogen use
efficiency and food security in China are improved by cost-effective agricultural nitrogen
management. Nat. Food 1, 648-658 (2020).

6. X.Zhang, B. Gu, H. van Grinsven, S. K. Lam, X. Liang, M. Bai, D. Chen, Societal benefits of
halving agricultural ammonia emissions in China far exceed the abatement costs. Nat.
Commun. 11,4357 (2020).

7. M. Liuy, X. Huang, Y. Song, J. Tang, J. Cao, X. Zhang, Q. Zhang, S. Wang, T. Xu, L. Kang, X. Cai,
H. Zhang, F.Yang, H.Wang, J. Z. Yu, A. K. H. Lau, L. He, X. Huang, L. Duan, A. Ding, L. Xue,

J. Gao, B. Liu, T. Zhu, Ammonia emission control in China would mitigate haze pollution
and nitrogen deposition, but worsen acid rain. Proc. Natl. Acad. Sci. U.S.A. 116, 7760-7765
(2019).

110f 14

202 ‘6T 1nBny uo B10°30Us 105 MMM//:SANY W) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

8.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.
30.

31.

32

Guo etal., Sci. Adv. 10, eado0112 (2024)

M. A. Sutton, C. M. Howard, J. W. Erisman, G. Billen, A. Bleeker, P. Grennfelt, H. van
Grinsven, B. Grizzetti, The European Nitrogen Assessment: Sources, Effects and Policy
Perspectives (Cambridge Univ. Press, 2011).

. B.J.Gu, X.T.Ju, J. Chang, Y. Ge, P. M. Vitousek, Integrated reactive nitrogen budgets and

future trends in China. Proc. Natl. Acad. Sci. U.S.A. 112, 8792-8797 (2015).

. W.Peng, F. Wagner, M. Ramana, H. Zhai, M. J. Small, C. Dalin, X. Zhang, D. L. Mauzerall,

Managing China’s coal power plants to address multiple environmental objectives. Nat.
Sustain. 1,693-701 (2018).

. M. Lee, E. Shevliakova, C. A. Stock, S. Malyshev, P. C. D. Milly, Prominence of the tropics in

the recent rise of global nitrogen pollution. Nat. Commun. 10, 1437 (2019).

. M. Springmann, R.Van Dingenen, T. Vandyck, C. Latka, P. Witzke, A. Leip, The global and

regional air quality impacts of dietary change. Nat. Commun. 14, 6227 (2023).

. Y.Guo, H.Tan, L. Zhang, G. Liu, M. Zhou, J. Vira, P. G. Hess, X. Liu, F. Paulot, X. Liu, Global

food loss and waste embodies unrecognized harms to air quality and biodiversity
hotspots. Nat. Food 4, 686-698 (2023).

. W.Winiwarter, B. Amon, B. L. Bodirsky, H. Friege, M. Geupel, L. Lassaletta, N. Raghuram,

Focus on reactive nitrogen and the UN sustainable development goals. Environ. Res. Lett.
17,050401 (2022).

. M. A.Sutton, C. M. Howard, D. R. Kanter, L. Lassaletta, A. Mdring, N. Raghuram, N. Read,

The nitrogen decade: Mobilizing global action on nitrogen to 2030 and beyond. One
Earth 4,10-14 (2021).

. D.R.Kanter, F. Bartolini, S. Kugelberg, A. Leip, O. Oenema, A. Uwizeye, Nitrogen pollution

policy beyond the farm. Nat. Food 1, 27-32 (2020).

. J.H.Seinfeld, S. N. Pandis, Atmospheric Chemistry and Physics: From Air Pollution to Climate

Change (John Wiley & Sons, 2016).

. Z.L.Gu, L. Zhang, R. van Dingenen, M. Vieno, H. J. M. van Grinsven, X. Zhang, S. Zhang,

Y. Chen, S.Wang, C. Ren, S. Rao, M. Holland, W. Winiwarter, D. Chen, J. Xu, M. A. Sutton,
Abating ammonia is more cost-effective than nitrogen oxides for mitigating PM2.5air
pollution. Science 374, 758-762 (2021).

. Institute for Health Metrics and Evaluation (IHME), Global Burden of Disease Study 2019

(GBD 2019) Results. Seattle, United States: Institute for Health Metrics and Evaluation (IHME)
(2020); http://Ghdx.Healthdata.Org/Gbd-Results-Tool.

A. P.Tai, M. Sadig, J. Y. Pang, D. H. Yung, Z. Feng, Impacts of surface ozone pollution on
global crop yields: Comparing different ozone exposure metrics and incorporating
co-effects of CO,. Front. Sustain. Food Syst. 5, 534616 (2021).

National Park Service, Nitrogen Critical Loads and Estimated Exceedances in NPS Areas
(2013-2015). Natural Resource Stewardship and Science Directorate, Air Resources Division,
Denver, Colorado (2018); https://Irma.Nps.Gov/DataStore/DownloadFile/598813
[accessed 07 January 2021].

