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Basic Concepts of Chemistry

* Source, sink, production, loss, destruction

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

* Residence time (burden/loss rate)
 Lifetime (e-folding time ?)
 1Tg=10'%grams; 1Pg=10' grams =1 Gt
* 1 mole =6.022 x 10> molecules/atoms



Key Chemical Species in the Troposphere

* Main pollutants: 0O;, PM, CO, NO,, SO,, NMVOC...

* Oxygen family: O0,=0,+0 (+NO,)

* Nitrogen family: NO, =NO + NO,

* Nitrogen family: NO, = NO, + NO,=NO, + NO; + 2N,0; +
HONO + HNO; + PANs + ...

* Ammonia species: NH, = NH; + NH,

* Carbon species: CO, CH,, NMVOC

e Sulfur species: so,, SO, SO, ...

e Radicals: HO, = OH + HO,; RO, RO,, NO,, Halogen

* GHGs: H,0, CO,, O, CH,, N,O, CFCs, HCFCs, HFCs, SF,

* PM species: SO,+NO,+NH,,, POA+SOA, BC, sea salts, dusts



Lifetime (Residence Time)

£ F,,+L+D Fourr L and D:
> |s often proportional to m, thus T is an e-folding time
» Can depend on m in high orders (e.g., for CH,, CO...)

» Can vary complexly in time, so does T (e.g., for CO,)
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Figure 3-1 One-box model for an atmospheric species X

Jacob, 1999



Mass, Reservoir, and Lifetime

NormalM, T, R,S & L SmallM, small T, large S & L
(e.g., radicals)
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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+Bé&>C+D

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



Bimolecular Reactions: Increase with T

= Collision theory > Collision-like
" Transition state theory > Electronic rearrangement
= Potential energy surface » Time to re-distribute energy

Arrhenius Form:

_E/R
% ABCH k=d-e T
- — T T/ A
Collision theory: 1
E A+BC  \ 2 8kBT ?
= | reactants r 4 = T[d
£ E e
.‘._.g AH mAmB
3 =
E ; my + mpeg
A B — L —
+BC =2 AB +C —c d=1y+1p
products - Most bimolecular reactions are

Distance alﬂ']'lg Reaction Coordinate fastened by increasing 7; but

some exhibit the opposite.

Seinfeld and Pandis, 2006 ’
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Pseudo-Steady-State Approximation (PSSA)

Form: A —B+C Therefore:
d[A] _ kiska [M][A]
dt Rlb[M] + k>

|
Truth: A+M%A* +M

A" B4 C
And: . ,
Ay ATM] + ks [A"]M Ao kil
AT _ kA1) — k)] — oA e
2
A* is in PSS: e -7 If [M] is constant:
* -7 : K2,k M2 [A
AT kg AIM) — kfAIM] ~ ko[A") = 0 s
q _ ky[AlM]
A= M kg

Seinfeld and Pandis, 2006



Termolecular Reactions: Decrease with T

Lindemann—Hinshelwood theory

Form: A+B+M—-AB+ M

Truth: A+ B— AB!

AB'+ M3 AB+M

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

Where: AB' isin Pseudo-Steady-State

itk > kM ¢ [‘;B] - k‘jﬁ (A][B]M]

k, < kM]  d[AB]
dt

Seinfeld and Pandis, 2006

= ka|A][B]

Pseudo-Second-Order:

d[AB]
~= — K[A][B]
b — RD[M] Ko, Koo = Ka
ok [M] + Koo o kaks
0 k(] — kr
Troe (1983):
fo(T)M) o[mse(228)]')
k(T) = {m}p{( ) }
T k(D)

ko(T) = K3®  (T/300)™" cm®molecule s~

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

. NO +0, > NO, (R1)

+ NO,+hv> NO+0 (R2)

c 0+0,+M2>0;+M (R3)

* Thus, [NO] / [NO,] = jyo, / (k * [05])

 Here, O atom is in pseudo steady state {AF2 7S
* Without perturbation, this is a null cycle

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

> It leads to the chemical family of NOx = NO + NO,
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Basic Chemistry

*+ OH +CO > HO, + CO, (R1)
* OH+VOC- RO, > .. > HO, (R2)
* HO,+NO > NO, + OH (R3)

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

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

> It leads to the chemical family of HOx = OH + HO,



KRS 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
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hv Y  wv,HO
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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

{ CO + OH (+ 0,) - CO, + HO,

~Initiation RH + OH (+ 0,) > RO, + H,0

l voc NO + RO, (+ O,) > Carbonyl + NO, + HO,
Propagation {NO + HO, > OH + NO,
Production < NO, + hy > NO + O(3p) (a< 420 nm)

