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Text S1 Chemical components analysis 

OC/EC: OC and EC contents were analyzed by thermal-optical carbon analyzer 

(Sunset Laboratory Inc). One punch of 1.5 cm2 filter samples was cut and put into the 

instrument. Blank samples were measured by the same methods. Quality control 

standards (sucrose solutions) were dropped onto quartz membranes to dry and then the 

carbon content was tested in the same way to ensure that the instrument was stable 

before measurement and in the testing process. 

Water-soluble ions: Na+, K+, Mg2+, Ca2+, NH4
+, Cl-, SO4

2-, and NO3
- were 

measured by ion chromatography. The blank samples were also analyzed following the 

same procedure for samples. Reagent blanks (ultrapure water) and quality control 

standards were measured every 10 samples to detect contamination and drift. 

Isotopic analysis: The δ15N-NO3
- and δ18O-NO3

- values (‰) were corrected by 

multi-point correction (r2=0.999) based on international standards (IAEA-NO3, 

USGS32, USGS34, and USGS35) and δ15N-NH4
+ was corrected by international 

standards (IAEA-N1, USGS25, and USGS26) (Sun et al., 2021; Zong et al., 2017). 

Radioactive isotope analysis: 210Pb and 7Be were analyzed at Shenzhen University 

using high-purity γ spectrometer equipped with an HPGe detector (Jiang et al., 2021; 

Liu et al., 2020). 210Pb in the atmosphere mainly comes from terrestrial sources and is 

effective indicator of the aerosols transport from the continental surface. The f(7Be, 

210Pb) index is powerful to reveal the influence of atmospheric dynamic transport on 

variations in aerosol pollutants, and expressed as following equation (Jiang et al., 2021). 

Generally, the relatively high values of f(7Be, 210Pb) index represented that the aerosol 

pollutants were influenced by long-range transport from the upper air. 

𝑓(7𝐵𝑒,210 𝑃𝑏) =
[7𝐵𝑒]

[7𝐵𝑒]+𝑛[210𝑃𝑏]
       (S1) 

where [7Be] and [210Pb] are activity concentrations of 7Be and 210Pb, respectively, 

n is estimated as the ratio of the standard deviation of [7Be] to [210Pb]. 

Trace gas: concentrations of trace gases (NO, NO2, SO2, O3, and CO) were 

acquired from online equipment. The online equipment included a gas filter analyzer 

(Thermo Scientific, Model 48i) to measure CO, a pulse fluorescence analyzer (Thermo 



Scientific, Model 43iTLE) to measure SO2 and O3, and a chemiluminescence apparatus 

(Thermo Scientific, Model 42iTL) to measure NO and NO2. 

Meteorological parameters: Temperature, relative humidity, wind speed, and 

atmospheric pressure were also acquired by a portable weather analyzer (WXT520, 

Vaisala, Finland). Trace gas concentrations and meteorological parameters were hourly 

data. In this study, average data of 24 hours through a sampling period were used. 

Text S2 Sources of atmospheric NH3 and NOx in Guangzhou, NO3
- 

formation pathways in Guangzhou 

Atmospheric NH3 sources. There are two major groups of atmospheric NH3 

emission sources(Chen et al., 2022b). One is NH3 volatilization from NH4
+-containing 

substrates (mainly fertilized and natural soils, livestock, human wastes, and natural and 

N-polluted water). Although Guangzhou is an urban site, the emission inventory results 

showed a high contribution of nitrogen fertilizers application and livestock to 

atmospheric NH3 (Zheng et al., 2012), which may be influenced by agricultural 

activities around Guangzhou. Human waste is also an important contributor to NH3 in 

cities, as suggested by a study in Shanghai(Chang et al., 2015). Guangzhou is one of 

China's megacities with a dense population, so the contribution of human waste to 

atmospheric NH3 in Guangzhou cannot be ignored. Therefore, nitrogen fertilizers 

application, livestock, and human waste were considered as sources of volatilization 

NH3 in this study. In addition, the other group is NH3 associated with combustion 

sources (such as coal burning, vehicles, and biomass burning). The contribution of 

biomass burning and coal combustion to NH3 was very high (about 76.3%) in 

developing countries, as suggested by the global high-resolution emissions inventory 

(Meng et al., 2017). NH3 in Chinese cities was indeed influenced by coal and biomass 

combustion evidenced by isotopes(Xiao et al., 2020; Liu et al., 2018; Pan et al., 2018). 

