Chapter 4

Tropospheric Chemistry and Air Pollution
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Basic Concepts of Chemistry

A Source, sink, production, loss, destruction

A Mass, loading burden, content, concentration, mixing
ratio

A Residence time (burden/loss rate)

A Lifetime (efolding time ?)

A 1Tg= 102grams; 1Pg= 10°5grams = 1 Gt
A 1 mole = 6.022 x Bdmolecules/atoms



Key Chemical Species in the Troposphere

A Main pollutants: O,, PM, CO, N© SQ, NMVOC...

A Oxygen family: O,=Q,+0O (+ NQ

A Nitrogen family: NQ,= NO NG,

A Nitrogen family.  NQ,= NQ +NQ,=NQ + NQ +2N,0; +
HONO NG, + PANst+ X

A Ammonia speciesNH = NH + NH,

A Carbon species: CQ CH, NMVOC

A Sulfur species: SQ, SQ,SQs X

A Radicals: HQ, = OH #+0,; RQRQ, NO, Halogen

A GHGs: H,0, CQ, O, CH, N,O, CFCSHCFCs, HFCsSF

A PM species: SQ+NO+NH,,, POA+SOMC, sea saltslusts



Lifetime (Residence Time)

"*TF.7L+D FwlandD:
U Is often proportional to m, thus_isan efolding time
U Can depend on min high orders (e.g., for L8 0

U Can vary complexly in time, so doeqe.g., for CQ
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Figure 3-1 One-box model for an atmospheric species X

Jacob, 1999



Mass, Reservoir, and Lifetime
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Basic Concepts of Chemistry

A Photolysis: A hAA B + C
dAJ/dt = j* [A]

r I O droSs\ $2ctiamfyiehiE* [A]
A Reaction: A+ B, C+D
d[A]/dt T 1 F '8 F . 8

lifetime of A: 1/ (k * [B])
A Equilibrium: A+ & /+D
d[AJ/dtT k. *[A] *[B] +k,*[C]*[D] =0



Bimolecular Reactions: breasewith T

A Collision theory
A Transition state theory
A Potential energy surface

—— e w— — —

B
80 | A +BC
2 | reactants .
= E
= AHy
=
y
£ f
A+BC = AB+C ‘
b AB +C
products

Distance along Reaction Coordinate

Seinfeld and Pandis, 2006

u Collisionlike
U Electronic rearrangement
U Time to redistribute energy

Arrhenius Form:
. i
Q 0 ¢Q

Collision theory:

) | l.lJT‘Q vy —
O Q ( (14 (4
a a
a a
Q 1 |
Most bimolecular reactions are

fastened by increasing T, but
some exhibit the opposite.
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PseudoeSteadyState Approximation (PSSA)

Form: A—=B+C

1
Truth: A+M%A*+M

A" =B +C
%?‘ = —ki7[A}[M] + k1[A%][M]
d[‘:] = kif[A][M] — kip[A"][M] — ky[A]
A* is in PSS: -
d[;:] = ki [A]M] = k1, [A]M] _/‘E‘Z[A*l =0
NI

Seinfeld and Pandig&006

Therefore;

da]  kykaMJA
dt Rlb[M] + k3

AN A d kylAIM)

dt ~ dtkypM] + k;

Z
Z
Z
Z
&
Z

If [M] is constant:

da*) Kk [MP[A]
dt (kM) + ko)




TermolecularReactions: Decrease with T

Lindemann—Hinshelwood theory

Form: A+B+M— AB+M

Truth: A4+B é ABT

AB'+ M3 AB+M

d[AB]  k.k[A][B][M]
dt kM| +k,

Where: AB! is in PseudéteadyState

itk > kM ¢ [‘;B] - k‘jﬁ (A][B]M]

k, < kM]  d[AB]
dt

Seinfeld and Pandis, 2006

= ka|A][B]

