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Aqueous photochemistry of
neonicotinoids unveils a major source of
atmospheric reactive nitrogen impacting
global climate
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Neonicotinoid insecticides (NNs), widely deployed in agriculture, are now recognized as pervasive
environmental contaminants. This study reveals that the photochemical degradation of nitenpyram
(NPM), a prominent NN, in the aqueous phase generates substantial fluxes of gaseous reactive
nitrogen species, including nitrous acid (HONO) and nitrogen oxides (NOx = NO+NO2). Reaction
pathways, elucidated through aqueous and gas-phase product analysis and density functional theory
(DFT) calculations, demonstrate that HONO,NO2, andNOarise directly from the excited triplet state of
NPM. Global modeling, parameterized by laboratory-derived kinetics, estimates annual emissions of
71.2 Gg N yr−1 (NOx) and 40.7 Gg N yr−1 (HONO) from NPM photodegradation. These emissions
elevate boundary-layer concentrations of HONO, ozone (O3), and OH by 0.54%, 0.11%, and 0.20%,
respectively, globally. Our findings uncover a significant, yet overlooked, source of reactive nitrogen
that perturbs global nitrogen cycling, amplifies atmospheric oxidative capacity, and influences climate
dynamics.

The escalating global deployment of neonicotinoid insecticides
(NNs), which dominate >25% of the worldwide pesticide market, has
intensified concerns over their ecological persistence and toxicity to
non-target organisms1–3. Widespread environmental dissemination of
NNs detected across aquatic systems, soils, vegetation, and atmo-
spheric particulates4–8 underscores their potential for bioaccumula-
tion and ecosystem disruption9. Nitenpyram (NPM), a nitroalkene-
structured neonicotinoid [(R₁N)(R₂N)C = CHNO₂], exemplifies this
class, sharing structural patterns with emerging contaminants like
nizatidine and ranitidine10. Characterized by low volatility
(<0.002 mPa at 25 °C) and extended environmental half-lives6,11, NNs
accumulate in aquatic matrices at alarming concentrations, surpass-
ing legacy organophosphate insecticides in some regions (e.g.,
44.1 μg L-1 in Texas lake water12). Global surface waters contain NPM
at mean levels of 88.1 ± 27.1 ng L-1, peaking at 672.9 ng L-113. While
prior research has focused on NN photodegradation kinetics14–16 and
human health risks17, critical gaps persist in understanding their
atmospheric chemical evolution, particularly the generation of reac-
tive nitrogen species (RNS) that drive atmospheric oxidation.

Photolytic degradation of NNs, mediated by sunlight or oxidants
like ozone (O₃), alters their environmental fate and toxicity profiles14–18.
Recent work revealed that gas-phase O₃ reactions with NPM yield
nitrous acid (HONO)10, a pivotal precursor to hydroxyl radicals (•OH)
that govern secondary pollutant formation19–26. However, quantitative
assessments of gaseous RNS emissions from NN photochemistry,
especially under environmentally relevant aqueous-phase conditions
remain absent, hindering accurate modeling of atmospheric nitrogen
cycling and oxidative capacity.

While recent work has demonstrated that the presence of soluble iron
ions (Fe3+) can significantly enhance the photochemical production of
HONOandNOx fromNPMthrough catalytic redox cycling27, the inherent
capacity of NPM itself to generate these reactive nitrogen species via direct
photolysis remains unquantified (Table S1). Furthermore, the potential
impact of this direct photochemical source on the global atmospheric
nitrogen cycle and oxidative capacity has not been evaluated.