Selective catalytic reduction technology equipped with vehicles and industrial boiler is 

also an important source of NH3(Meng et al., 2017). With the rapid increase in vehicle 

ownership, vehicle emission has a significant impact on urban NH3, which was 

confirmed by tunnel tests in Guangzhou (Liu et al., 2014). Therefore, biomass burning, 



coal combustion, and vehicles were considered as sources of combustion NH3 in this 

study. 

Atmospheric NOx sources. We considered coal combustion, mobile traffic 

sources, biomass burning, and soil microbial activity as dominant atmospheric NOx 

sources. Based on bottom-up emission inventory, power plant, industry, residential use, 

and transportation were the traditional NOx emission sources in cities in China, 

including Guangzhou (Liu et al., 2017a). According to the type of fuel combustion, 

traditional sources of NOx could be roughly divided into coal combustion (power plant, 

industry, and residential use) and mobile sources (transportation including vehicle 

exhaust and ship emission). Furthermore, recent studies show that biomass burning is 

an essential source of NOx based on emission factor study (Mehmood et al., 2017) and 

isotopic evidence (Zong et al., 2020). Microbial process emission is another important 

source of NOx, in which nitrification or denitrification microbial bacteria widely 

distributed in soils consume accumulated nitrogen and release NO as a byproduct(Hall 

and Matson, 1996; Jaeglé et al., 2004). The cultivated land with extensive use of 

nitrogen fertilizer in the suburbs around Guangzhou is also an important source of NOx, 

which is named as microbial process in this study. δ15N-NOx values differed 

significantly among these four sources, which allows us to differentiate their relative 

contributions to the mixture of atmospheric. We did not consider NO3
- from lightning 

because it accounts for less than 5% of global terrestrial NOx emissions(Song et al., 

2021; Qu et al., 2020; Pickering et al., 2016). 

NO3
- formation pathways. There are several major formation pathways of NO3

-. 

P1 (NO2+·OH), NO2 is oxidized by ·OH to form HNO3, then reacts with alkaline 

substances (such as NH3) to form NO3
-. 

P2 (N2O5), NO2 is oxidized by O3 to form ·NO3, ·NO3 reacts with NO2 to form 

N2O5, then the hydrolysis of N2O5 on aerosol surfaces produces NO3
-. 

P3 (·NO3+org), the NO2 is oxidized by O3 to form ·NO3, then the ·NO3 reacts with 

organic, such as dimethyl sulfide (DMS) or hydrocarbons (HC) to form HNO3, and then 

NO3
-. 

P4(·NO3+·HO2), NO2 is oxidized by O3 to form ·NO3, ·NO3 reacts with ·HO2 to 



form HNO3. 

The P1 (·OH) and P2 (N2O5) pathways are dominant formation pathways. Song 

reported that ·OH and N2O5 pathways contributed 43% and 32% to NO3
-, respectively, 

by isotope tracing (Song et al., 2021). Based on isotopic estimates, the contribution 

of ·NO3+org to NO3
- was relatively high, e.g., about 16% in Beijing(Song et al., 2021). 

However, the proportion of ·NO3+org estimated by the Community Multiscale Air 

Quality (CAMQ) model was very low in the YRD(Sun et al., 2022) and PRD(Qu et al., 

2021), especially in Guangzhou (central PRD) where it is only 4%(Qu et al., 2021). 