L O(3p) +0,+M > 0, + M

HO, + HO, - H,0, + 0,

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

/{03+hu - 0, +0(!D) (2<330nm)
O(!D) + H,0 - 20H
Destruction < (OH+0; - 0, +HO,
{H02+03% 20, + OH
~ NO+0;-0,+NO, 16
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Ozone Formation: Sensitivity to NOx and VOC

HOx, RO,, etc.

hv I
Ozone mixing ratio as a function of

/ \ NOx and NMVOC emissions

i Sillman et al., 1990
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Ozone Production in a CO-NOx-HOXx System

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

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

[ A R AR L E .
H 1

Poo. ! Co

= >
; 4 NO

Low-NOx limit

Prox = 2kno,+n0, [HO2)®

HO Ot —
[HO2] (2 kt0, +HO,

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

Seinfeld and Pandis, 2006

High-NOXx limit

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

Pho,
kou+No, INOy|

|OH] =

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

_ kco+ou[CO|[OH]
[HO2] = kuo,+n0[NO]
(HO,| = kco+onPuo, [CO]

kno,+Nokown+No, [NO][NO,]

p. - kco+onPro,[CO]
O kouino, [NO2]

18



CO-led Ozone Production As a Function of NOx

1 ppb
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HHL = 2 kg0, +H0, [HO2]*

NHL = koo, [OH][NO,)

7
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p = 2.5 x 10*° molecules/cm3
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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

140

 =0.88

130 [0, =58.03 +4.74[NO,]

)
& ] initial b I S S S S
S air mass , T T T T
£ o ___Emissions of NOx and VOCs _
> ™ Lagrangian OPE
] () ¢ Regression OPE = 4.74 Lagrangian OPE(r) = ALO3 (1)) o
o0 —— AINO, ()] gey;
4 6 8 10 12 14 16 18

NO, Concentration (ppb)



More Chemistry

Gaseous chemistry (important in weak hv):
* NO+0O;->NO,+0,

+ NO,+0,> NO,+0,

* NO,+NO,+M & N,O +M

* NO,; +VOC -> HNO, + carbonyl

* NO, +VOC - Organic nitrates

* 0;+VOC - ..

Heterogeneous chemistry (important in high-aerosol cases):

* N,O; + H,0(s) 2 2 HNO;

* NO, + H,0(s) = HONO (important source of HONO and OH)

* NO, + H,0(s) > NO; (important in China ?)

* NO, +S0, + H,0(s) » SO, (important in China ?, in high pH env.?)
* HO, +H,0(s) > 0.5H,0, (importantin China?)

* TMI catalyzed processes ??? (HO,, SO,; in low pH env.)



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)

0, =0, + 0 + NO, + 2NO, + 3N, O, + PANs + HNO, + HNO, (Wu et al., 2007)

Yan et al., 2016
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Tropospheric Ozone Column Detected From Space

2004/10-2010/12 mean; ~ 31 DU on average

December-January-February March-April-May

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

Cooper et al., 2014, Elementa; OMI/MLS data from Ziemke et al. 23



Tropospheric Ozone Mixing Ratio Detected From Space

2004/10-2010/12 mean; in ppbv

March-April-May

SO

Tropospheric ozone, ppbv

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



Tropospheric Ozone Mixing Ratio Detected From Space

2004/10-2010/12 data; in ppbv

Maximum TCO (ppbv) from any month

= a3 =7
-

TCO, ppbv

Cooper et al., 2014, Elementa; OMI/MLS data from Ziemke et al. 25



e
Vertical Profile of O; in the Troposphere

Comparisons with MOZIAC and HIPPO profiles
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Long-term Trends of Near-Surface Ozone

Hl_stor_lcal records Imply a Iarge anthropogemc Northern Temperate (Europe): Historical surface ozone measurements
contribution to the present-day ozone background at — :
. . Y measurements.
northern mldlatltUdes 60 : :!')n/;eRacj:lrael:“:s:sSSrSS"N,5"W45"E, Syr, day
Ozone trend from European mountain observations, 1870-1990 TOAR database: 35-55°N, 5'W-15°E, 5yr, DMAB
[Marenco et al.,1994] —~ 5
&8 : [
| OZONE (pph) - : 24%/¥ | 5 prcauMIDI (3000 m) E
4 . ™~ , (1982-84) (1990-93) —
; ‘ Ay 9 40
e — : . . . d | * Zugspitze (3000 m) g l
| : : 70 (1977-80) = *
-1‘ . . . o @ ®
K] ® Hohenpeissenberg (1000 m| < 30 F
Pr— /;f (197;-:]:(:) R R b : » [ ] ® J J !
o o f
4 16% f)'/r/ © Arosa (1860 m) c l ‘.‘ I‘. * L
s (1951-53) T 20
e d o o . o l 14 ° f
o7 & Pfander Mountain (1064 m) =
- (1940)
. Y _ 10
22 - - B B <A ont Ventoux m
/_4 _ A ggaé)v toux (1900 m)
18 Rt : : W Jungtraujoch (3500 m) 0 : ‘ ' ‘ ‘ ‘ ' ‘ ' ‘ ‘
o T : (1933)
| D Increase is important from 7 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
1 ; ! i * PIC du MIDI (3000 m) Year
. pollution and climate perspectives vYEAR |  asw1s09)
T T T