Here, we present the first direct experimental evidence of gaseous
HONO and NOx (NO+NO₂) production during aqueous phase photo-
degradation of NPM, a representative NN. By integrating laboratory
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kinetics, pH-dependent photolysis studies, and density functional theory
(DFT) calculations, we elucidate the mechanistic pathways driving RNS
formation, including energy barriers associated with NPM’s excited triplet
state.Aglobal 3-Dchemical transportmodel (GEOS-Chem), parameterized
withderivedphotoformation rates (JNPM→HONOand JNPM→NOx), quantifies
the atmospheric impact of NPM-derivedHONO (40.7 GgN yr-1) andNOx
(71.2 GgN yr-1). These fluxes elevate boundary-layer HONO, O₃, and OH
concentrations by 0.54%, 0.11%, and 0.20%, respectively, with cascading
effects on methane oxidation (lifetime reduced by 0.1%). Our findings
unveil NN photochemistry as a previously unrecognized source of atmo-
spheric RNS, challenging current nitrogen cycle paradigms and necessi-
tating integration into Earth system models to refine projections of air
quality and climate feedbacks.

Results and Discussion
Production of HONO and NOx
Time-resolvedmeasurements of HONO, NO, and NO₂ production during
aqueous-phase photochemical degradationofNPMarepresented in Fig. 1A
and Figure S1. Under dark conditions, HONO and NOx remained unde-
tectable (<0.4 ppb, detection limit of the NOx analyzer; Figure S2). Upon
irradiation, NO surged to 33 ppb within 90min before stabilizing and
gradually declining to 15ppbover 6 h (Fig. 1A). In contrast,NO2 exhibited a
monotonic rise, reaching 130.0 ± 0.8 ppb after 6 h, with no evidence of
plateauing. HONO concentrations, quantified via differential denuder
measurements (Methods), increased from 8.9 ± 1.7 ppb at 20min to
61.8 ± 0.6 ppb after 190min of irradiation, underscoring light-driven
kinetics.

Photoformation rates (JNPM→HONO and JNPM→NOx), calculated using
Eq. 3 and Eq. 4 (Methods), reveal dynamic production pathways (Fig. 1B).
JNPM→HONO increased tenfold, from (5.36 ± 1.05) × 10⁻⁸ s⁻¹ at 20min to
(5.55 ± 0.07) × 10⁻⁷ s⁻¹ at 190min, indicative of accelerating HONO gen-
eration under prolonged light exposure. Conversely, JNPM→NO₂ showed a
more modest rise, from (7.72 ± 0.50) × 10-8 s-1 to (2.05 ± 0.40) × 10-7s-1,
while JNPM→NO [(1.56 ± 0.15) × 10-7s-1 to (2.33 ± 0.04) × 10-7s-1] remained
stable in comparison to JNPM→HONO and JNPM→NO2. These results
demonstrate that aqueous-phase NPM photolysis is a potent source of
HONO and NOx, with HONO formation dominating at extended irra-
diation times.

The pronounced HONO yields observed here coupled with sustained
NOx production suggest that neonicotinoid photochemistrymay represent
a previously unquantified source of reactive nitrogen in sunlit aqueous
environments. This mechanism could reconcile discrepancies in atmo-
spheric HONO and NOx budgets, particularly in regions with high agri-
cultural pesticide use.

Effect of pH on NPM photochemical degradation
The photochemical fate of organic pollutants in aquatic systems is critically
modulated by pH, which governs speciation and reactivity28,29. For NPM,
photodegradation efficiency remained largely pH-insensitive, with 50%
degradation at pH 4 declining marginally to 43% at pH 10 (Fig. 2). Strik-
ingly, photoformation rates (JNPM→HONO and JNPM→NOx) exhibited a
pronounced inverse relationshipwithpH, increasingby factors of 3–5under
acidic conditions (pH 4–7) compared to alkaline environments (pH 9–10)
(Fig. 2). This trend aligns with the pH-dependent speciation of HONO: at
pH > pKa(HONO) = 3.2, deprotonation favors aqueous NO2

- retention
(R1), whereas acidic conditions promote volatile HONO partitioning into
the gas phase30–32. Subsequent HONO-to-NOx conversion via hetero-
geneous reaction (R2) further amplifiesNO₂ andNOemissions at lower pH
(pH≤7)32,33.

