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Loadi ng ratio
Residen

Lifetime (e-fo
1 Tg = 10** grams; 1 Pg = grams = 1 Gt
1 mole = 6.022 x 1023 molecules/atoms



NO . + HONO

CO, CH,, VOC
HO, = OH + HO,

RO, RO,

CFCs, HCFCs, N,O

NH;, NH,, SO,, SO,, OC, BC, sea salts, dust



* Pho

e Reaction: A +

Id * [A]

d[A]/dt = - k * [A]
lifetime of A: 1 / (k * [B])

* Equilibrium: A+B<-->C+D

d[A]/dt=-k * [A] * [B] +k, * [C] * [D] =0



More onstant

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

Termolecular reactions;

1 [l ko (M[M] r]
- 177179810 TRy ||
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—k [ cm’ molecule™ s _ cm’ molecule™ s
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* NO
* NO, +

* O +EN

* Thus, [NO] /|
* Here, O atom s in

* Without perturbation, this is a

*** This is one of the most important relations regulating
the concentrations of NO, NO, and O; in the
troposphere.



HO, + NO
Thus, [OH] /[

+ k, * [VOC])

*** This is one of the most important relations regulating
the concentrations of OH and HO, in the troposphere.



SOURCES OF TROPOSPHERIC OZONE
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Production <

Destruction

) » 2 H,0,+0,

\“Termination { HO, + CH;0, - CH;00H + 0,
OH + NO, + M - HNO; + M

O;,+hy - 0,+0(!D) (1<330nm)
O('D) + H,0 - 20H
< OH+0;->0,+HO,
HO, + O; 2 20, + OH
~ NO+0;-> 0, +NO,

/'




ation: Sensitivity to NOx I

HOX, RO,, etc.

A

NOx-limited

VOC, CO, CH,

Hydrocarbon emissions, 10 atoms Ceom @ s

10 1z : 16 1z

NO, emissions, 10" molecules crn @ s
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Heterogeneous chemistry:

* N,O. + H,0(s) © 2 HNO,

* NO, +H,0(s) 2 HONO  (important source of OH!!!)
* HO, +H,0(s) 2 0.5 H,0, (importantin China!!l)



Other nitrogen species
» Peroxyacyl nitrates (PANSs)
— most important being peroxyacetyl nitrate
* CH,C(O)OONO,
— formed from oxidation of acetaldehyde
CH;CHO + OH: (+ O,) = CH;C(0)0O, + H,O
CH,C(0)0, + NO, + M & CH,C(O)O,NO, +M

— decomposition is strongly temperature dependent
 from 30 munutes at 298K near the surface to several months
under upper tropospheric conditions

« NO, exported from boundary layer to remote troposphere in
the form of PAN

— observations show PAN 1s dommant NOy compound 1n
northern hemisphere spring troposphere

« isoluble




NOx Emissions by Source

NOx Budget

Table 4.8: Estimates of the global tropospheric NO_budget (in TgN/yr) from different sources compared with the
values adopted for this report.

Reference: TA Ehhalt Holland et al. Penmner ef al. Lee ef al.
) R (1999) (1999) (1999) (1997)

Base vear 2000 ~-1985 --1985 1992
Fossil fuel 330 21.0 20-24 21.0
Aircraft 0.7 ; 0.23 06

Biomass burnmmg 7.1

Soils

NH, oxidation

Lightning

Stratosphere

Tatal
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Marthern
Hemisphere
Sources

Southern
Hemisphere
Sources

Morthern
Hemisphere
Sinks

Southern
Hemisphere
Sinks

B Photochemistry

W Soil Uptake

O Methane Oxidation

O Oxidation of
Matural
Hydrocarbons

B Emission by Plants

B Qcean

O Forest Wild Fires

BWoodusedasa

Fuel

O Oxidation of
Anthropogenic
Hydrocarbons

B Savanna Burning

OForest Cleanng

O Fossil Fuel Use

CcO

Sources

Adapted from Logan et al.
(1981)