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

187@ 1890 1918 1938 1958 1978 1398 Tarasick et al.’ 2019 Elementa

27



Long-term Trends of Near-Surface Ozone

East Asia and western

Europe
T 1T T 1T T 1T T

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

North America

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
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Contrasting Tends of Os at Different Times of Day

2004-2012 trends of O, at 1000 US EPA AQS sites (Yan et al., 2018a, ACP)
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1995-2014 trends of O; at 93 EU EMEP sites (Yan et al., 2018b, ACP)
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Factoring Affecting O; Growth between 1980 and 2010

Total growth Due to emission shift
a 90°N b o90°N
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Zhang et al., 2016, Nature Geoscience
30



Atmospheric OH

» OH sources: O; photolysis, HONO photolysis, VOC ozonolysis, NO+HO,, NO+RO,...
» OH sinks: OH+CO, OH+CH,, OH+NMVOC, OH+NO,, etc.

» OH lifetime: < 1s

» HO, lifetime: 1-2 mins

Changes in CH,

Simplified CH,/OH/CO Chemistry 2008 2012 2016
1850 1 1 1 1800
oxidizes to CO OH + CH,
1400
o
CcO S
12002
I‘T
G
1000
in situ measurements (South Pole Observatory)
1984 1988 1992 1996 2000 2004 2008 2012 2016 1800
Law dome ice core record
—_— = - leo0
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Year (CE)

Turner et al., 2019, PNAS
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Tropospheric OH: The Cleanser (pacman)

Production:
* O;+hy+H,0-> 0,+20H (2 <330 nm)
e HONO+hy - OH+ NO

« 0,+VOC> .. O,
* lIsoprene + OH > OH + ... ??? gv
* NO+HO,-> OH 3 stratosphere

* NO +RO, - HO, +... > OH
*+ HO, +0, - 20, + OH

Loss: N, OH HO
+ OH+CO - HO, v, H0 ~N_ 7 °

* OH+VOC - RO, ©,
* OH+0;- 0, +HO, troposphere

* OH+NO,+M > HNO, +M

32



Budget of Tropospheric OH

Global maodel

Two-way coupled model !

Total loss (Tgyr ') 3780 3756
OH+CO 1440 (38 %) 1452 (38 %)
CIH+E'H:‘; 540 (14 %) 516 (14%)
OH + NMVOCs 840 (22 %) 852 (23 %)
OH + 03 204 (5 %) 204 (5%)
OH +HOy, 396 (10 %) 384 (10%)
OH +NOy, 72 (2 %) 60 (2 %)
OH + H,, 504, etc. 132 (9 %) 132 (8 %)

Total production (Tgyr—1) 3780 3756
Photolysis of Oy 1608 (43 %) 1584 (42 %)
Photolysis of other species 480 (12 %) 504 (14 %)
Reactions 1692 (45%) 1668 (44 %)

Air mass weighted mean concentration (10° em™ 12.4 11.9

MCF loss rate weighted mean concentration ( 10° cm_3} 12.5 12.1

Methyl chloroform lifetime (yr) : 5.3 5.5

EAE & {7 MCF: Methyl chloroform (CH,CCl,) is an excellent tracer to study changes in OH

E dG/di
OH| < kg = = —

Yan et al., 2014, ACP 33
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Global OH Concentrations Near the Surface

January July
OH Jonuary at Surfaca (2001(v5.04)) OH July at Surface (2001[v5.04))
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c° |-
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6075
120"E 12:2-“«9 auri“ﬁ 59 EE;'E 12_';:""
) [ )
0.00  0.67 1.33 2,00 1E8 cm™ 0.00 0.67 1.33  2.00 1EE crr

35



Tropospheric OH: Meridional-Vertical Cross Section

Tropospheric OH July -- MOZART?2

Tropospheric OH (January) - MOZART?2
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Modeled Change in Tropospheric OH: 1850-2000

Naik et al., 2013,

250hPa
500hPa
750hPa

Suriaca
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Obs-based Estimate of OH Temporal Variation
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[OH] (10° radicals cm?)