J. P.Hettelingh, J. Slootweg, M. Posch, Critical load, dynamic modeling and impact
assessment in Europe: CCE Status Report 2008, Coordination Center for Effects,
Netherlands Environmental Assessment Agency, Bilthoven, Netherlands. Report No.
500090003. ISBN No. 978-90-6960-211-0 (2008); https://eea.europa.eu/data-and-maps/
indicators/exposure-of-ecosystems-to-acidification-2/critical-load-dynamic-modeling-
and.

C. M. Clark, P. E. Morefield, F. S. Gilliam, L. H. Pardo, Estimated losses of plant biodiversity
in the United States from historical N deposition (1985-2010). Ecology 94, 1441-1448
(2013).

Y. Gao, N. He, X. Zhang, Effects of reactive nitrogen deposition on terrestrial and aquatic
ecosystems. Ecol. Eng. 70, 312-318 (2014).

G. M. Lovett, Critical issues for critical loads. Proc. Natl. Acad. Sci. U.S.A. 110, 808-809
(2013).

W. K. Hicks, R. Haeuber, M. A. Sutton, “Nitrogen deposition, critical loads and biodiversity:
Introduction”in Nitrogen Deposition, Critical Loads, and Biodiversity, M. A. Sutton, K. E.
Mason, L. J. Sheppard, H. Sverdrup, R. Haeuber, W. K. Hicks, Eds. (Springer, 2014), pp. 1-4.
R. Schmalensee, R. N. Stavins, Policy evolution under the clean air act. J. Econ. Perspect.
33,27-50(2019).

Q. Zhang, Y. Zheng, D. Tong, M. Shao, S. Wang, Y. Zhang, X. Xu, J. Wang, H. He, W. Liu,
Y.Ding, Y. Lei, J. Li, Z.Wang, X. Zhang, Y. Wang, J. Cheng, Y. Liu, Q. Shi, L. Yan, G. Geng,

C. Hong, M. L, F. Liu, B. Zheng, J. Cao, A. Ding, J. Gao, Q. Fu, J. Huo, B. Liu, Z. Liu, F. Yang,
K. He, J. Hao, Drivers of improved PM2. 5 air quality in China from 2013 to 2017. Proc. Natl.
Acad. Sci. U.S.A. 116, 24463-24469 (2019).

EC, Directive on National Emission Ceilings (NEC, 2001/81/EC) (2010); http://ec.europa.
eu/environment/air/pollutants/ceilings.htm.

W. Winiwarter, B. Grizzetti, M. A. Sutton, Nitrogen pollution in the EU: Best management
strategies, regulations, and science needs (2015).

J.W. Erisman, E. Dammers, M. Van Damme, N. Soudzilovskaia, M. Schaap, Trends in EU
nitrogen deposition and impacts on ecosystems. Air Waste Manage. Assoc. 65, 31-35
(2015).

A. Musacchio, V. Re, J. Mas-Pla, E. Sacchi, EU nitrates directive, from theory to practice:
Environmental effectiveness and influence of regional governance on its performance.
Ambio 49, 504-516 (2020).

16 August 2024

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Three-Year Action Plan to Win the Battle for a Blue Sky [in Chinese] (National
Development and Reform Commission of the State Council of China, 2018); https://www.
gov.cn/zhengce/content/2018-07/03/content_5303158.htm.

S. Rao, Z. Klimont, S. J. Smith, R. Van Dingenen, F. Dentener, L. Bouwman, K. Riahi,

M. Amann, B. L. Bodirsky, D. P. van Vuuren, L. Aleluia Reis, K. Calvin, L. Drouet, O. Fricko,

S. Fujimori, D. Gernaat, P. Havlik, M. Harmsen, T. Hasegawa, C. Heyes, J. Hilaire, G. Luderer,
T. Masui, E. Stehfest, J. Strefler, S. van der Sluis, M. Tavoni, Future air pollution in the
shared socio-economic pathways. Glob. Environ. Chang. 42, 346-358 (2017).

D. R. Kanter, W. Winiwarter, B. L. Bodirsky, L. Bouwman, E. Boyer, S. Buckle, J. E. Compton,
T. Dalgaard, W. de Vries, D. Leclére, A. Leip, C. Miiller, A. Popp, N. Raghuram, S. Rao,

M. A. Sutton, H.Tian, H. Westhoek, X. Zhang, M. Zurek, A framework for nitrogen futures
in the shared socioeconomic pathways. Glob. Environ. Chang. 61, 102029 (2020).

R. H. Socolow, Nitrogen management and the future of food: Lessons from the
management of energy and carbon. Proc. Natl. Acad. Sci. U.S.A. 96, 6001-6008 (1999).

