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Text S1. nitrate (NO3
-) formation pathways 

In the atmosphere, NO3
- is primarily produced via the oxidation of nitrogen oxides 

(NOx =NO + NO2). NO, emitted from various sources, rapidly enters the NOx cycle, 

where it is converted into NO2. This NO2 is then oxidized to form NO3
- via three main 

pathways. During the daytime, OH radicals oxidize NO2 to form HNO3 (g) (NO2 + OH), 

a process that predominates under conditions of strong photochemistry and elevated 

temperature. Additionally, NO2 can react with O3 to form NO3 radicals, which 

subsequently reacts with volatile organic compound (VOC) or dimethylsulfide (DMS) 

to produce HNO3 (g) (NO3 + VOC/DMS), with the NO3 + DMS reaction occurring 

mainly in coastal areas (Heintz et al., 1996; Brown et al., 2011). This reaction takes 

place predominantly at night, as NO3 radical are easily photolyzed back to NO2 in 

sunlight. Moreover, NO3 can react with atmospheric NO2 to form dinitrogen pentoxide 

(N2O5), which hydrolyzes on the surface of the aerosol to form liquid HNO3 (N2O5 + 

H2O). The produced liquid or gaseous HNO3 further reacts with alkaline gases such as 

NH3 to form NO3
- (Zheng et al., 2015; Cao et al., 2022). 
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Figure S1 Equivalent concentrations of SO4
2-+NO3

-/NH4
+ in Lhasa during the sampling 

campaign. 
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Figure S2 Relationships between NO3
- and other parameters. The relationship between 

NO3 concentrations and (a) NH4
+ concentrations, (b) K+ concentrations, (c) 

Ca2+concentrations, (d) T, and (e) RH. The red and blue represent spring and other 

seasons, respectively.  
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Figure S3. The air clusters of backward trajectories in Lhasa during the sampling 

campaign. The red star denotes the sampling site. 
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Figure S4. Back trajectories using HYSPLIT model in (a) spring, (b) summer, (c) 

autumn, and (d) winter. The red dots are fire spots observed by the MODIS and 

originated from https://firms.modaps.eosdis.nasa.gov/download/. 

 

  

https://firms.modaps.eosdis.nasa.gov/download/
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Figure S5 Diurnal variation of ∆17O-NO3
- values in summer and winter during the 

sampling campaign. 
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Figure S6 Time series of (1) a value; (2) HO2 and RO2 concentrations; and (3)O3 

concentrations during the sampling campaign. The volume mixing ratios were 

calculated from mass concentrations (µg/m3) based on the local atmospheric pressure 

and temperature conditions in Lhasa. 
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Figure S7 Seasonal variations in average contributions and statistical significance.  
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Figure S8. Time series of NO3

- concentrations (black line) and the relative contributions 

of three pathways (NO2 + OH, NO3 + VOC and N2O5 + H2O) to NO3
- formation in 

Lhasa during the sampling campaign.  
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Figure S9 The relationship between atmospheric NO2 concentrations and O3 

concentrations in Lhasa during the sampling campaign. 

  



11 
 

Table S1 Average diurnal variations of WSIs and Δ17O-NO3
- during summer and 

winter sampling campaign 

 

Target Unit 
Summer  Winter 

Daytime Nightttime  Daytime Nightttime 

Na+ μg/m3 0.16 ± 0.14 0.09 ± 0.03  0.09 ± 0.08 0.09 ± 0.05 

NH4
+ μg/m3 0.30 ± 0.26 0.52 ± 0.30  0.18 ± 0.17 0.04 ± 0.04 

K+ μg/m3 0.07 ±0.06 0.09 ± 0.04  0.03 ± 0.02 0.03 ± 0.03 

Mg2+ μg/m3 0.02 ± 0.01 0.02 ± 0.01  0.02 ± 0.01 0.02 ± 0.01 

Ca2+ μg/m3 1.09 ± 0.70 1.67 ± 0.51  1.15 ± 0.50 0.13 ± 0.08 

Cl- μg/m3 0.08 ± 0.10 0.03 ± 0.01  0.03 ± 0.03 0.05 ± 0.05 

NO3
- μg/m3 0.60 ± 0.31 0.83 ± 0.35  0.50 ± 0.23 0.23 ± 0.13 

SO4
2- μg/m3 0.74 ± 0.45 1.11 ± 0.52  0.72 ± 0.45 0.31 ± 0.14 

T ℃ 23.4 ± 0.83 18.0 ± 1.04  8.21 ± 1.34 2.01 ± 1.73 

RH % 24.0 ± 3.06 35.1 ± 5.60  12.6 ± 2.93 24.3 ± 2.10 

NO2 μg/m3 12.9 ± 1.61 19.2 ± 3.52  14.7 ± 1.54 20.8 ± 6.97 

O3 μg/m3 118 ± 7.61 84.7 ± 3.52  81.2 ± 10.2 56.0 ± 23.0 

Δ17O-NO3- ‰ 25.3 ± 2.39 26.7 ± 1.02  28.0 ± 3.79 24.4 ± 3.85 
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Table S2 Comparison of average values of Δ17O-NO3
- in Lhasa with other cities 

