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Supplementary Figure 1 Example CLOUD experiments for (a) pure NO2 with 1200 ppt 
monoterpene, (b) constant NO/NO2 ratio with 1200 ppt monoterpene, (c) constant NO/NO2 
ratio with 300 ppt monoterpene and (d) varying NO/NO2 ratio with 1200 ppt monoterpene. In 
the first 3 experiments, α-pinene and ∆-3-carene were mixed in a 2:1 ratio before injecting into 
the chamber. In the last run, ∆-3-carene was injected into the chamber for about 1 hour before 
adding α-pinene. The top row of panels shows monoterpene and ozone concentrations during 
the four experiments; NO, NO2 and NO3 are shown in the second row; two example CHON 
molecules (C10H15O9N and C10H16O9N2) are shown in the third row; and two CHO monomer 
molecules (C10H14O7 and C10H14O9) and one CHO dimer molecule (C20H32O11) are shown in 
the bottom row. The small peak in the pure NO2 experiment near 14:00 is due to debugging of 
the light system, during which a small amount of NO2 was photolyzed to NO. 
 



 

 
Supplementary Figure 2 Detailed comparisons on the concentration (a-d) and spectrums 
(e-h) between modeled and observed highly oxygenated organic molecules (HOMs) in (a and 
e) pure NO2 experiment run with 1200 ppt monoterpene, (b and f) constant NO/NO2 ratio 
experiment run with 1200 ppt monoterpene, (c and g) constant NO/NO2 ratio experiment run 
with 300 ppt monoterpene and (d and h) varying NO/NO2 ratio experiment run with 1200 ppt 
monoterpene. CHO and CHONO molecules are denoted in light and dark green; CHONNO, 
CHONNO3 and CHONNO&NO3 molecules are denoted in colors from light blue to dark blue. The 
measured data points (a-d) and spectrums (e-h) are half-hour averaged value of each 
experimental step reaching steady-state equilibrium.  



 

 

Supplementary Figure 3 High Resolution PMF results of the varying NO/NO2 ratio 
experiment run with 1200 ppt monoterpene. (a) Spectrums of the five PMF factors. The total 
signal of each factor is normalized to unity, and y axis is the fraction of variables in the factor 
in percentage; (b) Proportion of factors at different experiment steps. 



 

Supplementary Figure 4 Dependences of 4 monoterpene related factors on NO 
concertation during the observation at SMEAR II station in southern Finland from 4 
April to 8 May 201217. Nighttime-1 factor refers to the ozonolysis factor; Nighttime-2 factor 
refers to the NO3 factor; Daytime-1 factor primarily refers to NO3 + NO factor; Daytime-2 
factor primarily refers to NO factor. NOx involved factors contributed around 35% of the 
monoterpene imitated HOMs in NO-free environment during nighttime, and increased to more 
than 90% with 80-90 ppt NO at noontime.  
  



  

 

 

 
Supplementary Figure 5 Diagram showing the formation pathways of highly oxygenated 
organic molecules (HOMs) from (a) O3 oxidation， (b) NO3 oxidation, and (c) OH 
oxidation in the presence of NOx. Close shell CHO molecules are highlighted in green, peroxy 
radical in purple and CHON in blue. x, y and z are the oxygen number with even numbers of x 
and odd numbers of y and z. Molecules with the same formula can be formed via different 
pathways. E.g., C10H14Ox-1 and C10H15Ox∙ can be formed from both NOx-free and NOx-involved 
pathways; C10H15Oy-1N from NO3 channel and C10H15Ox+2N from NO channel can be the same 
molecular formula. Noting that the oxidation of monoterpenes by OH and NO3 is assumed to 
be an addition reaction rather than a H-abstraction reaction. 



 
Supplementary Figure 6 Major highly oxygenated organic molecules (HOMs) without 
nitrogen atoms (CHO-HOM molecules) produced from RO auto-oxidation and their 
dependences on NO concentration in varying NO/NO2 experiment run with 1200 ppt 
monoterpene 
  



 

Supplementary Figure 7 Dependence of the yields of extremely low volatility fraction of 
highly oxygenated organic molecules (HOMELVOCs) on NO in polluted east China. The 
HOMELVOCs yield was calculated via equation (5), excluding the possible contribution of multi-
stage oxidation. The light blue data points are the half-hour average data points. The dark blue 
triangles represent the mean values of HOMELVOCs yield in the bins of NO concentrations of 
<0.15, 0.15-0.2, 0.2-0.3, 0.3-0.4, 0.4-0.6, 0.6-0.8, 0.8-1.2, 1.2-1.6, 1.6-2.5, 2.5-4, 4-10 and >10 
ppbv. Error bars are the standard deviations. The measurement campaign was conducted from 
2 August to 6 September 2019 at SORPES station in Nanjing, China.  