Mole fraction (ppt)

Obs-based Estimate of Trop. OH Interannual Variability
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Unclear Recent Trend of OH Related to CH, Growth

(@ 10 (b) 60
T —— Standard inversion
; 40 { ——— Four biases
. 5 e —— Rigby et al. (2017)
ED, % 20 - Turner et al. (2017)
> g |
<
£ 0 & o0
2 c
3 S
[)]
== o =20
5 0
"'5 :: QE)
/ T ~40 i
| O ’F
-10 -60 !
1990 1995 2000 2005 2010 2015 1990 1995 2000 2005 2010 2015

Bias in box modeling affecting MCF-based OH estimate:

1. Inter-hemispheric transport
dXNH

2. Sampling bias 5 = Ent — (kon[OHINE + s + lother) Xu
3. N/S OH ratio — kg (Xng — XsH).
4. MCF loss to stratosphere dXsy

Pk Esy — (konlOHlsH + lsirat + lother) X sH

+ kiH(XNH — XsH).

Naus et al., 2019, ACP 40



Near-Surface Air Pollution

] ] Chinese Air Quality Status
Outdoor Air Pollution ® s @ i

v' Ozone o
v PM,
v Acid deposition
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* Consequences 100% O KERHLLA @ RitTiE
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I —a—a—_—_ _ & ___-_....---..
Health Impacts of Air Pollution
Years of healthy life lost (DALYs) in 2019

SoM
Ambient particulate matter pollution

100M

150M

High fasting plasma glucose
Childhood sexual abuse and bullying

||
Drug use

High systolic blood pressure

200M

Pink risks had the
largest increases in exposure
Alcohol use
Intimate partner violence

Low physical activity

Kidney dysfunction
High temperature

|
i
[
B
|
A
|
| D
|
I 4
I 4
I 4
I 4
|
I 4
I 4
I 4
I ——
I 4
I 4
Occupational risks
High LDL cholesterol

Low temperature
Low birth weight and short gestation

Population in 2017
Dietary risks
Suboptimal breastfeeding

Unsafewater, sanitation, and handwashing

@ Male @ Female
Smoking

Child growth failure

@ Blue risks had the
Household air pollution from solid fuels

largest decreases in exposure

50M 100M 150M 200M

-4.0%
% change from 2010 @.l

+2.0%

https://www.thelancet.com/infographics-do/gbhd-2019

Population in 2100
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Health Impacts of Air Pollution

Burnett et al., 2018 PNAS

Hazard Ratio
1.4 1.6 1.8

1.2

1.0

T T

0 20 40 60

PM2.5 - ug/m?

80

Hazard Ratio

©o_ — LRI
b —— Stroke
— COPD
w0 | Lung Cancer
o IHD
o
< -
Q|
o

Di et al., 2017 NEJM

T
0 20

PM2.5 - ug/m3

T I 1

40 60 80

Concentration.*

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

Model

Two-pollutant analysis
Main analysis
Low-exposure analysis

Analysis based on data from nearest

Single-pollutant analysis:

monitoring site (nearest-monitor analysis) |

PM3s

Ozone

hazard ratio (95% Cl)

1.073 (1.071-1.075)
1.136 (1.131-1.141)
1.061 (1.059-1.063)

1.084 (1.081-1.086)

1.011 (1.010-1.012)
1.010 (1.009-1.011)
1.001 (1.000-1.002)

1.023 (1.022-1.024)
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Ozone Exposure Can Lead to Reduced Crop Yields

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 77
o Maize China 8.6 10.4 6.4
South Korea 4.7 5.6 3.5
Dose-response Functions :
. . - n
.| Maize A0T40="3"([0s], ~ 0.04), for 05 > 0.04ppm
i=1
*71  Fengetal., 2022, Nature Food . .
o- RY (relative yield) = a X AOT40 + b

0 30 40 50

AOT40 (ppm hours) 44



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
i 24-hour® - 25
SOz, pg/m3 24-hour® 20 40
CO , mg/m? 24-hour® — 4
WHO, 2021

&3k Ehttps://cese.pku.edu.cn/kycg/131451.htm
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Ambient Air Quality Standards

Ozone Canadian AQS ‘
European AQS (8-h avg.)
(8-h avg,) U.S. AQS Mexican AQS
WHO guideline (8-h avg.) (1-h avg.)

(8-h avg.) -
Chinese AQS u.s. AQs
Eurcpean AQS (1-havg) (1-h avg.)

(seasonal) I l
[ v
[ I [

0 20 40 60 80 100 120 ppb

—r —>

Preindustrial
ozone
background

Fresent-day ozone
baseline at
nerthern mid-latitudes

.S, AQS & Mexico
(annual mean)

Canada
(24-h avg.)

PM, s

WHO
(annual mean)

(annual mean)

EU

U.S. AQS
(24-h avg.)

Mexico

PSD Class | & WHO
(24-h max) (24-h avg)
| L 4 v v : l

10

of
Present-day non-soil
natural background over
CONUS
(Park et al., 2006)

20

HTAP, 2010

(24-h avg.)

