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1. ЃH2SЇSO2ЇDMSЇCOS Є

2. ЃNOЇNO2ЇNH3ЇHNO3 Є

3. ҅ ЃCOЄ

4. Ї Ѓ ɻ ɻ Є

5. ᾩ ╛ЃO3ЇH2O2 Є

6. ЃHFЇHClЇ Є

7. Ѓ ЄЇ Ὶ PM2.5 PM10

8.

9. ЃPFASɻ ɻ Є
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5Forouzanfa et al., 2016, Lancet (GBD 2013)

Globalσ5.53 M

Four main PM-related diseases: Ischemic heart disease(IHD), Stroke, 
Lung cancer, Chronic obstructive pulmonary disease (COPD)
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Scott, 2020
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IPCC, 2021

[Concentration based ERF]
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Å ᵩЇ ᵩЇ ҿ Ї ҿ
ɼ ᵒ Ї ᵒԓ ɼ

Å 1839 Ї Schonbein ɼ ԓ ָת Ї
Schonbein Ὶ ҿOzeinΣ ǘƘŜ DǊŜŜƪ ǿƻǊŘ ŦƻǊ Ψǘƻ ǎƳŜƭƭΩЇ
Ozoneɼ

Å 1881 ЇHartley ҅ү ᾩ 300 nm
Ҳ ɼ

Å 1917 ЇFowler Struttװ 1921 Fabry Buisson ᾩ ⅎ
ԋ ҅ ɼ

Å 1925 ЇCabannes Dufay ₴ԋ ҏ₉װ ῎
Ғ ᵤ ɼ

Å ֙ ҿҏқ 30 Sidney Chapmanש ᵲ Dobson
ᵲ ԋ ɼ
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Source: NASA

ü Ҳ90% Ѓ10-50kmЄ

ü Ҳ 15-35kmЇ ҅

ҿŅ ņЇῚ ᵩ
10 ppm

ü Dobson UnitЃDUЄװ
ɼ

1үDU ᵣ 0ɫ ҅ү ‼
ᴌҐЇ ɻ0.01 

mm Ҳ ⅎ ɼ 

1 DU = 2.69 x 1016 molec./cm2

üῊ ҿ300 DUЇӤ
Ї Ҳ └0ɫ
Ї 3 mm
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ÅUV-A: 320-400 nm; 

ằ

└

ÅUV-B:  280-320 nm;

ằ

ҒἥUV-C Ὴ

Ѓ Ὺ Є

ÅUV-C:  200-280nm; 

Ї

ᵜ ЇҒᴰ └
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ᶊרᴁỂ = 6371km
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Å 20қ 70 ש Ї
9-10 ᴓЇ

₉ү
Ὺ ᵤ

ҏЇװ50%

ἥ ₴ ԋ҅ү Ї
Ӑҿ
ɼ

Å10 ҲҐ װ Ї

Ї
└12

ɼ
ρς Í0Á ρςππ ÐÐÂat 100hPa
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Å ҏүқ 70 ש

қ √Ї
ɻ

Ӥ ɼ

Å Е

ü ҿ־Ӎ ₴
Ї ₴ ɻ
₴ Ὶ К

ü ҿ־Ӎ ₴ √
Ѓ 9-10 ЄК

ü ҿ־Ӎ
Ӎ К
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1970   P. Crutzen
₴NOxỸ

1971   James Lovelock
CFCs

1985   Farman, Gardiner & Shanklin
⁯

1930s   Sydney Chapman
┼

1950s Bates Nicolet ₴
ЃOH HO2Є Ỹ ᵲ

1973   Starloski, Cicerone, McElroy, Wofsy
Cl NOx
ᵜ Cl └ HCl
Br ┼

1974   S. Rowland & M. Molina
CFCs are huge sources of Cl

1980s   S. Solomon, M. McElroy

Ԝ

D.J. Wuebbles (coauthor)
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Å1930 ЇChapman O2 Ґⅎ ҿ Ї ⅎ
ɼ

Å ┼ ᵆ ԋ ԓ Ї
ΐ ҐЇ 25̓́ ɼ

Å ┼ └ ԓ ẅɼ

- /ς ÏÒ .ς

/ ÈʉO / /
/ / -ᴼ/ -
/ ÈʉO / /
Е

σ/ ᴼς/

Е

/ / ᴼ/ /

 ˂Җ 240nm

l ~ 240-320nm

Seinfeld and Pandis
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ÅHOx = OH + HO2 Ỹ ┼ ÅOH H2O CH4 H2O ᾩ

Å ┼

Å/ / $ ᾩ

    

ɚ < 240 nm
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Seinfeld and Pandis
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ÅNO NO2 N2O