The investigation of the pH change during the photoreaction of NPM
was also performed. The results obtained showed that the initial pH 7.5 of
the NPM solution decreased to pH 5 after 120min light irradiation. Figure
S3 shows the in situ production of acidic byproducts (e.g., HNO3) during
photolysis, creating a feedback loop that sustains HONO and NOx yields.
Kinetic analyses revealed pH-independent first-order degradation of NPM
(Table S2, Figure S4), with rate constants (k) ranging narrowly from
(9.02 ± 0.05) × 10-5s-1 (pH 9) to (9.77 ± 0.12) × 10-5s-1 (pH 5) and consistent
half-lives (~119–128min;R² = 0.98–0.99). These results underscore that pH
primarily regulates nitrogen speciation and volatilization, not degradation
kinetics, driving HONO and NOx fluxes (Figures S5-S6). In short, pH has
small effect on the photodegradation kinetics andUV/vis spectrumofNPM
(Figure S7), but it affects HONO and NOx formation by influencing the
interconversion between nitrogen species through R1 and R2. The inverse
pH dependence of HONO yields (Fig. 2) creates a self-sustaining loop in
acidifiedwaters (pH<7) as follows: NNphotolysis→HNO3 byproducts→
further acidification→ enhanced HONO volatilization (R1–R2).

HONOðgÞ"HONOðaqÞ"Hþ
ðaqÞ þNO�

2ðaqÞ ðR1Þ

HONOðgÞ þHONOads ! H2OþNOþ NO2 ðR2Þ

This pH-mediated control over reactive nitrogen partitioning high-
lights a critical mechanism by which neonicotinoids influence atmospheric
chemistry. Acidic aqueous environments which are common in agricultural
runoff or urban aerosols enhance HONO and NOx emissions, thereby
amplifying regional oxidative capacity and secondary pollutant formation.
Our findings resolve a key uncertainty in atmospheric models,

Fig. 1 | Temporal changes in HONO, NO2 and NO concentrations from NPM in
the dark and under irradiation. A Temporal profiles of NO (black), NO₂ (purple),
and HONO (yellow) during NPM photolysis. HONO concentrations derive from

denuder-based differential measurements. B Photolysis frequencies (JNPM→HONO,
JNPM→NO₂) as functions of irradiation time. Experimental conditions: irradiance =
169.4Wm⁻² (300–400 nm), T = 298 K.

https://doi.org/10.1038/s41612-025-01286-4 Article

npj Climate and Atmospheric Science |            (2026) 9:16 2

www.nature.com/npjclimatsci


demonstrating that NN photochemistry contributes disproportionally to
reactive nitrogen budgets in pH-sensitive environments.

ElucidatingReactiveNitrogenFormationPathwaysviaAqueous-
Phase Photoproduct Analysis
To unravel the mechanistic origins of HONO and NOx generation during
NPM photolysis, we identified aqueous-phase degradation products using
liquid chromatography-tandem mass spectrometry (LC-MS/MS). Four
major intermediates (m/z 212, 224, 240, and 242; Table S3) were resolved

(Figures S8–S10), enabling reconstruction of the photochemical cascade
(Fig. 3).

Pathway 1 is related to NO-driven cascade. UV excitation induces
isomerization of NPM’s nitro (-NO2) group to an excited nitrite (-O-
NO), forming the triplet-state intermediate IM134,35. Homolytic clea-
vage of IM1 releases gaseous NO, leaving a resonance-stabilized alkoxy
radical (IM2). Gas-phase NO accumulation (Figure S1) aligns with its
dual role as a product and reactant, attacking IM2 to yield nitroso
aldehyde (IM3). Subsequent decomposition of IM3 produces imine
aldehyde (Compound B) via HNO loss or oxime (IM4) through CO
elimination. IM4 further degrades to HNO (precursor to N2O

36–39) and
imine A (Compound A), corroborating prior observations of NN-
derived nitrosation pathways34.

Pathway 2 describes the NO2 generation. C–O bond cleavage in IM1
generates NO₂ and alkyl radical IM5, consistent with NN photochemistry40

and alkyl nitrate photolysis41. IM5 reacts with dissolved O₂, forming alde-
hyde B and alcohol C (Compounds B andC)42,43, detected here as stable end
products.