 
Supplementary Figure 8 Distribution of NO concentration at (a) SEMAR II station in a 
boreal forest from 2002 to 2018, and (b) SORPES station in polluted east China from 2012 
to 2022.  

  



Supplementary Table 1 Experimental setting of involved runs in this study. In the pure 
NO2 experiment run, we added NO2 at different concentrations; in constant NO/NO2 
experiment runs, we added NO at different concentrations, and due to the O3, the NO converted 
to NO2, leading to a NO/NO2 ratio of ~0.7%; in varying NO/NO2 experiment run, we added 
around 1 ppb NO2, and adjusted NO concentrations from 0 to 82 pptv by playing with the UV 
light intensity. In pure NO2 and constant NO/NO2 runs, NOx was introduced in approximate 
concentrations of 0.7, 1.9, and 4.6 ppbv, representing very clean to slightly polluted 
environments. 
 

 Runs NOx  
(ppb) 

NO  
(ppt) 

Monoterpene 
(ppt) 

Ozone  
(ppb) 

a Pure NO2 0, 0.7, 1.9, 4.6 0 1200 40 

b Constant 
NO/NO2 0, 0.7, 1.9, 4.6 0, 5, 12, 28 1200 40~36 

c Constant 
NO/NO2 0, 0.7, 1.9, 4.6 0, 5, 12, 28 300 40~36 

d Varying 
NO/NO2 ~1ppb 0 ~ 82 1200 40 

 
  



Supplementary Table 2 Division of different NOx regimes. For the classical division, 
autoxidation is not considered; NOx regimes are simply differentiated into “Low NOx” and 
“High NOx” to denote RO2 reactions with NOx being negligible or dominant. In most previous 
chamber studies, “High NOx” usually represents the concentration of NOx much higher than 
the real atmosphere, while “Low NOx” represents the background NOx concentration in the 
chamber without any injection. In this study, we demonstrated that zero NOx is significantly 
different from “Low NOx” and NO is the key species affecting the fate of RO2. Therefore, we 
proposed a new division of NOx regimes as “Non-NOx”, “Low NO”, and “High NO”.  

Classical division 

"Low-NOx" RO2 reactions with NOx negligible 

"High-NOx" RO2 reactions with NOx dominate 

Notes Autoxidation not considered 

Proposed division 

"Zero-NOx" RO2 reactions with NOx negligible 

"Low-NO" Some RO2 reactions with NO, autoxidation promoted 

"High-NO" RO2 reactions with NO dominate, RO2 autoxidation hampered, RO 
isomerization can still lead to HOM 

  



Supplementary Table 3 The main yield, branch ratio, and autoxidation rate constants 
deployed in the ADCHAM model in this study 
Paramters in PRAM  Values Description of parameters 

yO3_APIN_PRAM1 0.0375 The yield of C10H15O4·-isomer 1 that can initiate the 
autoxidation from APINOOA* 

yO3_APIN_PRAM2 0.0375 The yield of C10H15O4·-isomer 2 that can initiate the 
autoxidation from APINOOA 

yO3_APIN_PRAM3 0.0225 The yield of C10H15O4·-isomer 3 that can initiate the 
autoxidation from APINOOA 

yO3_APIN_PRAM4 0.0375 The yield of C10H15O4·-isomer 4 that can initiate the 
autoxidation from APINOOA 

yO3_APIN_PRAM5 0.0075 The yield of C10H15O4·-isomer 5 that can initiate the 
autoxidation from APINOOA 

yO3_APIN_PRAM6 0.0075 The yield of C10H15O4·-isomer 5 that can initiate the 
autoxidation from APINOOA 

yOH_APIN_PRAM1 0 The yield of C10H17O3·-isomer 1 from α-pinene + OH 
reaction 

yOH_APIN_PRAM2 0.0075 The yield of C10H17O3·-isomer 2 from α-pinene + OH 
reaction 

yOH_APIN_PRAM3 0.0037 The yield of C10H17O3·-isomer 3 from α-pinene + OH 
reaction 

yNO3_APIN_PRAM1 0 The yield of C10H16NO5·-isomer 1 from α-pinene + NO3 
reaction 

yNO3_APIN_PRAM2 0 The yield of C10H16NO5·-isomer 2 from α-pinene + NO3 
reaction 

yNO3_APIN_PRAM3 0 The yield of C10H16NO5·-isomer 3 from α-pinene + NO3 
reaction 

yO3_CAR_PRAM1 0.0375 The yield of C10H15O4·-isomer 1 that can initiate the 
autoxidation from APINOOA 

yO3_CAR_PRAM2 0.0375 The yield of C10H15O4·-isomer 2 that can initiate the 
autoxidation from APINOOA 

yO3_CAR_PRAM3 0.0225 The yield of C10H15O4·-isomer 3 that can initiate the 
autoxidation from APINOOA 