W. Battye, V. P. Aneja, W. H. Schlesinger, Is nitrogen the next carbon? Earth’s Future 5,
894-904 (2017).

M. J. Gidden, K. Riahi, S. J. Smith, S. Fujimori, G. Luderer, E. Kriegler, D. P. van Vuuren,

M. van den Berg, L. Feng, D. Klein, K. Calvin, J. C. Doelman, S. Frank, O. Fricko, M. Harmsen,
T. Hasegawa, P. Havlik, J. Hilaire, R. Hoesly, J. Horing, A. Popp, E. Stehfest, K. Takahashi,
Global emissions pathways under different socioeconomic scenarios for use in CMIP6: A
dataset of harmonized emissions trajectories through the end of the century. Geosci.
Model Dev. 12, 1443-1475 (2019).

L. Feng, S. J. Smith, C. Braun, M. Crippa, M. J. Gidden, R. Hoesly, Z. Klimont, M. van Marle,
M. van den Berg, G. R. van der Werf, The generation of gridded emissions data for CMIP6.
Geosci. Model Dev. 13, 461-482 (2020).

Transforming Our World: The 2030 Agenda for Sustainable Development (United Nations,
2015).

H.Yang, X. Huang, D. M. Westervelt, L. Horowitz, W. Peng, Socio-demographic factors
shaping the future global health burden from air pollution. Nat. Sustain. 6, 58-68 (2023).
J. Rockstrom, J. Gupta, D. Qin, S. J. Lade, J. F. Abrams, L. S. Andersen,

D. I. Armstrong McKay, X. Bai, G. Bala, S. E. Bunn, D. Ciobanu, F. DeClerck, K. Ebi, L. Gifford,
C. Gordon, S. Hasan, N. Kanie, T. M. Lenton, S. Loriani, D. M. Liverman, A. Mohamed,

N. Nakicenovic, D. Obura, D. Ospina, K. Prodani, C. Rammelt, B. Sakschewski, J. Scholtens,
B. Stewart-Koster, T. Tharammal, D. van Vuuren, P. H. Verburg, R. Winkelmann, C. Zimm,

E. M. Bennett, S. Bringezu, W. Broadgate, P. A. Green, L. Huang, L. Jacobson,

C. Ndehedehe, S. Pedde, J. Rocha, M. Scheffer, L. Schulte-Uebbing, W. de Vries, C. Xiao,

C. Xu, X. Xu, N. Zafra-Calvo, X. Zhang, Safe and just Earth system boundaries. Nature 619,
102-111(2023).

L. F. Schulte-Uebbing, A. H. W. Beusen, A. F. Bouwman, W. De Vries, From planetary
to regional boundaries for agricultural nitrogen pollution. Nature 610, 507-512
(2022).

C.Yu, X. Huang, H. Chen, H. C. J. Godfray, J. S. Wright, J. W. Hall, P. Gong, S. Ni, S. Qiao,

G. Huang, Y. Xiao, J. Zhang, Z. Feng, X. Ju, P. Ciais, N. C. Stenseth, D. O. Hessen, Z. L. Sun,

L. Yu, W. J. Cai, H. H. Fu, X. M. Huang, C. Zhang, H. B. Liu, J. Taylor, Managing nitrogen to
restore water quality in China. Nature 567, 516-520 (2019).

N. A. Cole, R. N. Clark, R.W.Todd, C. R. Richardson, A. Gueye, L. W. Greene, K. Mcbride,
Influence of dietary crude protein concentration and source on potential ammonia
emissions from beef cattle manure. J. Anim. Sci. 83, 722-731 (2005).

J. Struijs, A. van Dijk, H. Slaper, H. J. van Wijnen, G. J. Velders, G. Chaplin, M. A. Huijbregts,
Spatial-and time-explicit human damage modeling of ozone depleting substances in life
cycle impact assessment. Environ. Sci. Technol. 44, 204-209 (2010).

K. Hayashi, N. Itsubo, Damage factors of stratospheric ozone depletion on human health
impact with the addition of nitrous oxide as the largest contributor in the 2000s. Int. J.
Life Cycle Assess. 28, 990-1002 (2023).

P.Yin, M. Brauer, A. J. Cohen, H. Wang, J. Li, R. T. Burnett, J. D. Stanaway, K. Causey,

S. Larson, W. Godwin, J. Frostad, A. Marks, L. Wang, M. Zhou, C. J. L. Murray, The effect of
air pollution on deaths, disease burden, and life expectancy across China and its
provinces, 1990-2017: An analysis for the Global Burden of Disease Study 2017. Lancet
Planet. Health 4, e386-e398 (2020).

A. Rodriguez, H. J. van Grinsven, M. P. van Loon, J. C. Doelman, A. H. Beusen, L. Lassaletta,
Costs and benefits of synthetic nitrogen for global cereal production in 2015 and in 2050
under contrasting scenarios. Sci. Total Environ. 912, 169357 (2024).