50

60 ug m3

China:
75 pg m3 for 24-h avg.
35 pug m3 for 1-yr avg.
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Air Quality Index (China)

SRE SRR IR RS R0 BIRERE

x1 =5
ES e
R RITR 4]
L HUR __“/J‘ZWCB%‘L _’ﬂﬂc’i _iWC’T—L (._*A{ij?d\ S| AR s (04l s 00 ('_*A\‘.ij’ré_/JA\
iy | (300 | (800 | NOp | (Nop | FHT | cor | (o) Uit s | TET
(IAQD) 24 /NIF | TR 24 AN | TR | Toum) | 24 /NI | T /NI AT |y 2.5um)
FH/ S/ FEy/ RIS 24 B | PR =l X oo | 240
(pgm®) [(ugm®) V| (ugm® [(ugm®> Y| F#/  [(mgm®) |(mgm’®) thgt) | (/) 14/
(ug/m’) (pg/m’)
0 0 0 0 0 0 0 0 0 0
50 50 150 40 100 50 5 160 100 35
100 150 500 80 200 150 10 200 160 75
150 475 650 180 700 250 14 35 300 215 115
200 800 800 280 1200 350 24 60 400 265 150
300 1 600 2 565 2340 420 36 90 800 800 250
400 2100 2 750 3090 500 48 120 1 000 3 350
500 2 620 2 940 3 840 600 60 150 1200 3 500
20185F9 A1 HAT: SRS H1atm, 273k (SEMBR)
20185F9F1H/G: SLR7SH1atm, 298K (SiF) ; FERR (R
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Anthropogenic Emissions in China

VOC

0 1 2 3 4 5 7 9 10 20 70 Unit:Mg/km2

0 05 115 2 25 3 4 6 10 15 Unit:Mg/km2 0 005 008 01 02 03 04 06 08 1 2 Unit:Mg/km2 0 01 02 04 05 06 08 112 15 3 Unit:Mg/km2

myk, 2014
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Increases of NO, VCD Observed from Space

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

(Richter et al, 2005:
Nature, 437:129-132)
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Increases of NO, VCD Observed from Space

Ratio over Oct 2007 - Sep 2008 Mean

Ratio over Oct 2007 - Sep 2008 Mean
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Satellite+Model Derived High-res (5 km) Emissions
Reveal Biases in Bottom-up Inventories

PHLET NOx emission (kg NO, km-2 h-1)

55°N
The inversion process to derive the local net sources
POMINO POMINO - .
" L3VCDs Deriving emission and lifetime
45 ° N L2 vCDs 0.05°x0.05° from the local net source
IIII:| : _‘:‘SCM PHLET CDT Cost function NO, lifetime
?ﬂs“x;’gs“ ° 0.05°=0.05°
CM adjusted
PHLET fesi
S P o.osw?fsw SHLET A N%B;E:)lziion
35°N ] TR ) oz i 0,05°x0.05°
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o
//?“
i
25°N g
o
‘ ’ Y » Inversion model
7k P,
) (R .
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70°E 80°E 90°E 100°E 110°E 120°E 130°E 140°E >
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Kong et al., 2019, ACP; Kong et al., 2022, EST 52



Satellite
5 km

MEIC
25 km

PKU-NOx
10 km

High-Resolution NOx Emission Data
Reveal Anthropogenic Sources Missing in Inventories
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High-Resolution NOx Emission Retrieval Data

Reveal Large Inter-City Disparity in Anthro. Emis. Trends

City-level PHLET NO, Emissions in 2013* (1.0 x 10° Ton NO, a!) City-level PHLET NO, Emissions in 2019* (1.0 x 10° Ton NO, a*!)
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Chinese Emission Trends over 2013-2020 Constrained
from Near Surface Concentration Measurements
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I —a—a—_—_ _ & ___-_....---..
Impacts of COVID-19 on Chinese Emissions Constrained

from Surface Concentration Measurements
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Changes in CO over East Asia

CO mixing ratio over 2004-2012 (Yan et al., in prep)

Annual Mean (ppb) Trend (ppb yr?) % Trend (% yr1)
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Trends of VCDs of HCHO in Asia: 1997 — 2009

OMI VCD by BIRA (pe smedt et al., 2010 ACP)
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H,CO Annual Trend: 1997-2009

Multiple VCD products (Shen et al., 2019 GRL)

May-Sep temperature-corrected trends of HCHO columns, 2005-2016 HCHO trends relative to 2005
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Background O; Concentrations are Increasing
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Growing O, Pollution over Beijing

Shangdianzi, regional background
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Severe Ozone Pollution over China
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Severe Ozone Pollution over China
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Severe Ozone Pollution over China
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Severe Ozone Pollution over China
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|
China’s Ozone Pollution Trend: 2015-2019