yO3_CAR_PRAM4 0.0375 The yield of C10H15O4·-isomer 4 that can initiate the 
autoxidation from APINOOA 

yO3_CAR_PRAM5 0.0075 The yield of C10H15O4·-isomer 5 that can initiate the 
autoxidation from APINOOA 

yO3_CAR_PRAM6 0.0075 The yield of C10H15O4·-isomer 6 that can initiate the 
autoxidation from APINOOA 

yOH_CAR_PRAM1 0 The yield of C10H17O3·-isomer 1 from δ-3-carene + OH 
reaction 

yOH_CAR_PRAM2 0 The yield of C10H17O3·-isomer 2 from δ-3-carene + OH 
reaction 

yOH_CAR_PRAM3 0 The yield of C10H17O3·-isomer 3 from δ-3-carene + OH 
reaction 

yNO3_CAR_PRAM1 0.045 The yield of C10H16NO5·-isomer 1 from α-pinene + NO3 
reaction 

yNO3_CAR_PRAM2 0.165 The yield of C10H16NO5·-isomer 2 from α-pinene + NO3 
reaction 

yNO3_CAR_PRAM3 0.015 The yield of C10H16NO5·-isomer 3 from α-pinene + NO3 
reaction 

func_RO2_NO_O4 0.8 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O4·+ NO reaction 

func_RO2_NO_O5 0.6 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O5·+ NO reaction 

func_RO2_NO_O6 0.5 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O6·+ NO reaction 

func_RO2_NO_O7 0.4 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O7·+ NO reaction 

func_RO2_NO_O8 0.2 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O8·+ NO reaction 

func_RO2_NO_O9 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O9·+ NO reaction 

func_RO2_NO_O10 0 Branch ratio of RO, which can isomerize via H-abstraction, 



from C10H15O10·+ NO reaction 

func_RO2_NO_O11 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O11·+ NO reaction 

func_RO2_NO_O12 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O12·+ NO reaction 

func_RO2_NO_O13 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H15O13·+ NO reaction 

func_OH_RO2_NO_O3 0.9 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H17O3·+ NO reaction 

func_OH_RO2_NO_O4 0.9 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H17O4·+ NO reaction 

func_OH_RO2_NO_O5 0.9 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H17O5·+ NO reaction 

func_OH_RO2_NO_O6 0.9 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H17O6·+ NO reaction 

func_OH_RO2_NO_O7 0.8 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H17O7·+ NO reaction 

func_OH_RO2_NO_O8 0.7 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H17O8·+ NO reaction 

func_OH_RO2_NO_O9 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H17O9·+ NO reaction 

func_NO3_RO2_NO_O5 1 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO5·+ NO reaction 

func_NO3_RO2_NO_O6 0.6 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO6·+ NO reaction 

func_NO3_RO2_NO_O7 0.4 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO7·+ NO reaction 

func_NO3_RO2_NO_O8 0.3 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO8·+ NO reaction 

func_NO3_RO2_NO_O9 0.2 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO9·+ NO reaction 

func_NO3_RO2_NO_O10 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO10·+ NO reaction 

func_NO3_RO2_NO_O11 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO11·+ NO reaction 

func_NO3_RO2_NO_O12 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO12·+ NO reaction 

func_NO3_RO2_NO_O13 0 Branch ratio of RO, which can isomerize via H-abstraction, 
from C10H16NO13·+ NO reaction 

kautoox_O4 1D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O4·** 
kautoox_O5 5D16*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O5· 
kautoox_O6 1D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O6· 
kautoox_O7 1D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O7· 
kautoox_O8 1D19*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O8· 
kautoox_O9 1D19*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O9· 

kautoox_O10 2D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O10· 
kautoox_O11 5D16*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O11· 
kautoox_O12 1D16*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H15O12· 

kautoox_OH_O3 3D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H17O3· 
kautoox_OH_O4 3D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H17O4· 
kautoox_OH_O5 2D18*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H17O5· 
kautoox_OH_O6 1D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H17O6· 
kautoox_OH_O7 1D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H17O7· 

kautoox_NO3_O5 0*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H16NO5· 
kautoox_NO3_O6 5D16*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H16NO6· 
kautoox_NO3_O7 1D18*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H16NO7· 
kautoox_NO3_O8 1D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H16NO8· 
kautoox_NO3_O9 1D18*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H16NO9· 

kautoox_NO3_O10 1D17*EXP(-1.2077D4/Temp) Autoxidation reaction rate constant of C10H16NO10· 
* APINOOA is criegee intermediate isomer 1 from ozonolysis of α-pinene. 
** The units of all reaction rate constants are cm3 molec-1 s-1; for the complete model setup, please refer to Roldin 
et al., 201933. 


