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₭ᵘ҆⁸ῑῡם ҆⁸ ֪ᶇPM2.5Ѧᴈ₦ ╓ᶬᶼ

PM2.5ј׀Ӌ◓֞ὑַײ ᵟẓԊ ╓֤ᾶ

Huang et al., NSR, 2020

Ῑ NOxᶼ ֞ὑε҆⁸PM2.5≥ẘї ᴥ׳Ⱡє ᶉשPM2.5҆⁸ ֪ᴈ₦їᾘ׳

Yan et al., AE, 2020



Ỡᶁџ ᶜṳ ᶉשở○ẩַײᶼ ᵿ ₿ ᾩῑᴦⱳεἵ ᾎᶽױ
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2019.09.29

Li et al., PNAS, 2021ѧᶂᶽ↔ ∕… ⌂ ѿε2023ζ
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O3₿ ῡֹᴢԍẼᵟᵻ
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4. Ω

¸ ↔ӧ ↔ ‍ҭῗԋ ᵼḒט
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O3₿ ởᵻјΎ╟-₭Ӧј₭ ᵻḑẼᵟ

Å Ṣ O3

Å ָҿ Ї Ṣ O3

ҿ ꜘ1ᴈЇO3 ꜘ0.4~4

ɛg/m3        ððʃ IPCC ῏ ᵆ ʄ

Å 20 30 ҏЇ Ṣ Ҳ

O3 ҿ -8~+20ɛg/m3

2013-2019 O3 ל

1980-2010 Ṝ ̂ ̃ ֲҹ ̂ ̃

O3

Å ᴌ O3

Å ԓ ᾣ ЃMLRЄ Ї

2013-2019 Ї Ὴ O3 ꜘ שׂ

ҿ37%ЃῚҲ ҿ42%Ї Ҏ ҿ44%Є

Å 2019 ɻ

Ї O3 ẘ Ж2019 Ҏ

ᴌ O3 ꜘ Ї ⅎ

⌡ҿ91% 59%ɼ



O3₿ ởᵻјΎ╟-שᶞᵘᶜṳᶉצײַשḘ צ

⁭ồᶂ

ѢѥԊײᵄַצ ᵻ σ

1 ⱶᶡֳ Ύ╟PROxσјᵌ ᵘᵌ ῑῡ◓ַײӾ ῑԊ

2 OH-HO 2ệ♩ᴥẓChLσјNOxᵘVOCs≥ẘḷ֫ῑԊ

P(O3)  =  PROx x  ChL

ḑ⁴ᶙת

Lu et al., Sci Bull 2023



O3₿ ởᵻјΎ╟-שᶞᵘᶜṳᶉצײַשḘ צ

HNO2: NOx - NOyĄ HNO2 | 

Liu YH et al. EST, 2019

PROx = FUV·(a(RH) ·O3 + b ·Nr + c · OVOCs ) 



N2O5 + surface (Cl-) Ą ClNO2

ClNO2 + hv Ą Cl + NO2

Cl2+ hv Ą Cl + Cl

üCl ғVOCs ֥ RO2 ЇRO2+NOĄO3

(Hong et al., 2020)(Thornton et al., 2010)

PROx = FUV·(a(RH) ·O3 + b ·Nr + c · OVOCs ) 

O3₿ ởᵻјΎ╟-שᶞᵘᶜṳᶉצײַשḘ צ



ל ,  Ѓ‖ ϼЄ

Å ԑ ֥ OVOCs ᾩ ֥ ҿ ֥ ῗ ╦ᵩ

Edwards et al. (2014 Nature)

T. Chen et al. (2020 ACP)

ҡҡ ,  Ҳ

PROx = FUV·(a(RH) ·O3 + b ·Nr + c · OVOCs ) 

O3₿ ởᵻјΎ╟-שᶞᵘᶜṳᶉצײַשḘ צ



Å ῝ O3Ӏ VOCs ┼Ї O3Ӏ VOCs NOx ┼

ChL = f(NOx, VOC,Temp)ιOzone-NOx-VOCs ⅎ

O3₿ ởᵻјΎ╟-שᶞᵘᶜṳᶉצײַשḘ צ
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Å ᶇᶜṳ ᶞҧVOCsὔֹѬѭεᶇNOx┼ẘ֞ὑש ᾼ