H. J. van Grinsven, P. Ebanyat, M. Glendining, B. Gu, R. Hijbeek, S. K. Lam, L. Lassaletta,

N. D. Mueller, F. S. Pacheco, M. Quemada, T. W. Bruulsema, B. H. Jacobsen,

H. F. M. ten Berge, Establishing long-term nitrogen response of global cereals to assess
sustainable fertilizer rates. Nat. Food 3, 122-132 (2022).

R. A.Duce, J. LaRoche, K. Altieri, K. R. Arrigo, A. R. Baker, D. G. Capone, S. Cornell,

F. Dentener, J. Galloway, R. S. Ganeshram, R. J. Geider, T. Jickells, M. M. Kuypers,

R. Langlois, P. S. Liss, S. M. Liu, J. J. Middelburg, C. M. Moore, S. Nickovic, A. Oschlies,

T. Pedersen, J. Prospero, R. Schlitzer, S. Seitzinger, L. L. Sorensen, M. Uematsu, O. Ulloa,

M. Voss, B.Ward, L. Zamora, Impacts of atmospheric anthropogenic nitrogen on the open
ocean. Science 320, 893-897 (2008).

120f 14

202 ‘6T 1nBny uo B10°30Us 105 MMM//:SANY W) papeojumod


http://Ghdx.Healthdata.Org/Gbd-Results-Tool
https://Irma.Nps.Gov/DataStore/DownloadFile/598813
https://eea.europa.eu/data-and-maps/indicators/exposure-of-ecosystems-to-acidification-2/critical-load-dynamic-modeling-and
https://eea.europa.eu/data-and-maps/indicators/exposure-of-ecosystems-to-acidification-2/critical-load-dynamic-modeling-and
https://eea.europa.eu/data-and-maps/indicators/exposure-of-ecosystems-to-acidification-2/critical-load-dynamic-modeling-and
http://ec.europa.eu/environment/air/pollutants/ceilings.htm
http://ec.europa.eu/environment/air/pollutants/ceilings.htm
https://www.gov.cn/zhengce/content/2018-07/03/content_5303158.htm
https://www.gov.cn/zhengce/content/2018-07/03/content_5303158.htm

SCIENCE ADVANCES | RESEARCH ARTICLE

52.
53.

54,

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

Guo etal., Sci. Adv. 10, eado0112 (2024)

A. C. Redfield, The biological control of chemical factors in the environment. Sci. Prog. 11,
150-170 (1960).

M. A. Sutton, O. Oenema, J. W. Erisman, A. Leip, H. van Grinsven, W. Winiwarter, Too much
of a good thing. Nature 472, 159-161 (2011).

A.V. Pastor, A. Palazzo, P. Havlik, H. Biemans, Y. Wada, M. Obersteiner, P. Kabat, F. Ludwig,
The global nexus of food-trade-water sustaining environmental flows by 2050. Nat.
Sustain. 2,499-507 (2019).

H. Zhao, J. Chang, P. Havlik, M. van Dijk, H. Valin, C. Janssens, L. Ma, Z. Bai, M. Herrero,

P. Smith, M. Obersteiner, China'’s future food demand and its implications for trade and
environment. Nat. Sustain. 4, 1042-1051 (2021).

T. Hasegawa, S. Fujimori, P. Havlik, H. Valin, B. L. Bodirsky, J. C. Doelman, T. Fellmann,
P.Kyle, J. F. L. Koopman, H. Lotze-Campen, D. Mason-D'Croz, Y. Ochi, |. P. Dominguez,

E. Stehfest, T. B. Sulser, A. Tabeau, K. Takahashi, J. Takakura, H. van Meijl, W.-J. van Zeist,

K. Wiebe, P. Witzke, Risk of increased food insecurity under stringent global climate
change mitigation policy. Nat. Clim. Change 8, 699-703 (2018).

M. Herrero, P. Havlik, H. Valin, A. Notenbaert, M. C. Rufino, P. K. Thornton, M. Blummel,

F. Weiss, D. Grace, M. Obersteiner, Biomass use, production, feed efficiencies, and
greenhouse gas emissions from global livestock systems. Proc. Natl. Acad. Sci. U.S.A. 110,
20888-20893 (2013).

B. C. O'Neill, E. Kriegler, K. Riahi, K. L. Ebi, S. Hallegatte, T. R. Carter, R. Mathur,

D. P.Van Vuuren, A new scenario framework for climate change research: The concept of
shared socioeconomic pathways. Clim. Change 122, 387-400 (2014).

P. Havlik, H. Valin, M. Herrero, M. Obersteiner, E. Schmid, M. C. Rufino, A. Mosnier,

P. K. Thornton, H. Bottcher, R.T. Conant, S. Frank, S. Fritz, S. Fuss, F. Kraxner, A. Notenbaert,
Climate change mitigation through livestock system transitions. Proc. Natl. Acad. Sci.
U.S.A. 111, 3709-3714 (2014).