Pathways 3–4 explain HONO production. The anomalously high
HONOfluxes arise from two synergistic routes, (1) watermolecules quench
the excited triplet state ofNPM(IM1), yieldingHONOandCompoundC44,
(2) IM1 undergoes nitro-to-nitrito isomerization, producing imine D
(Compound D) and releasing HONO35.

Density functional theory (DFT) calculations (detailed below) confirm
energetically feasible pathways for HONO and NOx formation, with reac-
tion barriers consistent with experimental kinetics.

This multi-pathway framework resolves the dual role of NPM pho-
tolysis as a source of both gas-phase reactive nitrogen species (HONO,
NOx) and stable aqueousmetabolites. The coexistence ofNO-driven radical
propagation and pH-modulated HONO partitioning (discussed earlier)

Fig. 2 | JNPM→HONO and JNPM→NOx from NPM photolysis under different pH
values (The left axis is for the colored bars and the right axis is for the orange
symbols). Conditions: irradiance = 169.4 Wm-2 (300–400 nm), T = 298 K.

Fig. 3 | Proposed reaction network for aqueous-phase NPM photodegradation. Pathways 1–4 account for NO, NO2, and HONO emissions, with R’ denoting the NPM
backbone absent the nitro group.
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underscores the complexity of NN photochemistry in mediating atmo-
spheric oxidant budgets.

DFT Theoretical Calculations
Density functional theory calculations elucidate the photochemical path-
ways governing HONO and NOx formation during aqueous NPM degra-
dation. Figure 4A delineates the excitation cascade: under UV-A irradiation
(300<λ < 400 nm), NPM transitions from the ground state (S0) to the first
excited singlet state (S1), followed by intersystem crossing to the triplet state
(T1). In T1, the nitro (-NO2) group isomerizes to a nitrito (-ONO) config-
uration (IM1), releasing 38.05 kcal/mol.

HONO generation proceeds via two endothermic pathways: reaction
of IM1 with water yields ketone C (ΔH = 7.37 kcal/mol; ΔG = 17.06 kcal/
mol), while nitro-to-nitrito rearrangement forms imine D (ΔH = 3.45 kcal/
mol; ΔG = 13.14 kcal/mol) (Fig. 4A). In contrast, NO production is favored
kinetically, with a lower energy barrier (3.69 kcal/molvs. 7.37-17.06 kcal/
mol for HONO) and exothermicity (−6.00 kcal/mol). This aligns with
experimentalNOaccumulation (Figure S1) and its subsequent depletion via
IM2→ IM3 conversion (barrier: 12.45 kcal/mol). IM3 degradation further
generates imine aldehyde B (ΔG = 3.23 kcal/mol) and imine A
(ΔG = 11.07 kcal/mol), accompanied by transient HNO (precursor to
N2O

36–39) and CO release.
C–O bond cleavage in IM1 drives NO₂ formation (Fig. 4B), with a

prohibitive energy barrier of 66.41 kcal/mol, identifying this step as rate-
limiting. The resultant alkyl radical (IM5) reactswithdissolvedO2 andH2O,
producing peroxyl (•OOH) and •OH radicals detected via electron para-
magnetic resonance (EPR; Figure S11). These radicals propagate NPM
degradation via C–H bond abstraction, consistent with the •OH role in
secondary oxidation42,43.

While aqueousNO3⁻/NO2⁻photolysis generates traceHONOandNO2

(quantum yields: ≤0.01540,45), their contributions under NPM photolysis
conditions are negligible (Figures S12, S13). This confirms that it is not
nitrate byproducts but NPM itself that drives the observed RNS fluxes
(Fig. 5).

Collectively, DFT and experimental data resolve NPM photolysis as a
direct source of atmospheric HONO and NOx, mediated by triplet-state
reactivity and pH-modulated speciation. These pathways amplify oxidative
capacity in sunlit aqueous environments, with implications for regional air
quality and global nitrogen cycling.

Estimation of Global HONOandNOx Fluxes and their Impacts on
Air Quality
The pervasive environmental presence of NPM and its photochemical
generation of HONO and NOx identify it as a previously unrecognized
source of reactivenitrogen (Nr)with implications for atmospheric oxidation
and climate. To quantify these effects, we integrate laboratory-derived
kinetics into a global modeling framework, addressing a critical gap in
current chemical transport models that omit NN-derived Nr.