PseudeSecondOrder:
d[AB] _
—— = k[A]B]
o oM ke =k
ok [M] + koo o kak,
0 k{] — kr
Troe(1983):
fo(T)M] Jona(z2)])
k(T) = {m}p{( ) }
T k(T

ko(T) = K3®  (T/300)™" cm®molecule s~

koo (T) = K22°(T/300)™  cm® molecule™"' s



Basic Chemistry

A NO + QA NG, (R1)

A NO,+hAA NO +0O (R2)
AO+Q+MA O+ M (R3)

A Thus, [NO] / [NG| = jyop/ (k * [Os])

A Here, O atom is ipseudo steadystate T
A Without perturbation, this is anull cycle

U Thisis one of the most important relations regulating
concentrationsof NO,NG, and O, in the troposphere

U It leads to the chemical family dlOx=NO+ NG,
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Basic Chemistry

A OH+ C@ HO, + CQ (R1)
A OH +VOCA RO A XA HO, (R2)
A HO,+ NOA NO, + OH (R3)

A Thus,[OH] / [HOJ] = k,* [NO] / (k, * [CO] + k * [VOC])

U Thisis one of the most important relations regulating
concentrationsof OH and HQIn the troposphere

U It leads to the chemical family dlOx= OH + HO

11



Ozone
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Stratospheric and Tropospheric Ozone
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Sources of Tropospheric Ozone

SOURCES OF TROPOSPHERIC OZONE

O, +hv

STRATOSPHERE

Stratospheric ozone

Tropopause (8-18 km)

x TROPOS PHERE
Complex non-linear chemis try

- N
- Ty
Lightnink _ - - \‘ o
& Sa

hv Y  wv,HO
== Ozone (O,) =—=> Hydroxyl (OH)
Nitrogen oxides (NO,) tl;ieaPtilc‘)n:a]l;:rt; '
QO, Iiydroca ns phcre:

Fires Biosphere Human o physics
activity cean chemis try
biology




Daytime versus Nighttime Chemistry of Ozone

Daytime chemistry Nighttime chemistry

H20 e—— HN03

NO,

EPYYY LYY YY 1

Yan et al., 2018, ACP 15



Photochemistry for Tropospheric Ozone

Production<

q CO+OH (+ QT /,hHQ

~Initiation /RH+ OH(+ QM whHO
l VOC {NO+ RQ (+ Q) MCarbonyl WO, + HQ
Propagation< (NO+ HQIHOH +NG,

NGO, + h. ThNO + Ofp) ¢ <420nm)
L OCp) + Q@+ MIHO,; + M

HO,+ HQTIH JO,+ G

\Termination{ {Hoz + CHO,h /300H + Q
OH+NOb a [Ik+IMdh

Destruction

/{O3+ h. O, + O¢D) ¥ <330nm)

O(D) + HOM20H

< [OH+QIH0O, + HQ
{HOZ+QI‘b202+OH

~ NO+Qrh0o,+ NG 5




Ozone Formation: Sensitivity to NOx and VOC

HOx RQ, etc.

h3 I
Ozone mixing ratio as a function of

/ \ NOx and NMVOC emissions

i Sillmanret al., 1990
| NOxlimited

NOX,NQOy VOC, CO, GH
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Ozone Production in a GRIOxHOxSystem

Po, = kno, +no[HO,][NO]

Puo, = 2 kno,+Ho, [Hoz]z + kon+no, [OH][NO,]

HO,
P, | Co .

! S NO

' NO, ! é ‘>hv HO;,

ol AANOS

y

HNO5 O3 H,0,
Low-NOX limit

Puox€  2kno,+no, [HO:)®

{HO;]":"( Piio, )‘Hz

2 kyo, +HO,

Pro /2
Po, = kno,+No (—) [INOJ
2 kno, +Ho,

Seinfeld and Pandig&006

High-NOX limit

Pyo, = konino,[OH|[NO,]

Puo
OH| = Z
(OH] konino, INOs]

kco+ou[COJ[OH] = kno,+no[HO2][NO]