 

Sampling site Altitude(m) Sample  Sampling period Δ17O-NO3
-(‰) Reference 

Lhasa 3650 PM2.5 
June, 2022- 

26.3 ± 3.13 this study 
July, 2023 

Himalayan-Tibetan Plateau 4276 TSP April 2018-September 2018  24.1 ± 3.9 (Xia et al., 2019) 

Mt.Lulin Taiwan 2862 TSP April 2021-September 2021 16.3 ± 6.5 (Guha et al., 2017) 

Uinta Mountain 1281-3486 snow 
May July, August 2009 

23.7 ± 5.6 
(Hundey et al., 

2016) April 2011 

French Antarctic Station Dumont d'Urville 40 —— January 2001-December 2001 31.4 ± 6.2 

(Savarino et al., 

2007) 

Alert, Nunavut, Canada  190 —— March 2004-May,2004 32.7 ± 1.7 

(Morin et al., 

2007) 

Trinidad Head, a coastal site of northern 

California 107 TSP March 2002-May 2002 24.8 ± 2.0 (Patris et al., 2007) 

Nanjing —— PM2.5 January 2015 30.5 

(Zhang et al., 

2022) 

Shanghai —— PM2.5 January 2016-June 2016 20.5-31.9 (He et al., 2020) 

Beijing —— PM2.5 
November 2016 -December, 2016 Winter: 29.0 ± 1.0 

(Fan et al., 2021) 
May 2017-June 2017 Summer: 27.3 ± 2.4 

Guangzhou —— PM2.5 October 2018-November 2018 25.0 ± 1.39 (Wang et al., 2023) 
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Table S3 The average contribution of three oxidation pathways to NO3
- formation for the 

different the α values and ∆17O-O3* values 

 

parameters 
relative contribution of different oxidation pathways (%) 

NO2+OH NO3+VOC N2O5+H2O 

Δ17O-O3
*=39‰ 

α=0.7 25 47 28 

α=0.8 41 29 30 

α=0.9 46 26 28 

 

α=0.68-0.93 

Δ17O-O3*=37‰ 37 35 28 

Δ17O-O3*=38‰ 42 30 28 

Δ17O-O3*=39‰ 46 26 28 
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Table S4 Comparison of the relative contributions of three pathways to NO3
- formation in Lhasa and other cities 

 

Sampling site 

Latitude and 

longitude 

Sampling 

period Season 

Day and 

night fNO2+OH(%) fNO3+VOC(%) fN2O5+H2O(%) Reference 

Nanjing 
32°12'N, 

118°44'E 
2015 

winter  38 27 35 

(Zhang et al., 2022) 
winter  44 22 34 

 39 25 36 

Himalayan-

Tibetan Plateau 
28.36°N, 86.95°E 

2017 spring   35 4 62 

(Lin et al., 2021) 

2017 summer  79 4 17 

2017 autumn   77 4 19 

2017/2018 winter  58 4 38 

2017/2018 annual   43 5 52 

Shenyang 
41.77°N, 

123.43°E 

2016/2017/2018 spring   66 9 25 

2016/2017/2018 summer   95 2 3 

(Li et al., 2022) 

2016/2017/2018 autumn   82 6 13 

2016/2017/2018 winter  58 13 29 

2016 annual   91 3 6 

2017 annual   76 7 17 

2018 annual   84 5 11 

Qingyuan 
41.85°N, 

124.94°E 

2015/2016/2017 spring   40 25 35 

2015/2016/2017 summer  85 5 10 

(Li et al., 2022) 

2015/2016/2017 autumn   46 18 36 

2015/2016/2017 winter  37 28 35 

2015 annual   62 10 28 

2016 annual   47 17 36 

2017 annual   57 12 31 

Beijing 
40°04′N, 

116°42′E 
2014 

spring   27 38 35 
(Wang et al., 2019) 

summer   41 23 36 
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autumn   25 40 35 

 

winter  32 34 34 

annual   32 34 34 

Beijing 
40.41° N, 

116.68° E 
2015 winter 

daytime 31 34 35 
(He et al., 2018) 

nighttime  28 37 35 

Beijing 
39°58′ N, 

116°22′E 

2017 summer  46 31 23 
(Fan et al., 2021) 

2016 winter  43 32 25 

Lhasa 29.40°N, 91.08°E 

2023 spring   23 43 34 

this study 

2022/2023 summer   53 18 29 

2022 autumn   73 10 17 

2022/2023 winter  51 25 24 

 summer  
daytime 55 16 29 

 nighttime  45 20 35 

 winter 
daytime 48 26 26 

 nighttime  51 25 24 

2022/2023 annual   46 26 28 

Guangzhou  113.3°E, 23.1°N 2018 autumn   61 12 27 (Wang et al., 2023) 
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