~ 200 — 5.0
= 20154
= 180 | 445
=) B 20164 S
S 160y =ig:;: 491S1E B3TAIRIT 14
f‘;j 140 20194 1342 3.5 2
Z 120 E]
= 100 =
2 80 =
= S
— 60 o
Hap,
% 40
o 20
S

S0, NO, PM, O-8H90Per PM,,  CO95Per

75 44

PEIXSRERITEFFREREP (2020) 66



|
China’s Ozone Pollution Trend: 2015-2019
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China’s Ozone Pollution Trend: 2013-2023
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Controversy in Drivers of Ozone Trend over China

Anthropogenic drivers of 2013-2017 changes in summer MDAS8 ozone
A B C

All changes NOx and VOC emission changes PM2s changes
50N i ' 1 == ! i ' 1 = ' ' ; 4 1 i i 1 == '

40N
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20N
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20N

Li et al., 2019, PNAS 69



Controversy in Drivers of Ozone Trend over China

Including all modifications (a) Air temperature

(b) Water vapor path
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Drivers of Ozone Trend over China
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e
Rapid Ozone Growth over Tibet Plateau

Caused by Local and Nonlocal Sources
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Morphology of Particulate Matter

€ PM2s
Combustion particles, organic
compounds, metals, etc.
< 2.5um (microns) in diameter

HUMAN HAIR
50-70pum

(microns) in diameter

© PM1o
Dust, pollen, mold, etc.
<10 um (microns) in diameter

90 um (microns) in diameter
FINE BEACH SAND

image courtesy of the U.S. EPA
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PM Sources, Sinks, and Transformation

Sources Direct Radiative Indirect Radiative
Forcing

Forcing

H,SO,HNO,, | o @ ©
Organic aerosol Oe,

___Activation €

o ¢ :
Resuspension

<%
(%
%
)
2
Oxidation

Hydrocarbons,
NO,, SO,, NH,, POA

I Soot
Dust

H,SO,, MSA

T Oxidation
Dimethylsulfide ’

' ’F orest Fires

-
>
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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 um

. 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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Chemical Formation of Secondary Inorganic Aerosols

Type Reaction #. Reaction Contributions to PM> 5
ariginal CMAQ
(as-phase chemistry Rl 5024 OH 4+ H>0 + 02 — H2804+ HO» Sulfate
(All species in gas phase) R2 NO2+ OH — HN(y Nitrate
R3 MNaOs+ H3O — ZHNO; Nitrate
R4 NO3+ HO; — HNO3+ 04 Nitrate
RS NTR®+ OH — HNO4 Nitrate
R6 NO3+ VOCs? — HNO, Nitrate
Agueous-phase kinetic chem- R7 HSDI+ H20y — SD-:_+ H++H,0 Sulfate
istry
(All species in aqueous phase) RE HSD_,T+ MHP® — SD§_+ H+ Sulfate
R9 HSO; + PAAY — SO;~+ H* Sulfate
R10 5024+ 03+ H20 — SD§_+ H Y+ 0y Sulfate
RI1I HSO; + 03 — SO+ HY+ 0, Sulfate
R12 SO~ + 03 — SO;™+ 0, Sulfate
R13 50:+ H70 + 0507+ Fe(IlI}/Mn(II) — 50§_+ 2HY  Sulfate
Heterogeneous Rl4 N20g (g) + H20 (ag) — 2ZHNOy (ag) Nitrate
chemistry® R15 2NO5 (g) + H20 (ag) — HONO (aq) + HNO; (aqg) Nitrate
revised CMAQ
Newly added Rl6 H304 (g) + Aerosol — Products Affect R7
heterogeneous chemistry R17 HNO; (g) + Aerosol — 0.5NO; + 0.5NOx (g) Renoxification
RI8 HO= (g) + Fe(ll) — Fe(Ill) 4+ H202 Affect R4 and R7
R19 N20s (g) + Aerosol — INO, MNitrate
R20 NO3 (g) + Aerosol — NOy Nitrate
R21 NO3 (g) + Aerosol — NOY Nitrate
R22 03 (g) + Aerosol — Products Affect R1ID-R12
R23 OH (g) + Aerosol — Products Affect R1I-R2, R5
K24 502 (g) + Aerosol — 50?4_ Sulfate

Zheng et al., 2015, ACP 76



Growing Fraction of Secondary PM, . with Haze Severity

100%
i O trace elements
80%

Urban site_Tsinghua (1999~2010)

B crustal matter

] -,,-—- BEC
-¥]
an 00%
g P B POA
£ 40% ‘
OO NH4+
20% . B SO42-
O NO3-

0%
20~50 50~80 80~100 100~120  120~170  170~360

PM, 5 concentration range (ng m'3)

Kebin He
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Increasing Importance of Heterogeneous Processes in