X. Zhang, E. A. Davidson, D. L. Mauzerall, T. D. Searchinger, P. Dumas, Y. Shen, Managing
nitrogen for sustainable development. Nature 528, 51-59 (2015).

M. Amann, G. Kiesewetter, W. Schopp, Z. Klimont, W. Winiwarter, J. Cofala, P. Rafaj,

L. Hoglund-Isaksson, A. Gomez-Sabriana, C. Heyes, P. Purohit, J. Borken-Kleefeld,

F. Wagner, R. Sander, H. Fagerli, A. Nyiri, L. Cozzi, C. Pavarini, Reducing global air pollution:

The scope for further policy interventions. Philos. Trans. A Math. Phys. Eng. Sci. 378,
20190331 (2020).

WEOQ, World Energy Outlook 2018, OECD/IEA International Energy Agency, Paris, (2018).
M. Amann, |. Bertok, J. Borken-Kleefeld, J. Cofala, C. Heyes, L. Hoglund-Isaksson,
Z.Klimont, B. Nguyen, M. Posch, P. Rafaj, R. Sandler, W. Schépp, F. Wagner, W. Winiwarter,
Cost-effective control of air quality and greenhouse gases in Europe: Modeling and
policy applications. Environ. Model. Softw. 26, 1489-1501 (2011).

K. H. Bates, D. J. Jacob, A new model mechanism for atmospheric oxidation of isoprene:
Global effects on oxidants, nitrogen oxides, organic products, and secondary organic
aerosol. Atmos. Chem. Phys. 19, 9613-9640 (2019).

S.Zhai, D. J. Jacob, X. Wang, Z. Liu, T. Wen, V. Shah, K. Li, J. M. Moch, K. H. Bates, S. Song,
L. Shen, Y. Zhang, G. Luo, F. Yu, Y. Sun, L. Wang, M. Qi, J. Tao, K. Gui, H. Xu, Q. Zhang,
T.Zhao, Y.Wang, H. C. Lee, H. Choi, H. Liao, Control of particulate nitrate air pollution in
China. Nat. Geosci. 14, 389-395 (2021).

M. S. Hammer, A. van Donkelaar, C. Li, A. Lyapustin, A. M. Sayer, N. C. Hsu, R. C. Levy,

M. J. Garay, O. V. Kalashnikova, R. A. Kahn, M. Brauer, J. S. Apte, D. K. Henze, L. Zhang,

Q. Zhang, B. Ford, J. R. Pierce, R. V. Martin, Global estimates and long-term trends of fine
particulate matter concentrations (1998-2018). Environ. Sci. Technol. 54, 7879-7890
(2020).

H. O.T. Pye, H. Liao, S. Wu, L. J. Mickley, D. J. Jacob, D. K. Henze, J. H. Seinfeld, Effect of
changes in climate and emissions on future sulfate-nitrate-ammonium aerosol levels in
the United States. J. Geophys. Res. 114, 1-18 (2009).

A.van Donkelaar, M. S. Hammer, L. Bindle, M. Brauer, J. R. Brook, M. J. Garay, N. C. Hsu,
0. V. Kalashnikova, R. A. Kahn, C. Lee, R. C. Levy, A. Lyapustin, A. M. Sayer, R. V. Martin,
Monthly global estimates of fine particulate matter and their uncertainty. Environ. Sci.
Technol. 55, 15287-15300 (2021).

P.S.Kim, D. J. Jacob, J. A. Fisher, K. Travis, K. Yu, L. Zhu, R. M. Yantosca, M. P. Sulprizio,

J. L. Jimenez, P. Campuzano-Jost, K. D. Froyd, J. Liao, J. W. Hair, M. A. Fenn, C. F. Butler,

N. L. Wagner, T. D. Gordon, A. Welti, P. 0. Wennberg, J. D. Crounse, J. M. St. Clair, A. P. Teng,

D. B, Millet, J. P. Schwarz, M. Z. Markovic, A. E. Perring, Sources, seasonality, and trends of
southeast US aerosol: An integrated analysis of surface, aircraft, and satellite observations
with the GEOS-Chem chemical transport model. Atmos. Chem. Phys. 15, 10411-10433 (2015).
Updates in Geoschem/Geos-Chem: GEOS-Chem 12.6.0.

R. M. Hoesly, S. J. Smith, L. Feng, Z. Klimont, G. Janssens-Maenhout, T. Pitkanen,

J.J. Seibert, L. Vu, R. J. Andres, R. M. Bolt, T. C. Bond, L. Dawidowski, N. Kholod,

J. Kurokawa, M. Li, L. Liu, Z. Lu, M. C. P. Moura, P. R. O'Rourke, Q. Zhang, Historical
(1750-2014) anthropogenic emissions of reactive gases and aerosols from the
Community Emissions Data System (CEDS). Geosci. Model Dev. 11, 369-408 (2018).