Global emissions of non-methane
hydrocarbons

Human Sources ~100 TgClyr
Energy use and transfer 43 TgClyr

Biomass burning 45 TgClyr
Organic solvents 15 TgClyr

Natural Sources ~1170 TgClyr
Emissions from vegetation
isoprene (CsHy) 500 TgClyr
monoterpenes 125 TgClyr
other VOC 520 TgClyr
Oceanic emissions 6-36 TgClyr

Brasseur et al., 1998




Tropospheric ozone column

seen from space

December - February March - May
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Meridional Distribution

FIGURE 5.6 Seasonally averaged meridional distribution of ozone according to the analysis of
Fishman and Crutzen (1978a, b). Contours indicate equal mixing ratios (unit: nmol mol ~!).

An excess of ozone in the Northern Hemisphere at altitudes below

about 5 km

Northern Hemisphere contains 40% more zone on average than the

Southern Hemisphere
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The ozone concentrations in the Tropics are lower than at mid-

latitudes

Fishman and
Crutzen(1978)



Meridional — Seasonal Cross Section

M J

OMI/MLS TCO (DU) Zonal Means

Latitude

Ziemke et al., 2011
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Historical records imply a large anthropogenic
contribution to the present-day ozone background at

northern midlatitudes

Ozone trend from European mountain observations, 1870-1990
[Marenco et al.,1994]
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FThElHOIEIECEHtpﬂSt

 Statistically significant negative trends of 1-2% per year
found at several stations 1n Canada for 1980-1993
(Tarasick er al., Geophys. Res. Lett., 409-412, 22, 1995)

 trends at most other stations i NH ambiguous

701 .
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Monthly averaged O, concentration between 630 and 400 hPa from 9
ozonesonde stations located between 36 and 59N. From Logan er al. J.
Geophys. Res., 104, 26373-26399, 1999.
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NO

Loss:

OH + CO > HO,
OH +VOC = RO,
OH + NO, + M = HNO, + M




Sinks of OH

H,S0,

Dominant sinks of OH In the global 02
troposphere: T /
CO and H20
CO + OH-> CO,+H ///r
Sulfur Hydrogen
CH,+ OH - CH,+ H,0 -...CO dioxide sulfide
co NMHCs
HNO,
Over continents, reactions with non- CH\ Nitrogen diuxia':'
methane hydrocarbons (NMHCs) {85 T yerogen halides
dominates: _ A halogen and water
cO , Omr%lngen
NMHC + OH 9 DFOdUCtS Trichlorcethane monoxice
0z Ammonia \
Lifetime of OH ~ 1 second! \ co.

NO and H,0 HCland HxO



Simplified CH,/OH/CO Chemistry

oxidizes to CO OH + CH,




troposphere

The OH titration problem

Source of CO+CH,>> source of OH

If no other sources, OH would be titrated.

—> CO and CH, would accumulate to very high
levels!!

stratosphere

—->BUT, trace levels of NO, allow
the chemical cycling of OH and
provides a major source of
tropospheric ozone to generate
additional OH

—[OH]~10° molecules/cm?(0.03
parts per trillion)



Global OH Concentrations: Model
Calculations

January July
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Tropospheric OH July -- MOZART2

Tropospheric OH (January) - MOZART?2

January CH Concentrations (10° molecules cm™)
Zonally and Monthly Averaged
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<’ wo\ > Since pre-industrial times CO has
hv,H,0 ™ OH HO, increased by factors of 3-4;
R/' NO has increased by factors of 2-8
? .... What has happened to OH?

hyd ro?am-

troposphere M

Decrease in OH away from sources
OH Change (%)

NO T = increase in OH
CO T > decrease in OH

driven by increases of o ] S SR : :
CO (“'moynths) wf . | | => Little change in OH
S g 2" | -
. obally (bufferin
ﬁm P8 y( 9)

£ | Increase in OH near sources

8007 | driven by increases of

Im%,:‘ - NO, (~days)

9SS 608 60N 90N

Wang & Jacob, 1999
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What are the major 1ssues 1 Air Quality?

e« Urban Air Pollution
— Qutdoor /indoor

Acid deposition
e Particulate matter
Eftects of air poliution:
« Visibility degradation

« Plants get damaged — UV radiation effect+ cell
membrane can break down

Material damage
Health effects




Air Pollution: Health Impacts

Relative risks for mortality end-points related to a 10- ug/m? increase in pollution
including 95% confidence intervals. Left part: PM,o, black smoke (BS) and ozone from
European studies; right part: PMas from North American studies.