(HO] = kco+on[CO|[OH]

k10, +No [NOJ
Puo. |CO
(HO,| = kco+onPuo, [CO]
kt0,-+Nokor+No, [NO][NO,)
p. - kco+onPro,[COJ
0 =

kouino, [NO2]
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COled Ozone Production As a Function of NOx
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O, Concentration (ppb)
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Ozone Production Efficiency (OPE)

General definition (Sillman, 2000, JGR)
Number of O; molecules produced by a molecule
of NO, before it 1s lost from the NO, — O, cycle

due to oxidation and dry deposition HNO,,
VOC Oxidation PAN,
' sunlight NO, ———— NO, Organic Nitrates,
Dry Dry etc.
ldeposmon ldeposJﬂon
Regression OPE Lagrangian OPE

 =0.88

[O]=158.03 + 4.74[NO,]

o

—>
initial | - T _____ T _____ T ____T____
air mass

Emissions of NOx and VOCs

Lagrangian OPE

. ¢ Regression OPE = 4.74 A[OS(r)]prod

Lagrangian OPE(7) =

éi é 1|0 1'2 1I4 1% 18 A[I\IO\ (T)]dest

NO, Concentration (ppb)



More Chemistry

Gaseous chemistry (important iweak ):
A NO+QA NGO, +0Q

A NO,+ O;A NO,+ G

A NO,+NQ+MT N,O.+M

A NO,+ VO®\ HNGQ, + carbonyl

A NO,+ VO®\ Organic nitrates

A O;+ VO X

Heterogeneous chemistry (important in higaerosol cases):

A N,O; + HO(s)A 2HNQ,

A NG, + HO(s)A HONO (important source of HONO and OH)
A NQ, + HO(S)IHNOy (important in China ?)

A NQ,+ SQ+H,0(s)IhSQ2 (important in China?, in high pHenv.?)
A HO,+ HO(s)A 0.5H,0, (important in China ?)

A TMI catalyzed processes ??? (HSQ; in low pHenv,)

21



Budget of Tropospheric Ozone in 2009

Global model

Two-way model

Percentage difference

Tropospheric budget of ozone®

Chemical loss of O, (Tg) 4491 4537 1.0%%
Chemical production of O, (Tg) 4885 4928 0.9%
Dry deposition of O, (Tg) 909 894 —1.7%
STE of O, (Tg)P 515 503 —2.3%
Dry deposition of O3 (Tg) 882 867 —1.7%
STE of O3 (Tg)P 488 478 —2.0%

O3 burden (Tg) 384 348 —9.5%
Mean TCO (DU) 34.5 31.5 —8.7 %

O3 lifetime (days) 26.1 23.5 —9.99%

Tropospheric burdens and lifetimes of other species

NO, burden (TgN) 0.169 0.176 4.1 %
NMWOCs burden (TgC)* 10.1 10.2 1.0 %

CO burden (Tg) _ 359 398 10.8 %%

OH number concentration (10° cm_3) 1.18 1.12 —5.0%
OH-related MCF lifetime (yr)d 5.58 5.87 5.2%
OH-related methane lifetime {yr}d 9.63 10.12 5.1%

MAM JIA SON DIF

GB W  Diff. (%) GB TW Diff. (%) GB TW Diff. (%) GB TW  Diff. (%)

Chemical loss of Oy (Tg) 1087 1099 1.1% 1252 1237 -1.2% 1116 1141 22% 1036 1060 23%
Chemical production of Oy (Tg) 1197 1213 1.3% 1446 1460 1.0% 1199 1211 1.0% 1042 1045 03%
03 burden (Tg) 314 340 -91% 394 362 —8.0% 370 339 —84% 399 352 -11.7%
Lifetime against chemical loss 314 283 —98% 287 267 —06.9% 303 271 —-1035% 351 303 -13.6%

(O3 burden / O, loss)

O, = O+ O + N@Q+2NO, + 3NO, + PANs + HNG HNQ (Wu et al., 2007)