J.T. Randerson, G. R. van Der Werf, L. Giglio, G. J. Collatz, P. S. Kasibhatla, Global Fire
Emissions Database, Version 4.1 (GFEDv4). ORNL DAAC, Oak Ridge, Tennessee, USA, 2018;
https://doi.org/10.3334/ORNLDAAC/1293.

16 August 2024

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

J. Cheng, D.Tong, Q. Zhang, Y. Liu, Y. Lei, G. Yan, L. Yan, S. Yu, R.Y. Cui, L. Clarke, Pathways
of China’s PM2. 5 air quality 2015-2060 in the context of carbon neutrality. Natl. Sci. Rev.
8, nwab078 (2021).

M. Zhou, H. Liy, L. Peng, Y. Qin, D. Chen, L. Zhang, D. L. Mauzerall, Environmental benefits
and household costs of clean heating options in northern China. Nat. Sustain. 5, 329-338
(2022).

S. Szopa, V. Naik, B. Adhikary, P. Artaxo, T. Berntsen, W.D. Collins, S. Fuzzi, L. Gallardo,

A. Kiendler-Scharr, Z. Klimont, H. Liao, N. Unger, P. Zanis, 2021: Short-Lived Climate Forcers in
Climate Change 2021: The Physical Science Basis. Contribution of Working Group | to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change, V. Masson-
Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb,
M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield,
O. Yelekgi, R. Yu, B. Zhou Eds. (Cambridge Univ. Press, 2023) pp. 817-922.

G. Zheng, H. Su, S. Wang, M. O. Andreag, U. Pschl, Y. Cheng, Multiphase buffer theory
explains contrasts in atmospheric aerosol acidity. Science 369, 1374-1377 (2020).

T.Ye, R. Xu, X. Yue, G. Chen, P.Yu, M. S. Z.S. Coélho, P. H. N. Saldiva, M. J. Abramson, Y. Guo,
S. Li, Short-term exposure to wildfire-related PM2.5 increases mortality risks and burdens
in Brazil. Nat. Commun. 13, 7651 (2022).

R. Ma, K. Li, Y. Guo, B. Zhang, X. Zhao, S. Linder, C. Guan, G. Chen, Y. Gan, J. Meng,
Mitigation potential of global ammonia emissions and related health impacts in the
trade network. Nat. Commun. 12, 6308 (2021).

Q. Zhang, X. Jiang, D.Tong, S. J. Davis, H. Zhao, G. Geng, T. Feng, B. Zheng, Z. Lu,

D. G. Streets, R. Ni, M. Brauer, A. van Donkelaar, R. V. Martin, H. Huo, Z. Liu, D. Pan, H. Kan,
Y.Yan, J. Lin, K. He, D. Guan, Transboundary health impacts of transported global air
pollution and international trade. Nature 543, 705-709 (2017).

S.T.Turnock, R. J. Allen, M. Andrews, S. E. Bauer, M. Deushi, L. Emmons, P. Good,

L. Horowitz, J. G. John, M. Michou, P. Nabat, V. Naik, D. Neubauer, F. M. O'Connor, D. Olivié,
N. Oshima, M. Schulz, A. Sellar, S. Shim, T. Takemura, S. Tilmes, K. Tsigaridis, T. Wu, J. Zhang,
Historical and future changes in air pollutants from CMIP6 models. Atmos. Chem. Phys. 20,
14547-14579 (2020).

R.J. Allen, S. Turnock, P. Nabat, D. Neubauer, U. Lohmann, D. Olivié, N. Oshima, M. Michou,
T.Wu, J. Zhang, T. Takemura, M. Schulz, K. Tsigaridis, S. E. Bauer, L. Emmons, L. Horowitz,
V. Naik, T. van Noije, T. Bergman, J.-F. Lamarque, P. Zanis, |. Tegen, D. M. Westervelt,

P. Le Sager, P. Good, S. Shim, F. O'Connor, D. Akritidis, A. K. Georgoulias, M. Deushi,

L.T. Sentman, J. G. John, S. Fujimori, W. J. Collins, Climate and air quality impacts due to
mitigation of non-methane near-term climate forcers. Atmos. Chem. Phys. 20, 9641-9663
(2020).