1.030

PMio BS Ozone
1.025+

respifat}ry

1.020+

1.015+

respiratory

-

all causes
cardiovascular

1.010+

Relative risk

cardiovascular

1.005

——
all causes

e
all causes
respiratory

——

cardiovascular

——
all causes
Mo
cardiovascular

1.000

respiratory

0.995+ 1
European studies North American studies

0.990

WHO Europe Report, 2004




Pollution: Impacts on Agricultu
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Effects of Acid Rain




r Pollution: Impacts on Clima

RapiaTive Forcing COMPONENTS

RF Terms RF values (W m®) [Spatial scale

1.66 [1.49 to 1.83] Global

T
[}
[
|
Long-lived I
greenhouse gases I 0.48 [0.43 t0 0.53]
I 0.16 [0.14 t0 0.18] Global
[
[
|

=0.05 [-0.15to 0.05]| continental

Ozone Stratospheric
o 0.35[0.25t0 0.65] | toglobal

Stratospheric water

vapour from CH4 0.07 [0.02 to 0.12] Global

Surface albedo

Anthropogenic

|
|
|
|
|
Lan | -0.2 [-0.4 to 0.0] Local to
| Black carbon 0.1 [0.0 to 0.2] continental
|

Direct effect 05[-0.910-0.1] | “2TRE

Total

Aerosol | Cloud albedo
effect

Continental

-0.7 [-1.8 t0 -0.3] o global

Linear contrails 0.01 [0.003 to 0.03] | Continental

Solar irradiance 0.12 [0.06 to 0.30] Global

PUV-LOM 12002 DDdIO

Total net 1.6 [0.6 to 2.4]
anthropogenic

-2
Radiative Forcing (W m2)




Ambient Air Quality Standards

/
/
PM,, 20 (1-yr) 70 (1-yr) 40 (1-yr) 70 (1-yr)
(ug/m3) | 50 (24-h) 150 (24-h) |50 (24-h) 150 (24-h) | | 150 (24-h)
PM, - 10 (1-yr) 35 (1-yr) 25 (1-yr)* 15 (1-yr) 35 (1-yr)
(ug/m3) | 25 (24-h) 75 (24-h) 35 (24-h) 75 (24-h)
0, 100 (8-h) 160 (8-h) | 120(8-h) | 152 (8-hy** \ 160 (8-h)
(ug/m?) \200 (1-h)
SO, 81 (Ll-yn | ~—r”
(ug/m3) | 20 (24-h) 125 (24-h) | 125 (24-h)
203 (1-h)**
NO, 40 (1-yr) 40 (1-yr) 103 (1-yr)**
(ug/m3) 80 (24-h)
200 (1-h) 200 (1-h) 194 (1-h)** | 200 (1-h)
CO 4 (24-h)
(mg/m3) 10 (8-h) 10 (8-h)

40 (1-h)

10 (1-h)

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

35
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SH

Photochemical ‘Smog’

Sunlight
High temperature
Stagnant atmosphere



Subtropical e [A sits on a basin with
ol Eremoure St. Gabriel Mountains to
the east of the city

* Subtropical high pressure
migrate

* subsiding air of the
subtropical high
compresses as 1t descends
thr

Cré

alc

« adiabatic heating that occurs lowers the relative humidity pre
of clouds

* Cool sea breeze — causes mversion — limits the mixing

» much 1nsolation to penetrate to the surface — photochemical reactios




Production

Destruction

\Termination
OH + NO, + M - HNO; + M

O;,+hy - 0,+0(!D) (1<330nm)

