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Basic Concepts of Chemistry 

• Source, sink, production, loss, destruction 

• Loading, burden, content, concentration, mixing ratio 

• Residence time (burden/loss rate) 

• Lifetime (e-folding time???) 

• 1 Tg = 1012 grams; 1 Pg = 1015 grams = 1 Gt 

• 1 mole = 6.022 x 1023 molecules/atoms 
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Key Species in the Troposphere 

• Ox = O3 + O 

• NOx = NO + NO2 

• NOy = NOx + NOz = NO + NO2 + NO3 + 2 N2O5 + HONO 
     + HNO3 + PAN + PPN + PMN + … 

• CO, CH4, VOC 

• HOx = OH + HO2 

• RO, RO2 

• CFCs, HCFCs, N2O 

• NH3, NH4, SO2, SO4, OC, BC, sea salts, dust 
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Basic Concepts of Chemistry 

• Photolysis: A + hv --> B + C 

          d[A]/dt = - j * [A] 

                        = - actinic flux * cross_section * yield * [A] 

• Reaction: A + B --> C + D 

          d[A]/dt = - k * [A] * [B] 

           lifetime of A: 1 / (k * [B]) 

• Equilibrium: A + B <--> C + D 

          d[A]/dt = - k * [A] * [B] + k1 * [C] * [D] = 0 
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More About the Rate Constant 

Termolecular reactions: 

Bimolecular reactions: Arrhenius form (E is the activation energy) 
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Basic Chemistry 

• NO + O3  NO2                    (R1) 

• NO2 + hv  NO + O             (R2) 

• O + O2 + M  O3 + M          (R3) 

• Thus, [NO] / [NO2] = jNO2 / (k * [O3]) 

• Here, O atom is in pseudo steady state 

• Without perturbation, this is a null cycle 

 

*** This is one of the most important relations regulating 
the concentrations of NO, NO2 and O3 in the 
troposphere. 
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Basic Chemistry 

• OH + CO  HO2 + CO2                        (R1) 

• OH + VOC  RO2  …  HO2          (R2) 

• HO2 + NO  NO2 + OH                       (R3) 

• Thus, [OH] / [HO2] = k3 * [NO] / (k1 * [CO] + k2 * [VOC]) 

 

*** This is one of the most important relations regulating 
the concentrations of OH and HO2 in the troposphere. 
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Photochemistry for Tropospheric Ozone 

Destruction 

Production 

Initiation 

Termination 

Propagation 

CO + OH (+ O2) → CO2 + HO2 

RH + OH (+ O2) → RO2 + H2O 

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

NO + HO2 → OH + NO2 

NO2 + hע → NO + O(3p)   (420 > ג nm) 

O(3p) + O2 + M → O3 + M 

HO2 + HO2 → H2O2 + O2 

HO2 + CH3O2 → CH3OOH + O2 

OH + NO2 + M → HNO3 + M 

O3 + h ע → O2 + O(1D)   (330 > ג nm) 

O(1D) + H2O → 2OH 

OH + O3 → O2 + HO2 

HO2 + O3 → 2O2 + OH 

NO + O3 → O2 + NO2 

VOC 
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Ozone Formation: Sensitivity to NOx and VOC 

Sillman et al., 1990 

HOx, RO2, etc. 

VOC, CO, CH4 NOx, NOy 

O3 

hν 

NOx-limited 

NOx-saturated 



11 

More Chemistry 

Gaseous chemistry (important if weak hν): 

• NO3 + VOC  HNO3 + carbonyl 

• NO + O3  NO2 + O2 

• NO2 + O3  NO3 + O2 

• NO2 + NO3 + M  N2O5 + M 

• NO3 + VOC  … 

 

Heterogeneous chemistry: 

• N2O5 + H2O(s)  2 HNO3 

• NO2 + H2O(s)  HONO  (important source of OH!!!) 

• HO2 + H2O(s)  0.5 H2O2 (important in China!!!) 