Here,we start by examining the relationshipbetweenHONOandNOx
formation and light intensity at different NPM concentrations, using
experimental kinetic data with stepwise linear regression fitting (Figure
S15 and S16). The experiments show that, at a fixed NPM concentration
level, HONO and NOx (mainly NO2) fluxes increase linearly with light
density (Figure S17 and S18), (R2 > 0.98) Such robust linear relationships
between productions and light density hold for a broad range of NPM
concentrations, 0.005–0.5mgml-1.

Then we estimated the global distributions of the NOx and HONO
fluxes produced by NPM photochemistry, based on the abovementioned

Fig. 4 | Energetics of the initial excitation and the
subsequent reactions of NPM photolysis. A
HONO formation energetics. B NO2 formation
energetics. Arrows denote electron transfers and
reaction steps.
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observation-constrained dependence of NOx and HONO fluxes on light
density. A key while challenging step for this process is to define environ-
mental NNs concentrations. In a base scenario, we assume an average NPMs
concentration of 100 μg L-1 over agricultural areas46, 10 μg L-1 over other
continental land, and 1 μg L-1 over oceans, which are 2-4 orders of magnitude
lower than the lowest experimental concentrations (0.05mgml-1). Global
surface waters contain NPM at mean levels of 88.1 ± 27.1 ng L-1, peaking at
672.9 ng L-113. Large-scale use of NNs started in 2004, and the reported
concentrations of NNs ranged from several ng L-1 to hundreds of μg L-112,
with the highest concentration of imidacloprid (320 μg L-1) measured in 2005
near Noordwijkerhout47. The assumed values of environmental NPM con-
centrations used in the base scenario are consistent with the reported NPM
concentrations in literature. To assess uncertainties in the assumed envir-
onmental NPMs concentrations affecting flux estimation, we also considered
four additional scenarios based on the upper and lower bounds of values
documented in the literature (Table S4). Next, we consider the dependence
of NOx and HONO fluxes produced by NPM photochemistry on the
spatiotemporal distributions of light density. This is done by using the
downward solar radiation data as a metric for light density from the gridded
and hourly downward solar radiation from the Modern-Era Retrospective
analysis for Research and Application version 2 (MERRA-2) assimilated
meteorological fields at a spatial resolution of 0.5° × 0.625. In this way, we
can derive the hourly gridded NOx and HONO fluxes produced by NPM
photochemistry across the globe. More details are provided in the Text S6.

Figure 6A, B shows the spatial distributions of HONOandNOx fluxes
produced fromNPMphotochemistry in the base scenario for the year 2017.
We found that globally produced HONO and NOx fluxes from NPM
photochemistry are 71.2 and 40.7 GgN year-1, respectively. These produc-
tions only account for 0.3% of the anthropogenic fossil fuel emissions of
NOx in the year 2017 (36.2 Tg N, from the Community Emissions Data
System (CEDS) inventory), and about 1.3% of the soil emissions (8.6 TgN
year-148) (Figure S20). More than half of the emissions are released over
agricultural areas with hot spots concentrated in China, India, Central
Africa, and SouthAmerica. In terms of the relative emissions contributions,
the HONO and NOx fluxes produced from NPM photochemistry con-
tributed the largest over the oceans, because of the sparsity of other directNr
sources except for shipping emissions. Assuming different environmental
NPMs concentrations yields a wide range of global HONO andNOx fluxes
of 6.7–120.8 and 3.8–68.8 GgN year-1, respectively (Table S4).