O(!D) + H,0 > 20H

< OH+0;->0,+HO,

HO, + O, > 20, + OH

~ NO+0;-> 0, +NO, -




ormation: Sensitivity to NOx

A

NOXx VOC

1%

* Oxidation of CO and CH,
provides background

e Oxidation of VOC provides
variability

Hydrocarbon emissions, 10 atoms Ceom @ s

10 1z : 16
-1

NO,, emissions, 10 molecules cin™ s



Lagrangian OPE

o

initial
air mass

— >

* Lagrangian OPE

SR

Emissions of NOx and VOCs

Lagrangian OPE(¢) =

A[O;(1)]

prod

AINO (1]

dest

Where

ALOy(D)]eq 18 the cumulative net change in the amount of O; since ¢,

A[NO, ()] 1s the cumulative amount of NO, destroyed by

oxidation and dry deposition since £,




Regression OPE

Plot O, vs NO, for the whole plume (including the background air)

140
¥ =0.88

1301 [0,]=58.03 +4.74[NO ]

3
g 120 -
c
2
5
= 110 A
c
8
&
O 100
DX
o0
90 - _
(Y Regression OPE = 4.74
80 T T T T T T
4 6 3 10 12 14 16 18

NO, Concentration (ppb)




opogenic NOx Emissions in 2008 (EDGAR




VCDs of Tropospheric NO,

OMI trop. NO, July 2010 KNMI/NASA /NIVR
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Latitude (°)

Tropospheric NO,
vertical columns
(2003,12~2004,11)

(Richter et al, 2005:
Nature, 437:129-132)
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2s of NO, VCD Observed fror

SCIAMACHY
GOME-2
OMI_KNMI

Ratio over Oct 2007 - Sep 2008 Mean

0.0 bicua T vy | —— P I | [ N | [N y N Lo +——+4+++ OM|_NASA
2004 2005 2006 2007 2008 2009 2010 Total Power Generation
Month Thermal Power Generation

Total Power Generation in Three Grids

SCIAMACHY

0.8 +—+++++ GOME-2
+—+—+—+++ OMI_KNMI
++++++ OMI_NASA

0.7 Total Power Generation

Thermal Power Generation

Ratio over Oct 2007 - Sep 2008 Mean

Total Power Generation in Three Grids

2007 2008

2009

Lin and McElroy, 2011
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Anthropogenic VOC Emissions in 2008
(EDGAR v4.2)
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Emissions: most abundant

Reactivity: largest

Isoprene:




BIRA-IASB / KNMI / EUMETSAT Jul. 2008
www.temis.nl

GOME-2 H,CO VC [10™° molec.cm ?]

10 15 20




f VCDs of HCHO in Asia: 19

H,CO VC [10" molec.cm?]

H,CO Annual Trend: 1997-2009
0" molec.cm? yr’ ) _ % yr'

Annual Trend B:
1.4 +-0.4 x 10" molec.cm? yr'1

15F 44+ 1.4%yr

VC[1 0'® molec.cm'z]

De Smedt et al., 2010



Ozone Air Pollution in Beijing
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> Lots of emissions of NOx and VOC