Ozone titration 



12 

过氧乙酰硝酸酯 

硝酸过氧酰、过氧酰基硝酸酯 

乙醛 
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NOx Emissions by Source 
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单萜烯 

异戊二烯 
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~ 30 DU on average 
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Meridional – Seasonal Cross Section 

Ziemke et al., 2011 



19 



20 



21 

Tropospheric OH: the cleanser (pacman) 

Production: 

• O3 + h ע + H2O → O2 + 2OH (330 > ג nm) 

• HONO + hν → OH + NO 

• VOC ozonolysis 

• NO + HO2 → OH 

• NO + RO2 → OH 

 

Loss: 

• OH + CO  HO2 

• OH + VOC  RO2 

• OH + NO2 + M  HNO3 + M 

• … 
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Global OH Trend: 1978 – 2000 

Prinn et al., 2001 

CH3CCl3 

Methyl chloroform 

(CH3CCl3) is an 

excellent tracer to study 

changes in OH 

OH OH 

甲基氯仿 
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Air Quality 
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Ozone 
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WHO Europe Report， 2004 

Air Pollution: Health Impacts 
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姚芳芳等人，2008 

Air Pollution: Impacts on Agriculture  

80 ppb x 1000 hours 
水稻 

冬小麦 

油菜 
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34 IPCC，2007 

Air Pollution: Impacts on Climate  
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WHO WHO IT-1 Europe U.S. China*** 

PM10 

(μg/m3) 

20 (1-yr) 

50 (24-h) 

70 (1-yr) 

150 (24-h) 

40 (1-yr) 

50 (24-h) 

 

150 (24-h) 

70 (1-yr) 

150 (24-h) 

PM2.5 

(μg/m3) 

10 (1-yr) 

25 (24-h) 

35 (1-yr) 

75 (24-h) 

25 (1-yr)* 15 (1-yr) 

35 (24-h) 

35 (1-yr) 

75 (24-h) 

O3 

(μg/m3) 

100 (8-h) 160 (8-h) 120 (8-h) 152 (8-h)** 

243 (1-h)** 

160 (8-h) 

200 (1-h) 

SO2 

(μg/m3) 

 

20 (24-h) 

 

500 (10-min) 

 

125 (24-h) 

 

125 (24-h) 

350 (1-h) 

81 (1-yr)** 

378 (24-h)** 

203 (1-h)** 

 

150 (24-h) 

500 (1-h) 

NO2 

(μg/m3) 

40 (1-yr) 

 

200 (1-h) 

40 (1-yr) 

 

200 (1-h) 

103 (1-yr)** 

 

194 (1-h)** 

 

80 (24-h) 

200 (1-h) 

CO 

(mg/m3) 

 

10 (8-h) 

 

10 (8-h) 

40 (1-h) 

4 (24-h) 

 

10 (1-h) 

* Fully enforced in Jan 01, 2015; ** Converted from mixing ratio assuming 15°C and 1 atm; *** For 2nd district 

Ambient Air Quality Standards 
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Ambient Air Quality Standards 
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Composition:   
Ozone, NOx, VOC, PANs, RCHO 

Conditions for ozone formation: 
Emissions of NOx and VOC 
Sunlight 
High temperature 
Stagnant atmosphere 

Photochemical ‘Smog’ 
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Photochemical ‘Smog’ in Los Angeles 



Photochemistry 

Destruction 

Production 

Initiation 

Termination 

Propagation 

CO + OH (+ O2) → CO2 + HO2 

RH + OH (+ O2) → RO2 + H2O 

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

NO + HO2 → OH + NO2 

NO2 + hע → NO + O(3p)   (420 > ג nm) 

O(3p) + O2 + M → O3 + M 

HO2 + HO2 → H2O2 + O2 

HO2 + CH3O2 → CH3OOH + O2 

OH + NO2 + M → HNO3 + M 

O3 + h ע → O2 + O(1D)   (330 > ג nm) 

O(1D) + H2O → 2OH 

OH + O3 → O2 + HO2 

HO2 + O3 → 2O2 + OH 

NO + O3 → O2 + NO2 

VOC 
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Ozone Formation: Sensitivity to NOx and VOC 

Sillman et al., 1990 

HOx, RO2, etc. 