As a next step, we estimated the impacts of HONO and NOx
production by NPM photochemistry on global tropospheric chemistry,

by applying the GEOS-Chem three-dimensional chemical transport
model with and without accounting for the Nr fluxes from the NPM
chemistry. The results show that in the base scenario, the NPM photo-
chemistry increases tropospheric HONO burden by 0.4% and mean
concentrations in the boundary layer by 0.54%, with larger relative
enhancement over source regions (such as the North America, South
America, and Central Africa) and the Southern Oceans where Nr
emissions from other sources (e.g. fossil fuel and soil) are sparse (Fig. 6c).
The contributions are larger in austral summer due to higher solar
radiation (Figure S21). These additional Nr sources elevate global tro-
pospheric ozone burden and OH column-weighed concentrations by
0.05% and 0.07% (Fig. 6d), respectively. These effects intensify twofold
within the boundary layer, with ozone and •OH concentrations
increasing by 0.11% and 0.20%, respectively, and the peak gridded
enhancement of 104.3% and 13.8%. The increase in global OH con-
centration further reduces the chemical lifetime of methane against •OH
oxidation by 0.1%, representing an extra small sink of this potent
greenhouse gas. Sensitivity simulations show that these chemical impacts
are mostly linear with changes in environmental NPM concentrations.
The contributions of HONO and NOx production by NPM photo-
chemistry to HONO, ozone, and •OH concentrations in the boundary
layer can be up to 0.92%, 0.15%, and 0.27% in the scenario with the
maximal assumed values for environmental NPM concentrations, higher
than the impacts estimated in the base scenario (0.54%, 0.11%, 0.20%).

Ourfindings identifyneonicotinoidphotochemistry as aubiquitousNr
source, particularly in the aqueous phase where NN concentrations are
elevated. For example, in regions with intensive NN use (e.g., >100 μg L-1 in
water)13, NN-derivedHONO can contributemore than 5% of total daytime
sources (Fig. 6c), rivaling soil nitrite emissions30. This is critical because
HONO photolysis contributes up to 60% of morning OH in croplands24,
accelerating oxidation of VOCs andmethane. Moreover, NN-derived NOx
elevates boundary-layer O3 by 0.11% globally but 0.5–1.2% in farming
hotspots (e.g., North China Plain), exacerbating crop damage. The 0.1%
reduction in CH4 lifetime (via NN-driven OH increases) translates to
0.02Wm-2 radiative forcing which is equivalent to ca. 10% of N2O’s annual
growth impact49. Given shared nitroalkene moieties among NNs (e.g.,
imidacloprid), their collective photolysis could triple global fluxes40. NN-
laden household dust may photolyze on sunlit windows, elevating indoor
HONO21a risk factor for respiratory disease.

This mechanism, absent in current climate models, reconciles dis-
crepancies in atmospheric HONO and NOx budgets and amplifies

Fig. 5 | Schematic of HONO and NOx production
from NPM photolysis.Molecular configurations of
intermediates are detailed in Figure S14.
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oxidative capacity in both polluted and remote regions. Indoor NN appli-
cations may further exacerbate HONO exposure, warranting urgent inte-
gration of NN-derived chemistry into Earth system models.

By bridging laboratory kinetics, quantum mechanical insights, and
global modeling, this work highlights the necessity of regulating NNs usage
to mitigate secondary pollution and climate feedbacks.

Methods
Sample
The NPM solution was prepared before each experiment by dissolving
25mg of solid NPM (Aladdin, China) into 50mL of ultrapure water
implying that the corresponded concentration was 0.5mgmL-1. The
physical-chemical parameters of NPM can be seen in the Table S5.

Experimental Setup
The circular reactor consists of a double layer of quartz glass
(3.4 cm height, 7.5 cm inner diameter) (Figure S22) connected to a
thermostated bath (XOSC-20, China), which allows operation at a
constant temperature of 298 K. The previously prepared NPM
solution was placed in the circular reactor and exposed to a Xenon
lamp (Perfect Light, PLS-SXE 300, China) perpendicularly above
the reactor. The output of the Xenon lamp was 14 cm away from the
water surface. The spectral intensity of the Xenon lamp was mea-
sured by a calibrated spectro-radiometer (HP 350 UVP, China)
(Figure S23).