Sulfate Formation at High PM Situations

Gas-phase reaction

—_—
=
A o

relative contribution
= =
- N

-t
o

=
=)

S
%
'

&, OH .‘“. condensation
f% ‘ i —_— &o. ——— - —
e sClI °. 5%-25%
SO, H,SO, sulfate
L Multi-phase reaction
M\\“

clean

ransition

polluted

Wang et al., ESTL, 2025
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Heterogeneous Process

esorption > Key processes:

— HO, uptake

— Sulfate formation

- NO,, N,O., HNO;, HONO
— Carbon ageing

— Halogen process

Back to gas phase

Accommodation

1
From gas phase ||
IDiffusion into drop )

\
\

-
\‘-—-—-’

Hanson DR et

al, 1994, JGR  |—"2%2 | > Key questions:
Gas «—» Particle <«— Particle ~ pH in ambient a?rOSOIS
Surface Bulk — Amount & chemistry of
dissolved TMI
A A .
......................................................................... ~ Roles of organics
(Effectlve) uptake coeff|C|ent v — Suitability of current theory

& model in polluted cases
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Heterogeneous Process: Roles of pH and TMI

HO, Uptake pH Dependence of TMI Sulfate Formation
: 100.00% HZOZ — 03 Ml e NOQ
GAS I PARTICLE ;\ET 3 | A | A |
| ~— B80.00% 1 0
>
I E s000% 2 B
HO, | »HO,/0,” S . 101
I S 4000% T 1 01
o : o . = -
| N oo || ¢ Limetal. (1994) M -
| 8 u Chester et al. (1997) 2 - ' c 1 OD -
0.00%
-1
I 3.5 4 4.5 5 5.5 6 6.5 7 g-) 1 O —
I pH ~— 5 /
o, 0, ] —
| —_ 20% —o—Williams et al.(1988) 20% 5 ko] 10
| o\o 1.8% —a&— Soil: Zhuang et al. (1982) 18% 4 — -3
| /_\ ~ 1.6% —o— Guisu & Thomas (1996) 16% § \'_| 10 —
Fe(I) Fe (Il Z s L S 4,
l HO./O.- = 12% —i— Aerosol: Zhuang et al. (1992) 12% E E- OTr 10 =
I z =2 -g 1.0% 0% 3 § A
| @ S %% fan 23 haka 10_5—
D 06% 6% o] o
D 04% 1 4% é 10
v — 0 2 ? OoH B oo o B Beijing haze
- % —3= 1% -7
* * @ o ¢ 10 =7 T T T 7T 71

Mao JQ et al., 2013, ACP
Lin JT et al., 2012, ACP
Taketani F. et al., 2012, ACP

2

p
Deguillaume L.

H

3]
(=]

et al., 2005, CR

Zhuang GS et al., 1992, Nature
Li W) et al., 2017, SA

4 5 6 7 8
pH

Cheng YF et al., 2016, SA
Wang GH et al., 2016, PNAS

» Mass fraction of Cu in PM over E. China is 1.6-12 times that in the US,
but the fraction of dissolved Cu depends on pH and is not clear.
> Roles of dissolved Fe (sole catalytic effect + coupled effect with Cu)?

> Roles of organics?
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NO,-catalyzed Sulfate Formation at High pH

Aqueous phase: Cloud/fog (large):
2NO;, (aq) + HSO; (aq) + H,0 (aq) — 3 H ' (aq) SO»(g) +2NO,(g) + 2H,0(aq) — 2H" (aq) + SO; ™ (aq)
-+ 2N027 (aq) + SO427 (aq)
+2HONO(g).
a Aerosol (small, easily acidified):
Sy\\ L%Z
e 2NH;(g) +50,(g) +2NO,(g) +2H,0(aq) — 2NHj (aq)
()
Photochemistry +502"(aq) + 2HONO(g).
SO, + OH > —>S0,2"
A T
Cloud chemistry $0,(0) &R pHer ™
NO:ol> -, . - . = T Gl
SO, + H,0,/0,>—> S0, A T
o *H* ~
. SO
A9) . S . pH=7 W
Haze chemistry NOy(g) .%: » =) —RH—> -
SO, + NO,~> - SO,2- NHyg) **°
C ' Clean __ Transition Polluted
Dust NH, NO, SO,

Cheng et al., 2017, Science Advance Wang et al., 2016, PNAS 81



Mn-catalyzed Formation of Sulfate on Aerosol Surface

4.0%

P ) ’ Sulfate .