іַײVOCs ὔᾴᶜṳ ᶞש Ῑ ֗ᶶḖ Ԋײַ

ὗᾜ

ÅVOCsὑᾄַײѭ ѝᾴῡח ṓ₭ ṩѝ ӓⱴ־

Åɟ ҇ ⱶᶡΎ╟֪ῷ ᾭεԄᶁṕ ḽ∟ ᵌ ◓ᴿצ

αNrβ ᵌ Ἵᴦ ῑῡ◓αOVOCsβѭ Ύ╟ַײ Ѧ

ὔḽ҇שᶞ ₿  ⅛ᴴ Ԏῑ ḃַײᾇῺ
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PM2.5҆⁸ⱳởῡֹ- ₲Ғⱳῡֹם

Å H2O2ּגԊ צ

Å ╖ ṝ צ צ

Å ᵍ ⱶ ק

Å ӿᾧⱶ ק

Å HCHO ק

Å O3 ק

Ye et al., JES, 2022



ԏᶙῪҬі ⱳởῡֹם

Å҈σ₯ᵌ ῴ (> 0.01 g/g)ε─ἤ εH2O2ᵘO3 Ѭѭτצ

Å σ₯ᵌ (> 0.001 g/gβε ᶉ εNO2 εNO2ַײ Ѭѭτצ

Å ᶶ ◓₿ σ₯ᵌ Ѧ  α 300 ug /g >, >10 ug/gβ, H2O2ᵘTMI צ ♅ѭḿ

Song et al., ACP, 2022



PM2.5҆⁸ⱳởῡֹ- ₲Ғⱳῡֹם
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(5) NO2 ᶎ ᾋᴨ

Wang et al., JES, 2022



Chen et al., EST, 2020; Fu et al., EST, 2020; Fan et al., JGR-A, 2020; Wang et al., JGR-A, 2019; Yun et al., ACP, 2018

ԏᶙῪҬі ⱳởῡֹם



PM 2.5҆⁸ⱳởῡֹ-SOA₭ּגΎ╟

ÅἅᶂSOA￼ׁӌⱶѮ ‎ ҈Қѭ◊ιץὐⱳ◓ ▬

ῡח ṓ₭ ℗⅔ ᴦ

Å SOA￼ׁӌⱶ￼ᶽ▒Ύ╟ѭ ᾴӣᴀ ᵘẦ ҆ ι

ћּוⱶ◊VOCsѳ Һ ҊӐּזιẽᵠSOA￼ғꞌ

Guo et al. 2012, 2013; Tang et al. 2018; Wang et al., 2021



PM2.5҆⁸ⱳởῡֹ-S/IVOCs₭ּג ײḽSOAַצ ♅

Å ᵘ S/IVOCsḽSOAַײⱳởԎῑ ♅ιћ Ꞌ↨Ẉљҽ ￼

ᴅע Ẹ

ᶈḫ҃אԋ S/IVOCsⱶ

￼ᶈ ╜ ᵅψ ḫ Ҏԋ

ⱶ ḾSOAּוἄ￼ Ꞌ

εљᴅע Ẹζ



ÅSO2ỆָῑᾇὔֹᵄεԏᶙᶜṳᶉשPM2.5ᵘO3₿ ַ׀ײӋ◓ᶡ

ᵂεᶍѬNOxᵘVOCsεVOCsѭגּ῞ ѝῡח ṓ₭

ӓⱴ־ ℗⅔Ἵᴦτ

ÅӆεPM2.5ַ׀ײӋ◓ Ἥפ ⁸ὑᾄ NH3 S/IVOCs τ

ÅҧỶṊᵘSO2ὔֹѭѮ￼PM2.5₿  ⌂ỄἄוιҨNOxᵘ

VOCs ײҒⱳַצ ᵘ҆⁸PM2.5₿ ᴂᵂ ⅛ᾴָײַ׀אἹỢ
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PM 2.5ᵘO3₿ ַ҉גּײẼᵟ- PM 2.5ḽᶾ ẃṂַײẼᵟ

location time j(NO2) j(O1D) O3 reference Model

China 2005 6-18% Lou et al., 2014 GEOS-CHEM

Central Eastern China 2006 ~50% Li et al., 2011 NAQPMS

Eastern China 2000 W 10-30% 20-30% 2-4% Tie et al., 2005 MOZART-2

2000 S 5-20% 1-10% < 2%

Pearl River Delta 2006 ~50% UV 28% Deng et al., 2011 TUV + NCAR-MM

Guangzhou 2004 33% 22-34%P(O3) Zhang et al., 2008 TUV + OBM

Yufa, Beijing 2006 ~15% ~20% Zhu et al., 2017 TUV + OBM

Xi'an 2013 0-60% 5-50 ug/m3 Feng et la., 2016 WRF/Chem

Beijing 2003 27% Xu. 2006 CMAQ-MADRID

Å ♪ῑֿכ Ѧᶇџ ᴦ ᶜṳ ε₭ ḽӾ ῏ẳ֞ײַ♆ ᴴ 60%



PM 2.5ᵘO3₿ ַ҉גּײẼᵟ- PM 2.5ḽᶾ ẃṂַײẼᵟ

TUV
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◓≥ẘַ֞ײṇӂ Ṕᶉלּ ⱳở Ῐוῶᴧּ≡תᶬẵιӇίֺײַ♆ ᴪק