VOC, CO, CH4 NOx, NOy 

O3 

hν 

• Oxidation of CO and CH4 
provides background 

• Oxidation of VOC provides 
variability 
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Anthropogenic NOx Emissions in 2008 (EDGAR v4.2) 

1970 



44 

VCDs of Tropospheric NO2 
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Tropospheric NO2 
vertical columns 

(2003,12~2004,11) 
 

(Richter et al, 2005: 
Nature, 437:129-132) 
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Increases of NO2 VCD Observed from Space 

Lin and McElroy, 2011 
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Anthropogenic VOC Emissions in 2008 

(EDGAR v4.2) 



48 

January 

July 

Biogenic Emissions of Isoprene 

Isoprene:  

• Emissions: most abundant 

• Reactivity: largest 
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VCDs of Tropospheric HCHO: July 2008 
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Trends of VCDs of HCHO in Asia: 1997 – 2009 

De Smedt et al., 2010 
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Ozone Air Pollution in Beijing 

Lots of emissions of NOx and VOC 
Wind direction/speed 
High temperature, clear sky Wang et al., 2006 
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Severe Ozone Pollution in Miyun, Beijing, 2005 

Wang et al., 2006 
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Background O3 concentrations are 
increasing 
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Projected Climate Change 

IPCC 2007: Potential changes in global mean air temperature 
currently assumed plausible are bounded roughly by the A1Fi 
(highly-warming) and B1 (less-warming) scenarios. 

NOTE: The current rate of increase in GHG emissions exceeds A1Fi 
pathway. 

IPCC, 2007 
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The A1Fi and B1 scenarios are amongst the highest and smallest precursor 
emissions scenarios for projected fossil fuel burning. 

A1Fi 

B1 

A1 

A2 

B1 

B2 

IPCC, 2001 

Projected Anthropogenic Emissions: NOx 
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Ozone Changes in China: 2090s (A1fi) 

∆(Climate) ∆(Climate+Biog. Emis.) 

∆(Climate+Biog. Emis.+[CH4]) ∆(All) 

∆O3 (ppb) *** Changes are not statistically significant over shaded areas *** 
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Ozone Changes in China: 2090s (B1) 

∆(Climate) ∆(Climate+Biog. Emis.) 

∆(Climate+Biog. Emis.+[CH4]) ∆(All) 

∆O3 (ppb) *** Changes are not statistically significant over shaded areas *** 
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Ozone Change: Regional versus Urban 

∆O3 as a result of ∆ (precursor emissions) and ∆ (climate): 

Chicago Area: Significant  increases under A1Fi  

City of Chicago: Significant increases under B1 and minor 
changes for A1Fi 

From 1990s to 2090s 
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Particulate Matter (PM) Pollution 

Tong Zhu 
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Particulate Matter (PM) Pollution 

Tong Zhu 
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PM Air Pollution: Sources and Sizes 

Primary aerosols: anthropogenic and natural; small and large 
 BC, POC ─ anthropogenic; typically small, i.e., ≤ 2.5 µm 
 Industrial dust ─ anthropogenic; small and large 
 Fugitive dust ─ anthropogenic; small and large 
 Desert dust ─ natural; small and large; not important except in 

spring 
 Sea salt ─ natural; small and large; not important over non-

coastal lands 
 

 Secondary aerosols: mostly anthropogenic; mostly small 
 Sulfate ─ anthropogenic; small  
 Nitrate ─ anthropogenic; typically small  
 Ammonium ─ anthropogenic; small  
 SOA ─ anthropogenic and natural; typically small; natural 

sources important mainly in summertime 
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The Great Smog of London, Dec 1952 