N2O Ї Ҳ ҿ120 Ж

N2OӀ ԓ ᵩ Ї └ָ ꜠ Ж

N2O ᾩ Ї ғ Ἓ Ἆ NOɼ

Ҳ./ / ᴼ.h h

.h /ᴼ./ h

Е/ /ᴼςh

./ ÈʉO b /ρ$  ˂~ 185-230 nm

./ /ρ$ ᴼς./  O(1D) Ӏ ᾩ

./ / ᴼ.h h

.h h ᴼ.h h

.h ÈʉO ./ h
Е 2/ ᴼσh

Е

/( .h -ᴼ(.h -

.h .h -ᴼ.h -

.h (/Óᴼς(.h Ó

ᵤ

90%

10%

Seinfeld and Pandis
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ÅCFCsᾩ ἍἴЇỸ

ÅCFCs (chlorofluorocarbons)ЇҲ Ї ɻ
Ї ҿ┼‡╛ ɼ

ÅCFCs Ї └ԋ ᾩ Ї
ҿ ɼ

Å ᴂӤ Ї ҅ ᵩɼ

ÅHCFCsɻHalonӤ ЃODSЄɼ

#&#Ì ÈʉO #&#Ì #Ì       ˂  ~ 185-210 nm

#&#Ì ÈʉO #&#Ì #Ì     ˂  ~ 185-210 nm

CFCl3 (CFC-11)ᾩ Е 

CF2Cl2 (CFC-12)ᾩ Е
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ÅCFCsᾩ ἍἴЇỸ

Ҳ
#Ì/ ᴼ#Ì//
#Ì//ᴼ#Ì/
Е/ /ᴼςh

#Ì/ ᴼ#Ì//
/( / ᴼ(/ /
#Ì/(/ ᴼ(/#Ì/
(/#ÌÈʉO /( #Ì
Еς/ ᴼσh

ᵤ

Е
#Ì#( ᴼ(#Ì#(
#Ì/./ -ᴼ#Ì/./ -

Seinfeld and Pandis



Ҳ CFCs שׂ Ὴ

21

Å 20қ 90 ש Ї Ҳ CFCs̔
ꜘЇӐ ⁯ ɼ

ÅCFCs ָ ┼ Ї

Ї Ӏ ῇ
Ї ɼ

Å ᶕָ Ғῴ Ҳ CFCsЇ
ד ɼ

Å 20қה 70 ש ЇῊ
⁯ Ї2000sӐ ꜘ

Ѓ ЄЇᵜ ᵫ └1980
Ғ ɼ

Ґ 3- 4%
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Å Ѓ Є√ Ї ⁯ ҅
Ї Ņ ņ

Å

Å ῗ ԜЃPSCЇPolar 
stratospheric cloudsЄ Ї

#Ì:

Å ү HNO3 ‚ ԜЇ
ЃDenitrificationЄ 

#Ì/./ Ç (#ÌÓᴼ#ÌÇ (./ Ó

#Ì/./ Ç (/Óᴼ(/#ÌÇ (./ Ó

(/#ÌÇ (#ÌÓᴼ#ÌÇ (/Ó
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9 Ї ᾩ └ Ї ԓ − Ї ᵤЇ
PSCЇԓ #Ìᾩ #ÌЇ Е

#ÌÇ ÈʉO ς#Ì 

ς  #Ì/σᴼ#Ì// 

#Ì/#Ì/-ᴼ#Ì/ -

#Ì/ ÈʉO #Ì//#Ì

#Ì//-ᴼ#Ì/ -

ȡ ς/ ᴼσ/

ЇӤ ”
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Å Ѓ Є ᴌЕ

V ԋ Ҳᵤ Ӑ ֢ Ї
ῇ ῪЇ ⅎ ⌐ԓ ⁯ ɼ

V ԋ ֢ ЇḦ ԋ ᵤ PSCs ɼ

Å└10 ҲҐ Ї ᶕ Ὺ Ї ⁯ Ї Ї ֢
ꜘ ЇҲᵤ ῇ ῪЇ ɼ
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Ozone 101: What Is the Ozone Hole?
https://www.youtube.com/watch?v=Q15t5NQ1Aik

Ї ԋ־Ӎʉ ʊ
https://www.bilibili.com/video/BV1xT411z79C/?spm_id_from=444.41.list.card_archive.click&vd_source=6ea
f73540ce40cc6cc52ac94fc4e2088

Å ᶕ ClЃ BrЄהCFCs ODSҲⅎ ₴ ɼ

Å ᵤԓ195K ЇPSC ҿ ᶱ ɼ

Å Ѓ Є ԋ ЇӤ ԋ
ῇ Ὺɼ ᾥ ‟ҐЇ Ὺ

◌⁯ Ї ɼ

Åװҏ ᴌ” ԋ ₴ 9-10 ᴓɼ

QЕ ҿ־ӍҒ К Ṣ ᵫ К

https://www.youtube.com/watch?v=Q15t5NQ1Aik
https://www.bilibili.com/video/BV1xT411z79C/?spm_id_from=444.41.list.card_archive.click&vd_source=6eaf73540ce40cc6cc52ac94fc4e2088
https://www.bilibili.com/video/BV1xT411z79C/?spm_id_from=444.41.list.card_archive.click&vd_source=6eaf73540ce40cc6cc52ac94fc4e2088
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The 1995 Nobel Prize in Chemistry for their work in 
atmospheric chemistry, particularly concerning the formation 
and decomposition of ozone.