kNOx
kVOCs

å1:5P(O3)=38 ppbv/h P(O3)=49 ppbv/h
P(O3)=56 ppbv/h P(O3)=63 ppbv/h

ҕ∙ ᶞש



PM2.5ᵘO3₿ ַ҉גּײẼᵟ- PM2.5ḽ ᴥẓַײẼᵟ

HO2 N2O5

HNO2 ClNO2

ᶍּגὪᴧ Ą Ἁֹ Ғⱳ

ᶍּגҒⱳ Ą ӝ ⱳở

NO2



HO2 ᶍּגὪᴧḽO3ⱳởַײẼᵟ
ᵞӎᶼḘ&ᴆӠᶼᵼ כֿ ởῺ

Å ᵱ & Ḫ ԓGEOS-CHEM Ӏ ԓ Ґ ⁯ ԋ Ї

ᵜῚ ᶳ ԓ ҅ ЇHO2 ҿ0.2Ą Ӕ

Å ԓ ҿ0.1¤0.13Ą׃ Ґ ≡שׂ

Tan et al.,  ES&T, 2020

Song  et al. ES&T, 2022

ᶼᵼק כֿ Ὼ



HO2 ᶍּגὪᴧḽO3ⱳởַײẼᵟ

NOxὔֹ

VOCsὔֹ

₭ ὔֹ

αaerosol -inhibited β

[ ᶡ҇PKUᴟᾎצᾛ

αSong  et al., 

2020β]



ÅO3ᵘPM2.5₿ ♪ ₡ ⅛їᴂᵂַײ ֪ѭ ᶇ҇σ     

ײַ◓        ᶍּגᴥẓᵘ┌Ӿӏⱴᶵῢε іײַ◓

ᴴ ḿ ҂Ήᶹ ҒⱳεӆԍѦײַ ֪Ԋ

Ԋ ᴟᾎᵘѭḿᵻḑ Ểᴚ╒
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ᶼ₭ צ ὔᾴO3ᵘPM2.5₿ ᴂᵂ ὔַײԊ