Cold and stagnant weather 
Inversion 
Burning of coal 
12000+ people died 
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Beijing 

Shanghai 

Guangzhou 

Emissions of PM and precursors 
High humidity, sunlight 
Stagnant atmosphere 
Wind direction/speed Tong Zhu 

http://www.nationalgeographic.com/resources/ngo/maps/view/chinat.html


Jan 14-15, 2013 Feb 24-25, 2013 Jan 29, 2013 Oct 06-07, 2013 

Dec 07-08, 2013 Dec 25, 2013 Oct 28-29, 2013 Nov 23-24, 2013 

2013年全国主要雾霾重污染过程 

每一次雾霾重污染过程都涉及到京津冀地区 

贺克斌，2014 



2014年全国霾区分布图 

2月14日-2月16日 2月21日-2月24日 

10月7日-10月11日 10月23日-10月26日 

7月29日-7月30日 

10月17日-10月20日 

贺克斌，2014 
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2.93倍 

1.88倍 

1.33倍 

PM2.5(μg/m3) 

Annual Average PM2.5 in 74 cities, 2013 

贺克斌，2014 
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PM2.5浓度季节变化特征 

贺克斌，2014 



基于地面监测评估我国PM2.5变化特征 

京津冀 

 

春天 

夏天 

秋天 

冬天 

长三角 珠三角 

贺克斌，2014 
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Monthly averaged Aerosol Optical Depth (AOD) -for 2006 

(C.C. Li, PKU)) 



卫星观测：中国PM2.5污染全世界最严重 

71 
Van Donkelaar et al., 2010, EHP 

2000-2006年全球PM2.5污染分布 

中国有 2300万人 生活在 > 100 μg/m3的区域 
北京2013： 

90 μg/m3 
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(Fang et al., 2009) 



SO4
2- and Organics are the major fraction of non-refractory PM1 mass 
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73 



SO2 NOx VOC 

CO PM2.5 BC 

OC NH3 CO2 

Qiang Zhang 
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主要污染物排放强度高值区集中在华北地区 

SO2 NOx VOC 

PM2.5 BC OC 

贺克斌，2014 
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Trends of PM10 and AOD: 2005 – 2010 

Lin et al., 2010 
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Acid Deposition 

SO2 + OH + H2O → H2SO4 + HO2 

SO2 + O3 → … → H2SO4 
SO2 + H2O2 → … → H2SO4 
NO2 + OH + M → HNO3 + M 
N2O5 + H2O(l) + aerosols → 2HNO3 + aerosols 
VOC + OH (NO3, O3, H2O2) → … → organic acids 

Acids are balanced 
by mineral or 
ammonium ions 
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Acid Deposition 
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中国降水pH值分布 

2011年：酸雨区面积约占国土面积的12.9% 

2000年 
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中国酸雨分布 
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Soil Acidification from 2005 to 2010 

 Sulfur emissions have reduced since 2006 
 NOx emissions continue to increase significantly, 

offsetting the benefits of S reduction 

Extra S reduction to offset incr. NOx 

Zhao et al., 2009 



Regional and  Megacity-City Air Pollution in China 

• SO2, PM10, NOx: not solved 

• O3 and PM2.5 pollution getting worse 

– Visibility degradation 

– Oxidative capacity enhanced 

• Pollutions complex (Multi-pollutants Pollution) 

– Primary + secondary pollutants 

– Urban-Regional scale 

82 Tong Zhu 
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Quiz 
 

1. Impacts of NOx, CO and VOC on climate 

2. Potential human influences on recent 

tropospheric OH trends 

3. Ozone production is normally VOC-limited in 

urban areas and NOx-limited in surrounding 

rural areas. To control urban ozone pollution, 

should we control NOx or VOC emissions? 

4. How can ozone and PM pollution affect each 

other? 