Yan et al.2016
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Tropospheric Ozone Column Detected From Spa

2004/10c2010/12 mean; ~ 31 DU on average

December-Jan

ne-July-August

o = e

15 20 25 30 35 40 45
Tropospheric column ozone, DU

Cooper et al.2014 Elementa; OMI/MLS data froiemkeet al. 23



Tropospheric Ozone Mixing Ratio Detected From Spa

2004 10c2010 12 mean; inppbv

December-.lanuary February March-April-May

Tropospheric ozone, ppbv

Cooper et al., 2014, Elementa; OMI/MLS data fiiemkeet al. 24



Tropospheric Ozon#&lixing RatioDetected From Space

2004/10c2010/12 data; inppbv

Maximum TCO (ppbv) from any month

=7

20 50
TCO, ppbv

Cooper et al.2014 Elementa; OMI/MLS data froiemkeet al. 25



Obs
Two-way
Global

Vertical Profile ofO, In the Troposphere

Height (km) Height (km)

Height (km)

Comparisons with MOZIAC and HIPPO profiles

15 @) 95 (16.3%) | (b) 108 (z1.3%) ] 1 ©) 5s(107%) | '° d 7.9 (-15.9%)
14.5 (27.9%) 16.5 (32.4%) 13.2 (23.5%) () 1.1 (2.5%)
]
10 1{ 10} 10} — 10}
5 Dallas 5 Atlanta {1 S Philadelphiaq 5} Baku g
Long: -97.03 Long: —84.43 Long: -75.25 i Long: 50.04
Lat: 32.90 Lat: 33.63 Lat: 39.87 Lat: 40.47
122 profiles L 114 profiles 170 profiles = 56 profiles
o | 0 ¢ 2 o ES o = L L
0 50 100 150 200 0 50 100 150 200 O 50 100 150 200 © 50 100 150 200
1% ' 15.6 (24.4%) 1 [ﬂ ' 18379 | " (@) ' 1.5 (2.9%) 15 (h) ' " 4.7 (3.5%)
(e) 19.4 (30.3%) 10.8 (22.2%) g 6.4 (11.9%) 12.2 (26.6%)
10 1 10} 10} 10}
5 SF Toronto 4 &t Portland 4 S5f Vancouver
Long: -79.61 Long: —122.61 Long: —123.16
Lat: 43.67 . Lat: 45,59 Lat: 49.18
42 profiles 73 profiles 72 profiles 72 profiles
oL— L o P i 1] = N . (1] il L P
0 50 100 150 200 O 50 100 150 200 © 50 100 150 200 0O 50 100 150 =200
15 15 - 15 - T
(i) 0.2 (0.6%) A 10.0 (17.6%) k) 21(43%) | 1°
10.1 (20.8%) )] 13.9 (24.3%) 8.9 (16.9%)
10 10f 10} 10
st 5t 3 5+ 1.2(2.3%)
Long: —8.57 Long: 71.47 6.5 (12.4%)
Lat: 50.04 Lat: 51.02 HIPPO 1
1376 profiles 152 profiles 0 152 profiles 282 profiles |
0 ; , 0 , : . . . 0 = . .
0 50 100 150 200 0 50 100 150 200 O 50 100 150 200 o 50 100 150 200
Ozone (ppb) Ozone (pph) Ozone (ppb) QOzone (ppb)

Yan YY. et al., ACP, 2014, 2016
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Longterm Trends of NeaiSurface Ozone

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]

| OZONE (pph) 24 % [t/

|
—~

|
1 . . . o -
|

- L

o .