R. Burnett, H. Chen, M. Szyszkowicz, N. Fann, B. Hubbell, C. A. Pope, J. S. Apte, M. Brauer,
A. Cohen, S. Weichenthal, J. Coggins, Q. di, B. Brunekreef, J. Frostad, S. S. Lim, H. Kan,

K. D. Walker, G. D. Thurston, R. B. Hayes, C. C. Lim, M. C. Turner, M. Jerrett, D. Krewski,

S. M. Gapstur, W. R. Diver, B. Ostro, D. Goldberg, D. L. Crouse, R.V. Martin, P. Peters,

L. Pinault, M. Tjepkema, A. van Donkelaar, P. J. Villeneuve, A. B. Miller, P. Yin, M. Zhou,
L.Wang, N. A. H. Janssen, M. Marra, R. W. Atkinson, H. Tsang, T. Quoc Thach, J. B. Cannon,
R.T. Allen, J. E. Hart, F. Laden, G. Cesaroni, F. Forastiere, G. Weinmayr, A. Jaensch, G. Nagel,
H. Concin, J. V. Spadaro, Global estimates of mortality associated with long-term
exposure to outdoor fine particulate matter. Proc. Natl. Acad. Sci. U.S.A. 115, 9592-9597
(2018).

E. E. McDuffie, R. V. Martin, J. V. Spadaro, R. Burnett, S. J. Smith, P. O’'Rourke, M. S. Hammer,
A. van Donkelaar, L. Bindle, V. Shah, L. Jaeglé, G. Luo, F. Yu, J. A. Adeniran, J. Lin, M. Brauer,
Source sector and fuel contributions to ambient PM2.5 and attributable mortality across
multiple spatial scales. Nat. Commun. 12, 3594 (2021).

K.Vohra, E. A. Marais, W. J. Bloss, J. Schwartz, L. J. Mickley, M. Van Damme, L. Clarisse,

P-F. Coheur, Rapid rise in premature mortality due to anthropogenic air pollution in
fast-growing tropical cities from 2005 to 2018. Sci. Adv. 8, eabm4435 (2022).

Center for International Earth Science Information Network - CIESIN - Columbia
University. 2018. Gridded Population of the World, Version 4 (GPWv4): Population Count
Adjusted to Match 2015 Revision of UN WPP Country Totals, Revision 11. Palisades, NY:
NASA Socioeconomic Data and Applications Center (SEDAC). https://doi.org/10.7927/
H4PN93PB.

X.Wang, X. Meng, Y. Long, Projecting 1 km-grid population distributions from 2020 to
2100 globally under shared socioeconomic pathways. Sci. Data 9, 563 (2022).

M. Jerrett, R. T. Burnett, C. A. Pope, K. Ito, G. Thurston, D. Krewski, Y. Shi, E. Calle, M. Thun,
Long-term ozone exposure and mortality. N. Engl. J. Med. 360, 1085-1095 (2009).

C.S. Malley, D. K. Henze, J. C. I. Kuylenstierna, H. W. Vallack, Y. Davila, S. C. Anenberg,

M. C. Turner, M. R. Ashmore, Updated global estimates of respiratory mortality in adults
>30 years of age attributable to long-term ozone exposure. Environ. Health Perspect. 125,
087021 (2017).

M. C. Turner, M. Jerrett, C. A. Pope, D. Krewski, S. M. Gapstur, W. R. Diver, B. S. Beckerman,
J.D. Marshall, J. Su, D. L. Crouse, R.T. Burnett, Long-term ozone exposure and mortality in
a large prospective study. Am. J. Respir. Crit. Care Med. 193, 1134-1142 (2016).

W. J. Sacks, D. Deryng, J. A. Foley, N. Ramankutty, Crop planting dates: An analysis of
global patterns. Glob. Ecol. Biogeogr. 19, 607-620 (2010).

130f 14

202 ‘6T 1nBny uo B10°30Us 105 MMM//:SANY W) papeojumod


https://doi.org/10.3334/ORNLDAAC/1293
http://dx.doi.org/10.7927/H4PN93PB
http://dx.doi.org/10.7927/H4PN93PB

SCIENCE ADVANCES | RESEARCH ARTICLE

91. G.Mills, A. Buse, B. Gimeno, V. Bermejo, M. Holland, L. Emberson, H. Pleijel, A synthesis of
AOT40-based response functions and critical levels of ozone for agricultural and
horticultural crops. Atmos. Environ. 41, 2630-2643 (2007).

92. R.Van Dingenen, F.J. Dentener, F. Raes, M. C. Krol, L. Emberson, J. Cofala, The global
impact of ozone on agricultural crop yields under current and future air quality
legislation. Atmos. Environ. 43, 604-618 (2009).

93. S.Frolking, D. Wisser, D. Grogan, A. Proussevitch, S. Glidden, GAEZ+_2015 Crop
Production, version V2, Harvard Dataverse (2020).

94. R.Bobbink, K. Hicks, J. Galloway, T. Spranger, R. Alkemade, M. Ashmore, M. Bustamante,
S. Cinderby, E. Davidson, F. Dentener, B. Emmett, J. W. Erisman, M. Fenn, F. Gilliam,
A.Nordin, L. Pardo, W. de Vries, Global assessment of nitrogen deposition effects on
terrestrial plant diversity: A synthesis. Ecol. Appl. 20, 30-59 (2010).