»Wind direction/speed
»High temperature, clear sky

Wang et al., 2006



Pollution in Miyun

. | 000f —— Clear skyq [ ' : — Clear sky —— Clear sky 11000
< :
S 500t (a) Observed | M\)bser\md ( C) Observed |50
=~ ol l i 10
< 60t 1t y 160
e Wind vector Pl e NOy Wind vector M """""" NO)' Vind vector | P -NOy
ON 40r E rt SN e XSOZ 1T East 2 m/s , \ SO 1t l:::l 2 m/s ?\ SO, 140
175) % i
> ZOWN - B #\L“‘*’M ‘w ) ’\m i fin J-J\‘ . 120
g ! - L . ‘“"' U detent L o apeoned B b L
3 K ;».{ gA“/ » Ry sas s mdiy 4 N TaT e - % TRy E
300 : v NS
J 2000
- )
2 200 fm - - 9 11500 ©
3' e osb'- o ’!w" if— CO ke ) 1000’:;
& 1001 e 7= . r._, W e 2 A p 500 2
08:00 06:00  12:00 18:00 00:00  06: 00 12 00 18 00 00:00  06:00 12:00 18:00  00:00
23 June 30 June 9 July
. 1000F ! : — Clear sky — Clearskyq f Clear sky 11000
§ e Mbsemd ( e) Observed | (f) /w 500
E 68- [ 0
& Wind vector NOy Windveetor | & | oy Wind vector |24 | Noy o
= SO, P - ,-"'\ SO, - ,rs 03] ap
i ast 2 m’s = Fow 17T Eas l n/s X T East 2 m/s b,
8' - ,A' o ™ | Aﬂi«.. s —"\-./"" i fw-"v" \,\',(\ T ot J, _£
5\ 20 e "-NW "\. e j\‘\./., ? 1r g q ;-i‘,“,'. s w«*"’j M oo 1 ‘ 320
0F ' TR T . e fasmeeRdR
300¢ 3 0
=
:é 200¢
g 100
08:00 06:00 12:00 18:00 00:00  06:00 12:00 18:00 00:00  06:00 12:00 18:00  00:00
14 July 20 July 26 July




53

NO2+03(ppb)

1ds of O, in Beijing ar

C Bl /N B KB =O— i tr H %
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Tap Mun —— Tunag Chung .
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W/ | \ concentration
O, 1ppblyr
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Atmos. Chem. Phys. Discuss., 9, 10429—-10455, 2009 “p=A_ Atmospheric
www.atmos-chem-phys-discuss.net/9/10429/2009/ Chemistry
Ba C kg ro u n d 0 C - © Author(s) 2009. This work is distributed under 6\5 and Physics
3 the Creative Commons Attribution 3.0 License. _ ;--/ Discussions
L3 o
Increasing

This discussion paper is’has been under review for the journal Atmospheric Chemistry
and Physics (ACP). Please refer to the corresponding final paper in ACP if available.

Increasing surface ozone concentrations
in the background atmosphere of
southern China, 1994-2007

T.Wang', X. L. Wei', A. J. Ding', C. N. Poon', K. S. Lam', Y. . Li', L. Y. Chan',

——Trend: 0.55 ppbv/yr (p<0.01)

1/1994  1/1995 1/1996 1/1997 1/1998 1/1999 1/2000 1/2001 1/2002 1/2003 1/2004 1/2005 1/2006 1/2007




. u
Scenarios for GHG emissions from 2000 to 2100 in the PrOIeCted Cl'ma

absence of additional climate policies

200 7
post-SRES range (80%) / post-SRES (max)
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Year

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

Year

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



0! " . ) . " "
1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2000

Global NOx Emissions (MtN/yr)
Global nitrogen oxide emissions (MtN/yr)

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



2 Changes in China: 2090s (

Climate) ) A(Climate+Biog. E

70
A(Climate+Biog. Emis.+[CH,])
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*** Changes are not statistically significant over shaded areas ***



e Changes in China: 2090s

A\(Climate) . A(Climate+Biog.
5 _ el

80 100 110 130 140

(Climate+Biog. Emis.+[CH,])

130 140

*** Changes are not statistically significant over shaded areas ***



)ne Change: Regional versus Ur

(a) The Chicago Area (b) The City of Chicago
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AO; as a result of A (precursor emissions) and A (climate):
@ Chicago Area: Significant increases under A1Fi

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




Particulate Matter (PM) Pollutio

Sources

Indirect Radiative

Direct Radiative _
Forcing

Forcing

Nucleation
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H,SO,, HNO,, » O ®
Organic aerosol