) -

| 2 Increase is important from

| pollution and climate perspectives YEAR
| L I T

LA I B B B S Ry B B S S B B B L

1878 1830 1818 193@ 1958 1978 1398

PIC du MIDI (3000 m)
(1982-84) (1990-93)

Zugspitze (3000 m)
(1977-80)

Hohenpeissenberg (1000 m)
(1971-76)

Arosa (1860 m)
(1951-53)

Pfander Mountain (1064 m)
(1940)

Mont Ventoux (1900 m)
(1938)

Jungfraujoch (3500 m)
(1933)

PIC du MIDI (3000 m)
(1874-1909)

Mean ozone (nmol mol‘1)
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n
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P
>

1
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Northern Temperate (Europe): Historical surface ozone measurements

®

@ UV measurements
@® Klmeasurements

@ TOAR database: 35-55°N, 5°W-15°E, 5yr, day
TOAR database: 35-55'N, 5"W-15°E, 5yr, DMAS

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Year

Tarasicket al.,2019Elementa
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Longterm Trends of NeaiSurface Ozone

East Asia and western

Europe North America
T T T T T T T T T T T T T T T T

H < Jungfraujoch - 46 °N, 3.6 km
A Zugspitze - 47 °N, 3.0 km

Rest of World

Trends in annual average ozone
(mostly rural sites except in Asia)

Surface and lower tropospheric ozone trends beginning 1980-1989 through 2010

=T
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—_— —_— [
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I —
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["X Mace Head - 53 "N, 0.2 km ! O LS. Pacific MBL g o
| w Arkona-Zingst - 54 °N, 0.0 km | 38-48 "N, <0.2 km
C b e e e T TR
1950 1960 1970 1980 1990 2000 2010 1980 1930 2000 2010 1980 1990 2000 2010 =
Surface and lower tropospheric ozone trends beginning 1950-1979 through 2010 Surface and lower tropospheric ozone trends beginning 1990-1999 through 2010
e E
o
." -
- = -k A 7 o
N o = &
A 5 —>
/ A" =Y AN 05
> -
s &7 g’ __}-.*_L-_)
— B+ —
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> A7 _g
o, rate 0.5 ./7 7 0, rate ! 05 O —_—
of change k?o s o ofachang;a [é% < - — 5
Dva.vr 1 . . - pROVYT g g - MRSNE
Mostly rural sites except in Asia
Circle: Surface site below 1km = -
Triangle: Surface site above 1km o
Square: Ozonesonde o8

Diamond: Aircraft Cooperet al.,2014 Elementa



Contrasting Tends of £at Different Times of Day

20042012 trends of Qat 1000 US EPA AQS sites (Yan et al., 2018a, ACP)

0.5 1100
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1995-2014trends of G, at 93 EU EMEP sites (Yan et @018, ACP)
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Factoring Affecting @Growth between1980and 2010

Total growth
a 90°N b o0°N
= ,—?: | —=
60° N 60°N - e
30°N 30°N
[8} Q
3 s 0
= 0° = °©
5 5 -
30°S | 30°S i
60°S 60°S | T '
. - Sam.. ..o s T A e
180° 120°W  60°W 0° 60°E 120° E 180° 180° 120°W  60°W 0° 60°E 120° E 180°
. Longitude
¢ oo-nRUE d ooy DUE to CHlincrease
60° N E?‘_’ e 60°N F2s s
30°N [ 30°N |
w ~ @ -
3 i S i
= 0° - = 0°
5 - 5 -
30°S - 30°S |
60°5 60°s
90057.7‘.@.”..\..‘”\ ..... Lo L S 90057.7.‘@ .... Lo u R R B
180° 120°W  60°W 0° 60°E 120° E 180° 180° 120°W  60°W Q° 60°E 120° E 180°
Longitude Longitude
BT 1 7 [ [ [ .
-0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 0.04 0.06 0.08 0.10
Tons km=2

Zhanget al., 2016, Nature Geoscience
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Atmospheric OH

OH sourcedO; photolysis, HONO photolysis, VOC ozonolysis, NQ-N{I>REX
OH sinks: OH+CO, OH43BH+NMVOC, OH+)@tc.
hl ftAFTSGAYSY X ma