ᶉ

ὑᾄ

ᴜ ₿ 

CH4 CO

SO2 NOx

VOCs

ⱡ Қѭ

ᴜ

Ω

צ ₿ 

O3 CO2

SO4
2-, NO3

-

SOA

ⱶᶡ צ

ⱶוּ

ᶍּג צ

Ỉꜛ ᴥẓ

ᶜṳ ֛

↨ ᾋᴨ
₿ ὔֹἆῠ

גּ צ

♩ᶪᶼ₭ צ Oxⱳ◓₭
ῑῡ

Ҽ

₿
 
◓

ⱳ◓₭
VCP

POPs

Hg

ᾚ
₿
 
◓

Ҽ

₿
 
◓

ᾚ
₿
 
◓

ꜛ ᴥẓ

צ



ᶼ₭ צ Ḧײַ Ềᵘ ὔᾴặ׀ᶁ Ḙ׀⅜

ԄⱢṐẘσ₿ ᵘ₭Ӧᴩצᴂᵂᶜṳ ṐẘσO3ᵘPM2.5ᴂᵂὔֹ

ῃ ̂%̃

OH O3 NO3

CO 1-2 85 - -

H2 2 25 - -

CH4 8 90 - -

ԋ 80 7 13

SO2 30 - -

NOx 0.3-5 50 40 -

20 25 55

C2H6 2 80 - -

N2O 120 - - -

(CH3)2S 70 - 30



ԄⱢ-שᶞ-ᶜṳїᵂṐẘᶼ₭ צ ẩ

Ҡ₿ ẓḽᵘ ֛ ג ẘεֳ₉Ὕ֦҂ Ṑẘᶼ₭ צ ḘԒ ј ἷ σצ

ⱴ ᵿ ᶙ צ ἷ 

ᶜṳ-שᶞ
Ṑẘ

҆⁸₿ ◓
ⱳở ♆

P( ) P( (ם P( (ם

P(SOA) é

ᶞṐẘש
ᶼ₭ ⱶᶡ
ᴥẓ ♆

AOC=[OH] kOH +[O3] kO3 + 

[NO3] kNO3 + ᶹּגᴥẓ + é

ᶹ+גּ₭
גּ

AOC=[OH] kOH +[O3] kO3 + 

[NO3] kNO3

גּ₭

AOC=[OH] kOH

ᾤ

AOC=O3] kO3 + [NO3] kNO3 

+ VN2O5+aerosol

ᶺ

ԄⱢṐẘ ⱶᶡ OH≥ẘ



ԄⱢ-שᶞ-ᶜṳїᵂṐẘᶼ₭ צ ѭὔᵻḑ

ֳ₉Ὕ֦҂їᵂṐẘᶼ₭ צ צ ẩᴢѭὔᵻḑσ

ⱴ ᵿ ᶙ צ ἷ ᴢ ẩ ѭὔᵻḑ

ᶜṳ-שᶞ
Ṑẘ

҆⁸₿ 
◓ⱳở
♆

VOCs NOx P(ROx)

VOCs NOx P(O3)

P(ROx)

P(SO4
2-) = f0(SO2)Öf1(RH)Öf2(pH)Öf3(IS)

Öf4(TMI OrC)Öf5(OH)Öf6(HO2)Öf7(H2O2)Öf8(O2
-)

VOCs NOx P(ROx)

ᶞṐẘש
ᶼ₭ ⱶ
ᶡᴥẓ
♆

︢ᶾ AOC=[OH] kOH P(ROx)

︢ᶾ AOC=[O3] kO3 +[NO3] kNO3  + VN2O5+aerosol P(O3) P(ROx)

ԄⱢṐẘ ⱶᶡ OH╟ẙ P(ROx)

ἜἛ ἳ ἒἛ ╡╞ ἚἛ

ἜἠἛὀ ἠ Ⱦ╡ἚἛὀ Ἓ

╟ἸἚἛ █▬╪►▓ἛἒἚἛ ἍἚἛ ἚἛ ἡἩἚἛ ) 

█▬╪►╟╡╞●
╛╝

╠
╟╞ ⱴἸἚἛ)



ặ׀ ὔ ꜝᾶ ᶬẵ҂Ԅᶁᶼ₭ צ

ᶡ҇ ≡ᶼ₭ ֪≥ẘεӁ ҂Ỡᶁ ᾤײᶞַש OH ⱶᶡ≥ẘ

2015ẈҧΎεҕ∙ є Ⱡє ᵘở ᶉשᾤ OH≥ẘ Ӌᵑ♪ᶬו ם



ᶁḱ ᴦכֿ ֭σᶼ₭ צ אָ

Ԋ Ḙ Ḙ ֪

1 ῡֹֿכ

2 Ḧ ῷ

3 ֗ ᾀ

ᶼ₭ ⱶᶡΎ╟
ј ᾚῡֹצ

ᶼ₭ צ ᵘ ֛
ײᴩַ╪ג צ Ề

ᶼ₭ צ ὔᴜⱣ
ј ὔַײἆῠᾛ’

ὔᾛ’
ᶹָא ᴂᵂ

Ᵽ ᶡ︠
ᴿḪ

⁴ᶙᾛ←
ᶹӹᾎὊ ᴿ

Ӌָא 

Ԋ ἆῠσᶼ₭ ⱶᶡ ♩ ≡ἆῠᵘɎ ♩ Ḙ⁴Ἠ-⁴ẩ⁴ἨɏԄגח-≡ Ὺ צ ᴿֿכ ᾛ←

ᴦṜᶼ₭ ⱶᶡצḘ ᴿֿכ ἆῠ

Ӌ εᴚ╒ᶼ₭ᶵᴿ₿ ῪҬіַײ

ⱶᶡᴥẓᾚῡֹεῶẤ ⱴ ײַ

ḽ∫ṕᶼ₭צḘῡֹεᶇ֪ḑ₯ẇ

ѕᴚ╒Ỡᶁ ₭ᶞᶼש צ ᵘ

֛ ῶởײַג Ύ╟ᵘ ὔᴜⱣε

Ὕ֦Ɏᶁḱ-שᶞ-ᶜṳɏṐẘַײ

ὔᾛ’

ᶼ₭ צ ╪ᴩ Ễј

ᶼ₭ ֛ ג ῡֹח