Dry air collected from an air generator (HY-3, China) and a standard
gas bottle of NO2 (10 parts permillion (ppm) inN2,Messer Gases Co., Ltd.)

in high purity nitrogen (99.99%, Messer Gases Co., Ltd.) were used for
experiment. The photolysis ofNO2 in an empty reactorwasnegligible under
the experimental conditions. During the whole experiment, a constant flow
of 800mLmin-1 of dry air controlled by the electronic soap film flowmeter
was drifting through the reactor (SCal Plus, China) (Figure S22). The pH of
NPMsolutionadjustedbypreparing1mol L-1NaOHand1mol L-1HClwas
set to 4-10 to assess its effect on the NPM photochemistry. Experiment list
about experimental conditions as shown in Table S6.

Product measurements
NO, NO2, and HONO were detected using a chemiluminescence NOx
analyzer (42i, THERMO) with a molybdenum converter. NO is measured
by reacting NO with O3 to produce characteristic luminescence, and the
intensity of luminescence is proportional to the concentration of NO. In the
detection of NO2, molybdenum catalyst is used to convert NO2 to NO. A
quartz tube (25 cm length, 2.9 cm inner diameter) filled with a certain
amount of crystalline Na2CO3 was introduced to capture HONO between
the circular reactor outlet and the NOx analyzer50. It is well known that
almost all HONO molecules are in contact with Na2CO3, achieving high
capture efficiency of HONO51–55. Therefore, HONO can be indirectly
quantified by the difference between the NO2 signal with and without the
Na2CO3 tube. The plausible photolysis of NO2 was also investigated under
simulated sunlight irradiation by the xenon lamp. As shown in Figure S24,
NO2 andNOconcentrations under irradiation almost remained unchanged
within the detection limit (0.4 ppb) of theNOxanalyzer.We also performed
additional test experiment to confirm the indirectly determined HONO
values by usingWater-Based Long-Path Absorption Photometer (WLPAP,

Fig. 6 | Global HONO and NOx fluxes emerging from photochemistry of NPM
and their impacts on tropospheric HONO and ozone burden for year 2017.
A, B shows the emissions for HONO and NOx, respectively. Emissions are
estimated based on equation S1 and reanalysis data of downward solar
radiation. Global total emissions are shown inset. C, D shows the relative

change of tropospheric HONO and ozone due to NPM emissions, estimated
by GEOS-Chem global chemical transport model in two scenarios with and
without NPM emissions. Figure S19 shows the change of HONO and ozone in
absolute values.
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Beijing Zhichen Technology Co., Ltd, China) on-line connected with the
reactor for real-time measurements of HONO. Although there is a certain
difference betweenHONO analyzer andNa2CO3 tube, the indirect method
of HONO detection by Na2CO3 tube remains reliable (Figure S25). Pho-
toproductions of O2-•,

1O2, and OH were quantified by Electron Para-
magnetic Resonance (EPR) using 5,5-Dimethyl-1-Pyrroline-N-oxide
(DMPO), 2,2,6,6-Tetramethylpiperidine (TEMP) and 5,5-Dimethyl-1-
Pyrroline-N-oxide (DMPO) as chemical probe molecules, respectively.

The aqueous phase products were identified by ultra high perfor-
mance liquid chromatography (HPLC) coupled with tandem mass
spectrometry (MS/MS). Ultrapure water (A) and acetonitrile (ACN) (B),
both containing 0.1% of formic acid, were used as mobile phases at a flow
rate of 0.4 mLmin-135(Table S7). The injection volume was set at 2.0 μL.
MS analyses were done in selected Full Scan mode.

Quantification of NPM
The concentration of NPM before and after the reaction was quantified by
high performance liquid chromatography (HPLC). Amixture of water and
ACNwas used as themobile phase with a ratio of 80:20 (v/v) and a flow rate
of 0.5mLmin-1. The column temperature was kept at 30 °C, the injection
volume was 20 μL, and the detection wavelength was set to 270 nm. The
external standard method was used for the quantitative determination of
NPM. For more details, see supporting information (Figure S26 and S27).

Kinetic analysis
TheNPMphotolysis kineticswas described using a first-order reaction (Eq.
1), and the half-life (t1/2) was calculated using Eq. 2.

Ct ¼ C0 × e
�kt ð1Þ

t1=2 ¼ ln 2ð Þ=k ð2Þ

where C0 (mg ml-1) and Ct (mg ml-1) are the initial concentration of NPM
and the NPM concentration at time t, respectively; k is the rate coefficient.