O

Hydrocarbons,
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I Soot

Resuspension

H,SO,, MSA

Oxidation
Forest F ireS/'
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T Oxidation
Sea-salt Dimethylsulfide
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oo °
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PM Air Pollution: Sources and Sizes

ary aerosols

spring

— natural; s
coastal lands

: mostly anthropogenic; mostly small
— anthropogenic; small
— anthropogenic; typically small
— anthropogenic; small
— anthropogenic and natural; typically small; natural
sources important mainly in summertime
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The Great Smog of London, Dec 1952

Cold and stagnhant weather L
Inversion |
Burning of coal

12000+ people died
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Satellite-derived PM, . (pg/m®)

A FEFE > 100 pg/m3 X

Van Donkelaar et al., 2010, EHP
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ons of PM1 in Beijing: Sun

SO,% and Organics are the major fraction of non-refractory PM,; mass

~ [—so,
60 — | —— Organics

Mass loadings (ug m'3)
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Organics SO, NO; CI NH,

(Takegawa)



SO, Emission(Tg/year)

CO Emission(Tg/year)

OC Emission(Tg/year)
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Lin et al., 2010
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Acid Deposition

Gaseous Particulate
pollutants in pollutarts in
atrmosphere atrmosphere

SOURCES Pollutants

in cloud water
and
precipitates

c
2
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i
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Dry Depostion

Wet
Depostion

I| NEEEEXYVIVY!

Natural RECEPTORS

MO

Lol

Arthropogenic

SO, + OH + H,0 = H,50, + HO,

SO, +0; 2 ... 2> H,50, Acids are balanced
SO, +H,0, > ... > H,S0, by mineral or

ammonium ions

VOC + OH (NO;, 03, H,0,) - ... & organic acids



Acid Deposition

\‘.\

0 2000 4000 DB | . l

& {5
BTSN TSR
6)

FIKSIpHIE(IEREEKAS

Bl E54.0 (B88)




1 [ [ 7K pHAE 7 76

| X EARZ) SRR T

20114F: B8R

ez

SO

m2010% m2011%E

HF112.9%

)




o E RN 2 A

T EAE X R X AT RE S

A —rr

F HEEmEH
67. 1%

http:/Awww. sina. com. on 2006511 B02816:12 T4k

- {5%

S 5%-10% 6. 8%

[] 1o-25% 10. 4%

m o FEMILFL AR GLERERAAR) DESRSENFES D8R KEE2E
=5 . SRR REMHEEET AR, FARHREEEAREFE, A

2003 7 ERsm EE T E.

SEBIHEERASNER RS, PEEMEENRREFRILERRER. Rk
FAUTIGT R ZE, Ao, TFE EENiEmE. h2BiEEFRE,
13 F, BEREEALEWEY L. 2ERARSNEY. HEmELEERY <L,
E A BRRE R EARIFA.

IEEENE, hEEATEMAE1993EE109E AR NS E, 1999 EFE 002
HAle) 2 AR BT S R R RERESS: zoo3E e, BEmENETE. bt
IFESREMS, B REME—EAFERIReE, BR2003FEHE, FiEEHX
RimmrEhs X BT R AR N B 202 HEs0% LA L, WRERSRAENEAT
50% FICEEARERE A TEESEENRE. E& A MmsmER LR ITLEE
B L 7 BH .

SR2EFIN, EREEeTEENRER200F LETSH M AR
& EMEEEN, EiiETSPBAH B IEEs. FBRAE T mBEsm. (%)




Acidification from 2005 to 2C

Unit: metric tons/grid
B >1000
[l 500-1000
AN [ 200-500
= B 50-200
fo: ‘ 0-50

» Sulfur emissions have reduced since 2006

» NOx emissions continue to increase significantly,
offsetting the benefits of S reduction

Zhao et al., 2009
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SO,, PM,,, NOx: not solved

3 and PM, . pollution getting worse

Visibility degradation

lative capacity enhanced

1plex (Multi-pollute

Tong Zhu
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. Ozone pro Imited in

urban areas an surrounding
rural areas. To control urban ozone pollution,
should we control NOx or VOC emissions?
How can ozone and PM pollution affect each
other?