The ·OH and N2O5 were the dominant pathways and contributed 94% to NO3
- in 

Guangzhou (Qu et al., 2021). We speculate that the different contribution of ·NO3+org 

pathway between Guangzhou and Beijing may be caused by the difference in 

atmospheric oxidation. The ozone pollution is serious in Guangzhou due to a unique 

synoptic system including the surface high-pressure system, hurricane movement, and 

sea–land breeze(Tan et al., 2019). And the atmospheric ·OH reactivity in Guangzhou 

was higher than in several cities, including Beijing (Tan et al., 2019). Take DMS as an 

example, the main oxidant of DMS is ·OH (Andreae and Crutzen, 1997). However, in 

the cold season or remote regions, the ·NO3 radical can also play an important role in 

reaction with DMS (addition reaction and hydrogen abstraction) (Andreae and Crutzen, 

1997; Yin et al., 1990). The high reactivity of ·OH may reduce the contribution of ·NO3 

to DMS in Guangzhou due to the competition between ·OH and ·NO3 to react with 

DMS. Therefore, the contribution of ·NO3+org to NO3
- was relatively low. In addition, 

the δ18O of NO3
- formed by the N2O5 and ·NO3+org pathway is similar(Walters and 

Michalski, 2016). The introduction of the ·NO3+org pathway would greatly increase 

the uncertainty of the contribution of N2O5 pathways. While the δ18O of NO3
- formed 

by the ·OH and N2O5 pathway differ significantly, which allows to differentiate their 

relative contributions to NO3
-. Therefore, we considered only the ·OH and N2O5 

pathways in this study. 

Specifically, the ·OH and N2O5 pathways are expressed by R1-R8. Once emitted 

into the atmosphere, NOx is oxidized to HNO3 or NO3
- via the following chemical 

pathways (R1-R8) (Fang et al., 2011). In summary, NOx oxygen atoms are rapidly 



exchanged with O3 in the NO/NO2 cycle (R1-R3); ·OH radicals result in the oxidation 

of NO2 to HNO3 (R4; the ·OH pathway); NO2 is oxidized by O3 to produce ·NO3 (R5), 

which subsequently combines with NO2 to form N2O5 (R6), and then undergoes 

hydrolysis to form HNO3 (R7), referred to as the O3 pathway; and the generated HNO3 

combines with alkali to form NO3
- (R8). Overall, the ·OH and O3 pathways are the two 

fundamental oxidation pathways for NOx, generally exhibiting noticeable diurnal and 

seasonal variation(Elliott et al., 2007). Previous research has found that the ·OH 

pathway is more prevalent during the daytime and in summer when the relative 

concentration of ·OH is higher. Conversely, the O3 pathway is more dominant overnight 

and in winter, because N2O5 is thermally unstable(Hastings et al., 2003; Xiao et al., 

2015). The O3 in the troposphere has a higher δ18O value, while δ18O-OH and δ18O-

H2O is lower. The δ18O-HNO3 formed by the ·OH pathway is contributed by 2/3 O3 and 

1/3 ·OH (R4), while in the N2O5 hydrolysis pathway after oxidation by O3, the δ18O-

HNO3 is contributed by 5/6 O3 and 1/6 H2O (R5-R7). Therefore, the δ18O-NO3
- formed 

through the ·OH pathway is lower than the N2O5 pathway. 

NO + O3 → NO2 + O2      (R1) 

NO2 + hv → NO + O       (R2) 

O + O2 → O3                     (R3) 

NO2 +∙ OH → HNO3         (R4) 

NO2 + O3 → NO3 + O2     (R5) 

NO2 + NO3 → N2O5          (R6) 

N2O5 + H2O → 2HNO3     (R7) 

HNO3 + Alkali → NO3
−    (R8) 

Text S3 The estimation of δ15N-NH4
+ from sugarcane leaf burning 

The δ15N in sugarcane leaf is 38‰ (Martinellia et al., 2002), which may consist of 

N-NOX and N-NH3. The δ15N-NOx from biomass burning is 1.04‰(Zong et al., 2017). 