Photoformation rates
The photoformation rates of NPM to produce HONO and NOx were
calculated by Eq. 3 and Eq. 4, respectively.

JNPM!HONO ¼ QMNPM

R t
0C

HONO
t dt

60 × 10�3NA × t × m0 þmt

� �
=2

ð3Þ

JNPM!NOx ¼
QMNPM

R t
0C

NOx
t dt

60 × 10�3NA × t × m0 þmt

� �
=2

ð4Þ

whereQ (mLmin−1) andMNPM (gmol−1) are the totalflow rate of gas in the
reactor and themolarmass ofNPM, respectively; t (min) is the illumination
time; Ct

NOx (molecules cm−3) is the concentration of gaseous nitrogen-
containing substances (HONO or NOx) formed by photolysis of NPM
during the light irradiation period; NA is the Avogadro number; M0 (mg)
and Mt (mg) are the masses of NPM at the beginning and end of the NPM
photolysis experiment.

DFT calculations
All geometric optimizations have been carried out by density functional
theory using the B3LYP hybrid functional56 with Grimme’s dispersion
correction of D3 version (Becke-Johnson damping)57 implemented in
Gaussian 16 suite of programs58. The 6-31+G(d,p) basis set59–61 for all
atoms was used. The S1 structure is optimized using TD-DFT method.
Frequency calculations at the same level of theory have also been performed
to identify all stationary points as minima (zero imaginary frequencies).
Approximate solvent effects were taken into consideration based on the
integral equation formalism variant of polarizable continuum model

(IEFPCM)62 in the above calculations.The Cartesian coordination of opti-
mized structures as shown in Table S8.

Global simulation of NOx and HONO fluxes and their chemical
impacts
We estimated the global inventory of the NOx andHONO fluxes produced
by NPM photochemistry using the observation-constrained parametriza-
tion scheme andhourly solar radiationdata.Gridded andhourly downward
solar radiation data are obtained from the Modern-Era Retrospective ana-
lysis for Research and Application version 2 (MERRA-2) assimilated
meteorological fields. We calculated the flux of NOx and HONO for each
model grid at a horizontal resolution of 0.5° × 0.625° (consistent with
MERRA2 radiation dataset) following equation S1, but assuming different
environmental NPM concentrations over agricultural areas, other con-
tinental land, and oceans, with the concentrations 2-4 orders of magnitude
lower than the experimental concentration of 0.05mgml-1. We reset the
parameterization of HONO and NOx productions from NPM photo-
chemistry used in our estimation (Text S6).We also assume four additional
scenarios for environmental NPM concentrations to assess the uncertainty
of the estimated HONO and NOx productions (Table S4).

We applied the GEOS-Chem global chemical transport model
version 13.3.163 to quantify the impact of NPM photochemistry on
NOx and HONO levels in the atmosphere. The model is driven by
MERRA-2 assimilated meteorological fields. GEOS-Chem describes a
state-of-art ozone–NOx–VOCs–aerosol–halogen chemistry scheme
and includes online calculation of dry and wet depositions of gases
and aerosols on multiple land use type. It considers multiple chemical
sources of HONO, including HONO formed by gas-phase reaction of
NO with OH and HONO produced during the NO2 heterogeneous
chemistry, but does not consider direct HONO emissions from soil
and traffic which are negligible over the oceans. The GEOS-Chem
physical schemes and emissions used in this study mostly follow the
study by Wang et al.64, except that here we conducted the model at a
global 2° × 2.5° resolution. Methane lifetime is calculated based on
the GEOS-Chem output OH fields65. We performed two simulations
with the NPM sources included/excluded in the model simulation
and use the difference in the atmospheric constituents between the
two simulations to estimate the impact of NPM photochemistry on
NOx and HONO levels in the atmosphere.

Data Availability
All data generated or analyzed during this study are included in this pub-
lished article and its supplementary information files.

Code availability
The data that support the findings of this study are available from the
corresponding author upon request.
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