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Text S1. Evaluation of the change of high-altitude NO2 concentrations with TROPOMI 

observations by cloud-slicing technique 

We evaluate the performance of SR observation method with the space-based 

tropospheric monitoring instrument (TROPOMI) NO2 observations by cloud-slicing 

technique (Figures S3a-d and S4a-b). We find global lightning activity and LNOx 

emissions based on SR observations have most anomaly (~10%) in 2020 relative to 

2019, with the most significant decline in September-November (Figure S3a). So, we 

further analyze zonal sensitivity of lightning-driven anomalies of global NO2 

concentrations based on SR observations in September-November 2020 relative to 

2019, and find that the NO2 concentrations have significant anomalies in the Central 

Africa, the Northern South America, the Southeastern North America and the Islands 

of Indonesia (Figure S3b). We consider the following facts: (1) approximately half of 

global wildfire take place in the Central Africa (van der Werf et al., 2017); (2) the 

Southeastern North America region is significantly impacted by human activities (Teoh 

et al., 2024); and (3) the Islands of Indonesia region is also greatly affected by wildfire 

and anthropogenic emissions (Teoh et al., 2024; van der Werf et al., 2017). This implies 

that lightning based on SR observations is indeed not the primary contributor to NO2 

concentrations in these regions. We further find the lightning-driven NO2 

concentrations constrained by SR observations have most decline (-20.1±0.5 ppt) in the 

upper troposphere (300–100 hPa) of Northern South America in this time (Figure S3c), 

while the effects of wildfire emissions are smaller (4.5±0.1 ppt). Therefore, we choose 

the upper troposphere (300–100 hPa) of Northern South America region for subsequent 

evaluation with TROPOMI NO2 observations by cloud-slicing technique. 

TROPOMI NO2 data are from the level-2 offline (OFFL) product (version 01-03-

02) of the Sentinel-5P Pre-Operations Data Hub (S5P Data Hub, 2020). We retrieve 

upper troposphere (300–100 hPa) NO2 mean concentrations at 2° × 2.5° in September-

November 2019 and 2020 from TROPOMI using FRESCO-S cloud information by 

applying the cloud-slicing algorithm introduced by Marais et al. (2021) and 

corresponding Python code (https://zenodo.org/records/3979211; Accessed on 23 June 
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2024) released by Marais and Roberts (2020). Furthermore, we also made 

corresponding adjustments based on the improvements in the code afterwards 

(https://zenodo.org/records/4058442; Accessed on 23 June 2024): retaining retrieved 

NO2 data greater than 200 ppt and outside the 10th-90th percentile range; changing 

“npnts < 100” to “npnts < 50”. 

The cloud-slicing TROPOMI NO2 mean concentrations at 300–100 hPa in 

September-November 2019 and 2020 are shown in Figures S4a-b. We can find there 

are enough the amount of result retrieved to represent the NO2 concentrations in the 

upper troposphere (300–100 hPa) of Northern South America. We further apply 

1,000,000 Monte Carlo simulations to calculate the anomalies of NO2 mean 

concentrations in this region from the base simulation with the OP method, the updated 

simulation with lightning based on SR observations and TROPOMI NO2 observations 

by cloud-slicing technique (Figure 7a). We find the anomalies of NO2 mean 

concentrations from the updated simulation match more well with TROPOMI NO2 

observations by cloud-slicing technique than the base simulation. 
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Figure S1. Anomalies, LTT and IAV of NOx (a), O3 (b) and OH (c) in the Northern Hemisphere, 

and their decompositions into lightning and non-lightning factors during 2013–2021. LTT values 

are reported in the unit of % dec-1. ** denotes significant trends (P < 0.05) and * moderately 

significant trends (0.05 ≤ P < 0.1). Correlation coefficients between the lightning (OP: orange; SR: 

red) and non-lightning contribution are denoted in the upper left of each panel. Shown in the upper 

left of each panel are correlation coefficients between the annual anomalies (with LTTs removed) 

of lightning (OP: orange; SR: red) and non-lightning contributions. 
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Figure S2. Anomalies, LTT and IAV of NOx (a), O3 (b) and OH (c) in the Southern Hemisphere, 

and their decompositions into lightning and non-lightning factors during 2013–2021. LTT values 

are reported in the unit of % dec-1. ** denotes significant trends (P < 0.05) and * moderately 

significant trends (0.05 ≤ P < 0.1). Correlation coefficients between the lightning (OP: orange; SR: 

red) and non-lightning contribution are denoted in the upper left of each panel. Shown in the upper 

left of each panel are correlation coefficients between the annual anomalies (with LTTs removed) 

of lightning (OP: orange; SR: red) and non-lightning contributions. 
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Figure S3. (a) Monthly changes in global LNOx emissions based on the OP method and SR 

observations in 2020 relative to 2019. The plan (b) and section between 80° W and 40° W (c) of 

lightning-driven anomalies of NO2 concentrations based on SR observations in September-

November 2020 relative to 2019. The red boxes indicate the sensitive zone for subsequent 

evaluation.
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Figure S4. NO2 mean concentrations in the upper troposphere (300–100 hPa) in September-

November 2019 (a) and 2020 (b) from TROPOMI observations by the cloud-slicing technique. The 

red boxes indicate the sensitive zone for evaluation. 
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Figure S5. Time series anomalies of tropospheric O3 observed by OMI-MLS and modelled by 

UKCA in the North Atlantic (0–60° N and 100° W–30° E) referenced from Figure 11a of Russo et 

al., (2023). The gray-shade background highlights the considerable discrepancy of changes in 

tropospheric O3 in 2015 between observations and model evaluation. 
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