According to the assumption of different proportions (from 5% to 95%) of N-NOX and 

N-NH3 from sugarcane leaf, shown in Table S2. The mean value among the proportion 

(from 5% to 95%) of N-NH4
+ in sugarcane leaf was 37.48‰. In addition, the δ15N of 



particulate matters from biomass burning was 6.6‰ higher than that of biomass 

(Martinellia et al., 2002). Therefore, δ15N-NH4
+ from sugarcane leaf burning may be 

44.08‰.  



Figure S1-Figure S6 

 

Figure S1. Linear fitting of NH4
+/(NH3+NH4

+) with δ15N-NH4
+. 

 

Figure S2. Ranges of δ15N-NH4
+ from different sites(Pan et al., 2016; Kundu et al., 

2010; Kawashima and Kurahashi, 2011) and different emission sources(Felix et al., 

2013; Bhattarai et al., 2021; Chang et al., 2016; Xiao et al., 2020). 



 

Figure S3. The comparison of sources apportionment results of atmospheric NH3 and 

NH4
+ in different sites in China. Background site in Tai mountain[TMt] (Wu et al., 2021; 

Chang et al., 2019), urban sites in North China (Beijing [BJ] (Pan et al., 2020; Chang 

et al., 2016), vertical profile observation in Beijing (ground, 120m height, and 260m 

height [BJ-ground, BJ-120m, and BJ-260m] (Wu et al., 2019), Jingjinji region [BTH] 

(Zhang et al., 2020), and North China plain [NCP]) (Xiang et al., 2022), East North 

China (Harbin heating period and non-heating period [HRB-H and HRB-NH]) (Sun et 

al., 2021), Central China (Wuhan [WH] and Changsha [CS]) (Xiao et al., 2020), East 

China (Nangchang [NC]) (Xiao et al., 2020), Southwest China (Guiyang [GY], source 

in precipitation) (Liu et al., 2017b), and South China (Guangzhou[GZ]) (Liu et al., 

2018), vertical profile observation in Guangzhou( ground and Guangzhou tower [GZ-

ground and GZ-tower])(Chen et al., 2022a). Source of NH3 were estimated by inventory 

methods in developing country[developing] (Meng et al., 2017). 

 



 

Figure S4. The air mass backward trajectory to receptor site on 7 July,2017 and 25 

Jan,2018. 

 

Figure S5. The temporal variation of O3 concentration in PRD from 2013 to 2021. 

 



 

Figure S6. The comparison of sources apportionment results of atmospheric NOx and 

NO3
- in different sites in China. Background in Beihuangcheng island [BH 

island](Zong et al., 2017) and Tai mountain [TMt] (Wu et al., 2021), urban sites in 

North China (Beijing [BJ] (Zong et al., 2020), Beijing winter [BJ-W] (Fan et al., 2020), 

and vertical profile observation in Beijing [BJ-tower](Fan et al., 2022)), Central China 

(Wuhan [WH]) (Zong et al., 2020), East China (Shanghai [SH]) (Zong et al., 2020),  

Southwest China (Chengdu [CD]), and South China (Guangzhou [GZ2014] and Heshan 

[HS])(Zong et al., 2020; Su et al., 2020).  



Table S1-Table S2 

Table S1. Test constants of A, B, C, and D over the settled temperature range of 

150−450K(Zong et al., 2017; Walters and Michalski, 2016; Walters et al., 2016; Walters 

and Michalski, 2015). 

mαX/Y A B C D 

15NO2/NO 3.8834 -7.7299 6.0101 -0.17928 

15N2O5/NO2 0.69398 -1.9859 2.3876 0.16308 

18NO/NO2 -0.04129 1.1605 -1.8829 0.74723 

18H2O/OH 2.1137 -3.8026 2.5653 0.59410 

 

Table S2. The estimation of δ15N-NH3 in sugarcane leaf. 

N-NOx in sugarcane leaf (%) 5 25 50 75 95 

δ15N in sugarcane leaf (‰) 38 38 38 38 38 

δ15N-NOx (‰) 1.04 1.04 1.04 1.04 1.04 

Caculated results δ15N-NH3 (‰) 37.95 37.74 37.48 37.22 37.01 
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