HG, lifetime: 1-2 mins

Simplified CH,/OH/CO Chemistry

oxidizes to CO

OH + CH,

CO

Changes in CH

2008 2012 2016
1850 1 1 1 1800
L1600
1400
o
o
12002
I‘T
O
1000
50 in situ measurements (South Pole Observatory)
1984 1988 1992 1996 2000 2004 2008 2012 2016 1800
Law dome ice core record
200 400 600 800 1000 1200 1400 1600 1800 2000

Year (CE)

Turner et al., 2019, PNAS
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Tropospheric OHThe Cleansefpacmar)

Production:

A O,+h +H,0MHO,+20H ¢ <330nm)

A HONO +_ HOH +NO

A O, +VOCHX

A Isoprene +OHMHOH +X ???
A NO+ HQ MmOH

A NO+RQIHHO, +X DO
A HO, + Q,H20, + OH

LosSsS:

A OH +COA HO,

A OH +VOCA RQ,

A OH + QIbO, + HQ

A OH+ NG+ MA HNQ,+ M
A X

stratosphere

H,0
‘(');/NOZ NO TZ 2
- OH HO,

S o
troposphere
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Budget of Tropospheric OH

Global maodel

Two-way coupled model !

Total loss (Tg :.-'T_] )

OH+CO

OH + CHj

OH + NMVOCs

OH + 03

OH +HOy,

OH + NOy,

OH + H,, 504, etc.
Total production (Tgyr—1)

Photolysis of Oy

Photolysis of other species

Reactions

Air mass weighted mean concentration (10° em™
MCF loss rate weighted mean concentration (10° cm™
Methyl chloroform lifetime (yr) :

3780

1440 (35 %)
54014 %)
840 (22 %)
204 (5%)
396 (10 %)
72 (2 %)
132(9%)
3780

1608 (43 %)
480 (12%)
1692 (45%)
12.4

12.5

5.3

3756

1452 (38 %)
516 (14%)
852 (23 %)
204 (5%)
384 (10%)
60 (2 %)
132 (8 %)
3756

1584 (42 %)
504 (14 %)
1668 (44 %)
11.9

12.1

5.5

[OH] o< kg =

8 MCF:Methyl chloroform (CECC))is an excellent tracer to study change<JHI

E  dG/dr

G

G

Yanet al., 2014, ACP
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[OH]

(105 molec cm]

—
\%]

—
—

—
o

w0

Factors Determining Tropospheric OH

y=57+011x
R?=0.72

Present ModelE
Preindustrial

Cold LGM

& High fire
v Low fire
< Fixed lightning

| | | | |
20 30 40 50 60

Jos 9 Sn/(Sc*)

Murray et al., 2014, ACP

- -
N 4o

[OH] [106 molec cm's]
o

0.8

a Model
v v
» uV GF

P o Scenario
a Ry 3T
o
L 8,00 0D st
o o
£
e0®
0.6 0.9 1.2 1.5

Ly o , [Tmol o
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Global OH Concentrations Near the Surface
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Tropospheric OH: MeridionaVertical Cross Sectior

Tropospheric OH July -- MOZART?2 Tropospheric OH (January) - MOZART?2

July OH Concemratlons %0‘ molecules cm®) January CH Concentrations (10° molecules cm”)
Zonally and Mon1 ly Averaged Zonally and Monthly Averag

I | I I\ l (/ XT\“K -\\ \‘_ I 73_7_ L / /—7 )
200 g fl. ° T\ \x‘"*\—m{ 200 —
[ \f | .-J 3 ; L o\ 1 /

4°°j /f f _ \\ o\.\ ] ?
[ \ [ o 4\ \ 1 f\ N\ .
o - I A A \ \ - a0 !
5 | VAR S } \ |
800 — C,f) .'f’ o~ | 4

[ ( u{/\ “.‘ l J rf/ . ~ \\ i

IV AN 88T ¢ e/ ”. I L

sura (mb)
Pressure {mb)
|

Pres

1000

L 1 -
90 70 50 -30 -10 10 30 50 70 90 50 70 90
Latitude {degrees) L H de {de g aas)
MOZART I 3D CTM MOZART Il 3D CTM