95. M.C. Peel, B. L. Finlayson, T. A. McMahon, Updated world map of the Kppen-Geiger
climate classification. Hydrol. Earth Syst. Sci. 11, 1633-1644 (2007).

96. Y.Liu, G.Zhu, Z. Zhao, C. E. Sabel, Z. Ma, Z. Jiao, J. Zhao, H. Wang, Population aging might
have delayed the alleviation of China’s PM2. 5 health burden. Atmos. Environ. 270, 118895
(2022).

97. J.Vira, P. Hess, J. Melkonian, W. R. Wieder, An improved mechanistic model for ammonia
volatilization in Earth system models: Flow of agricultural nitrogen version 2 (FANv2).
Geosci. Model Dev. 13, 4459-4490 (2020).

98. T.Zhang, X.Yue, N. Unger, Z. Feng, B. Zheng, T. Li, Y. Lei, H. Zhou, X. Dong, Y. Liu, J. Zhu,
X.Yang, Modeling the joint impacts of ozone and aerosols on crop yields in China: An air
pollution policy scenario analysis. Atmos. Environ. 247, 118216 (2021).

Acknowledgments: We thank the anonymous reviewers for constructive advice and the
High-performance Computing Platform of Peking University for computational support. X.W.

Guo et al., Sci. Adv. 10, eado0112 (2024) 16 August 2024

acknowledges code and data processing help from J. Mao. Funding: This work was supported
by the National Natural Science Foundation of China (NSFC, 42275106); the UNCNET project
funded under the JPI Urban Europe/China collaboration, project numbers 71961137011
(NSFC, China), 870234 (FFG, Austria), and UMO-2018/29/Z/ST10/02986 (NCN, Poland); and the
“Towards the Establishment of an International Nitrogen Management System — INMS” project
by International Nitrogen Initiative. J.C. acknowledges support from NSFC (32222053 and
32361143871).Y.G. acknowledges support from the PKU (Peking University)-IIASA
(International Institute for Applied Systems Analysis) joint postdoctoral fellowship, China
Postdoctoral Science Foundation’s Special Support Fellowship (2022 T150005), the
International Fellowship for Postdoc Researchers and Hong Kong University of Science and
Technology (Guangzhou) Start-up Fund. Author contributions: Conceptualization: Y.G., L.Z.,
and J.C. Methodology: H.Z, XW.,, M.Z,, J.C,, PH.,, WW,, D.L,, D.P, D.K, and L.Z. Investigation: Y.G.,
H.Z, X.W, M.Z,, J.C, WW.,, D.P, and L.Z. Supervision: L.Z., J.C., WW.,, and P.H. Visualization: Y.G.
Writing—original draft: Y.G., J.C,, and L.Z. Writing—review and editing: all coauthors.
Competing interests: The authors declare that they have no competing interests. Data and
materials availability: All data needed to evaluate the conclusions of the paper are present in
the paper and/or the Supplementary Materials. Intermediate data generated by this paper
have been uploaded to the Mendeley Data repository at https://data.mendeley.com/
datasets/6x5d2xyg22/1 with DOI 10.17632/6x5d2xyg22.1 and Matlab code, and scripts used to
generate plots in this paper have been uploaded to the Mendeley Data repository https://data.
mendeley.com/datasets/wm7nysg7sz/1 with DOI 0.17632/wm7nysg7sz.1.

Submitted 11 January 2024
Accepted 11 July 2024
Published 16 August 2024
10.1126/sciadv.ado0112

140f 14

202 ‘6T 1nBny uo B10°30Us 105 MMM//:SANY W) papeojumod


https://data.mendeley.com/datasets/6x5d2xyg22/1
https://data.mendeley.com/datasets/6x5d2xyg22/1
https://data.mendeley.com/datasets/wm7nysg7sz/1
https://data.mendeley.com/datasets/wm7nysg7sz/1

	Aspirational nitrogen interventions accelerate air pollution abatement and ecosystem protection
	INTRODUCTION
	RESULTS
	Future emission reductions achieved through nitrogen interventions
	Future air quality and human health benefits of N interventions
	Reductions in air pollution–related crop yield losses and nitrogen deposition–related risks of biodiversity loss
	Opportunities of nitrogen interventions for accelerating sustainable development

	DISCUSSION
	MATERIALS AND METHODS
	Future socioeconomic-climate-nitrogen policy storylines (INMS scenarios)
	Estimating future agricultural NH3 emissions in INMS scenarios
	Estimating future NOx emissions in INMS scenarios
	Future non-Nr anthropogenic emissions
	Estimating PM2.5 and O3 air quality in 2015, 2030, and 2050
	Estimating public health impacts of exposure to PM2.5
	Estimating public health impacts of exposure to O3
	Estimating crop yield losses associated with exposure to O3
	Estimating ecosystem areas affected by N deposition
	Uncertainty analyses

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