The Nobel Prize

https://www.nobelprize.org/prizes/chemistry/1995/9060-the-nobel-prize-in-chemistry-1995-1995-2/

http://nobelprize.org/nobel/nobel-foundation/press/2005/press-prize05.html
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Å1975 ЇWMO ҅

Å1977 ЇWMOŅ ņ

Å1985 3 Ї Ӥ ῎

Å1987 9 Ї ⌐ ӫ

Å1990 Їᴼ ḷ

Å1992 Ї ḷ

Å1997Ї ⌐ ḷ

Å1999Ї ֪ḷ

Å2016Ї ꜘ⌐ḷ

QЕ ⌐ ῎ ԓ Ņ Ҳ ņ ᵲ Ӎ־ ᵲ К
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Rigby et al., 2019, Nature

Ҳ ҡ CFC-11 ד К

Park et al., 2023, Nature

Ҳ ҡ CFC-11 Ґ К
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1.
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Å Ї Ḧ ᵲ Ї ɼ

Å Ї ɼ

Feng et al. 2022 Nature Food
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Global model estimate of 
tropospheric ozone budget

Yan et al., 2016
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Sillman et al., 1990
HOx, RO2, etc.

NMVOC, CO, CH4NOx, NOy

O3

hɜ
NOx-limited

NOx-saturated

Ozone mixing ratio as a function of 
NOx and NMVOC emissions

ü Е ᾩ ᴌҐЇ ָҿ ꜠ ₴ NOx
ЃCOɻCH4ɻNMVOCЄ ҅ ∆ғHOx ROx ῗ ֥

ü ғNOxװ VOC ῗ ɼ VOCҒ ‟ҐЇ NOx ꜘЇ
װ ꜘӤ ⁯װ

ü ЕӤғNOx ⅓ ῗЇ NOxD ᴰ ᵤ Ж ‖ ᾩ ‟Ӥᴰ



Photochemistry for Tropospheric Ozone
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Destruction

Production

Initiation

Termination

Propagation

CO + OH (+ O2) Ҧ /h2 + HO2

RH + OH (+ O2) Ҧ wh2 + H2O

NO + RO2 (+ O2) Ҧ Carbonyl + NO2 + HO2

NO + HO2 Ҧ OH + NO2

NO2 + h˰  Ҧ NO + O(3p)   (ɣ  < 420 nm)

O(3p) + O2 + M Ҧ O3 + M

HO2 + HO2 Ҧ I2O2 + O2

HO2 + RO2 Ҧ whhI Ҍ h2

OH + NO2 Ҍ a Ҧ Ibh3 + M

O3 + h˰  Ҧ O2 + O(1D)   (ɣ  < 330 nm)

O(1D) + H2O Ҧ 2OH

OH + O3 Ҧ O2 + HO2

HO2 + O3 Ҧ 2O2 + OH

NO + O3 Ҧ O2 + NO2

VOC



ָҿ NOx : 1950-2014

35CEDS inventory



ָҿ NOx : 1950-2019
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CEDS v2 inventory



└ NO2 Е2005-2019

37
www.temis.nl

2005 1

2005 7

2019 1

2019 7



Sources of Non-Methane Volatile Organic Compounds

38
Brasseur et al., 1998; Weng HJ et al., SD, 2020

Source Emission (TgC/yr)

Total anthropogenic sources ~100

Energy use and transfer 43

Biomass burning 45

Organic solvents 15

Total natural sources ~1000

Terrestrial vegetation

Isoprene (C5H8) ԑ 200-600

Monoterpenes (C10H16) 125

Other VOCs 520

Oceanic 6-36

Note: These values are very rough estimates. Uncertainty may exceed 100%.



ЃNMVOCЄ : 1980-2017

39

Weng HJ et al., SD, 2020



ָҿ NMVOC : 1950-2014

40CEDS inventory



ָҿ NMVOC : 1950-2019
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CEDS v2 inventory



└ ЃHCHOЄ Е2005-2015
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www.temis.nl



└

43

2004/10ς2010/12 ẅЕ 31 DU

Cooper et al., 2014, Elementa; OMI/MLS data from Ziemke et al.

‖
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ⅎ

ҿ ẅ
ҿ
ҿᵤⅎ

Yan Y.-Y. et al., ACP, 2014, 2016

ü Ї ᵩ
ҏ ꜘ ꜘ

ü Ѓ Ҳ Єװ
ҏЇ ꜘ

ü

ⅎ