36



Modeled Change in Tropospheric OH: 185000

Naiket al., 2013

250hPa
500hPa
750hPa

Suriaca

== = M)
=D < | = |

o
o

y =-0.0007x + 1.795
R*=0.7254

o
o

lo
2-0.5 -

o) (10° molec cm™)
=]

L
o

ACH (2000-18
o

, ACP

ACO 3900-1850/ANOX(3000.1850) (TGCOITGN)

AOH% _ 2000-1850

(a)
SH=-7.3+7.4 Glob=-06188 NH=54+108

7.a+5.8 8.745.9 1.6:8.6: 9.1413.8

-38+83 ,-T4+81 | 11.0414.0 31 42172

1
1 1 1

80S 308 0 30N 90N

AOH% _ 2000-1880

()
SH=22432 Glob=135t22 NH=4.6+1.9

5171 - 26438

...............................

1.7£3.0 . 1.1%23 43+18, 62+22

80S 3058 0 30N 80N

37




[OH] (10° radicails cm?)

Obsbased Estimate of OH Temporal Variation
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[OH] (10° radicals cm?)

Mole fraction (ppt)

Obsbased Estimatef Trop. OH Interannual Variability
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Unclear Recent Trend of OH Related to,@tlowth
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NearSurface AinPollution

A Outdoor Air Pollution

V Ozone

V. PM, ;5

V Aciddeposition
A Consequences
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High body-mass index
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Health Impacts of Air Pollution

Burnett et al., 2018 PNAS
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Di et al., 2017 NEJM

Table 2. Risk of Death Associated with an Increase of 10 ug per Cubic Meter in PM, 5 or an Increase of 10 ppb in Ozone
Concentration.*

Model PMy s Ozone
hazard ratio (95% Cl)

Two-pollutant analysis

Main analysis 1.073 (1.071-1.075) 1.011 (1.010-1.012)
Low-exposure analysis 1.136 (1.131-1.141) 1.010 (1.009-1.011)
Analysis based on data from nearest 1.061 (1.059-1.063) 1.001 (1.000-1.002)
monitoring site (nearest-monitor analysis) |
Single-pollutant analysis: 1.084 (1.081-1.086) 1.023 (1.022-1.024)
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Relative yield

OzoneExposure Can

Lead to Reduced Crop Yiel

Maize

Fenget al.,2022 NatureFood

Crop Country Yieldloss 95% confidence
(%)
Upper Lower
boundary boundary
(%) (%)
Wheat China 32.8 36.9 28.2
Japan 15.8 19.5 12.2
South Korea 27.8 32.2 233
Rice China All 23.0 30.3 174
Inbred 12.2 15.9 9.2
Hybrid 29.8 38.6 23.0
Japan 51 81 3.2
South Korea 10.7 14.9 7.7
Maize China 8.6 10.4 6.4
South Korea 4.7 5.6 3.5
Doseresponse Functions :
g n
AOT40= ") ([0s],—0.04), for 03 > 0.04ppm
i=1
YOI Qao@@ON@ oL iym w

AOT40 (ppm hours)



WHO Air Quality Guidelines

Sy B{E R[] 2005 AQG 2021 AQG
Annual 10 5
PMzAs, ug/m3
24-hour? 25 15
Annual 20 15
PM o, ug/m’
24-hour? 50 45
Peak season® - 60
O, ng/m?
8-hour? 100 100
NOs, pg/m? Annual 40 10
, pg/m
K 24-hour* _ 25
SOz, pg/ms3 24-hour® 20 40
CO, mg/m? 24-hour® — 4
WHO, 2021

https://cese.pku.edu.cn/kycg/131451.htm
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Ambient Air Quality Standards
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Air Quality Index (China)
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Anthropogenic Emissions in China
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Increases of NOVCD Observed from Space

Tropospheric NQ
vertical columns
(2003,12~2004,11)

(Richter et al, 2005:
Nature, 437:129132)

50