0.3%

i =
/'(:_l : E Hso;/
i Mn(OH)x S Mn3* S )_/__—En_ASIHZOZ_:W Gas phase Others
1 \—/ :
o9 so; ~~ : ( S0;5
i O < SO, + 0, + Mn(OH)\" ™ — SO, + Mn*", x = 1,2
: P wH; - 2 0, » 5 , x=1,
i v x 4
B L 7 SO + Mn** + H" — Mn(OH)® ™ 4 HSO- .
 Heloogencousroacton | Aqueous reaction NH, + HSO; + SO, + H,0 — NH; + S0% .
d|SO?
[ dt4 } :kxf(H+ )3 f(T)x f(I)x [an* } x [SO,(g)|x A

Wang et al., 2021, Nature Communications
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Conquering Challenge of Online Aerosol pH Measurement

Mikinori Kuwata @ PKU: ® Fluorescein

1.0] e OG 488 *

» The only one instrument that is capable to
measure pH of suspending sub-micrometer
aerosol particles (Li and Kuwata, 2023)

» First demonstration of the limitation of 0.0
thermodynamic models for estimating pH
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Sulfate-Nitrate-Ammonium Interactions

NH,, NH,
Volatility
50,, SO, NOXN(I-)INO3,
Oxidation :
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Carbon-Nitrogen-Sulfur Interactions

NOx, NOy,
as-aerosol
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China Has World’s Most Severe PM Pollution

Van Donkelaar et al., 2010, EHP

1'5 ZIO *ﬂ
Satellite-derived PM, ; (pg/m®)
23,000,000 Chinese .. |Beilingin2013:
live in areas with > 100 pg/m3 =" 190 pg/m?

v.s. | WHO Guideline: 10 pg/m3, WHO IT1: 35 pug/m?3
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Seasonal Variation of PM, . in China
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Severe Haze in 2013
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Severe Haze in January 2013

Jan 14-15, 2013
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Contribution of Meteorology to Jan 2013 Haze
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e
PM, . Pollution Changes in China
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Drivers of PM, . Pollution Trends over China

2002-2017

Population-weighted PM, : pollution
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Interactions of Ozone and PM

Effects of ozone on PM:

v" Oxidation (O, OH, H,0,) to form secondary PM
v' Meteorology (small effects)

v’ Biogenic emissions

Effects of PM on ozone:
v Heterogeneous processes of oxidants (e.g., HO,)

Ozone suppression under high PM, . conditions

/ Ra d iat i o n (a Cti n i c fI u x) a Observations b GEQS-Chem simulations (North China Plain)

120 120

® North China Plain @ GEOS-Chem model o %
/ Yangtze River Delta OO
y Pearl River Delt oo, 990
100 - S.e:: |v;r .e a 100 - 0388 800 o0
_ ichuan Basin o 08° o
/ H H H H 2 000 (o] ¢ .0 osg Onmn O %8
|Ogenlc emISSIOnS s 8ol 0069 " ¢ ¢.° O | 8ot go %6 '® g ©
5 00 o ®
s -
) oo¢ hd ¢ §
s 60+ 60 - . . ‘
> © Baseline simulation
g No PM, ;, effects on
Photolysis
40 40 © NO, uptake
Li et al., 2019 NG O HO, uptake
O All effects
20 L L 1 1 L 20 I L L L L L L I L I I L T 1 1
0 20 40 60 80 100 0 20 40 60 80 100

Daily 24 h average PM,,  (ug m™)

y_HO, =0.2; y_NO, = 1e-5; y_NO; = 1e-3



Acid Deposition

Faseous Particulate
pollutarts in pollutarts in
atrmospheare atrmosphere
c c
= .8
= =

SOURCES = P ollutarts i

4 in cloud water &
E‘H and ‘i

WO MO - precipitates L
Wit
Hg Deposition
MOy
VOC 5oy ‘I +***+**,‘.****
“ IR RECEPTORS
Arthropagenic

Gaseous: SO, + OH + H,0 - H,SO, + HO,
Aqueous: SO, + O; - ... > H,SO,
Aqueous: SO, + H,0, - ... > H,SO,
Hetero: NO, + SO, + H,0(s) - SO,2 7
Gaseous: NO, + OH+ M - HNO; + M

Acids are balanced

by mineral or
Hetero: NO, + H,0O(s) > NO, ? ammonium ions
Hetero: N,O. + H,0(s) > 2HNO,

VOC + OH (NO,, O, H,0,) = ... - organic acids
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Acid Deposition
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Quiz

Based on the collision theory, why does the reaction rate constant
of bimolecular reactions tend to increase with T?

Can we consider NO, and ozone to be in the same chemical family
(i.e., Ox)?

Potential human influences on recent tropospheric OH trends
How would NOx emissions affect the lifetime of OH?

Impacts of NOx on ozone at different cases: troposphere,
boundary layer, urban, rural

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?

How would changes in NOx affect the formation of nitrate and
sulfate?

Why did China’s PM, ., but not ozone, pollution decline with
emission control over the past decade?

How can ozone and PM pollution affect each other?



Meridional — Seasonal Cross Section

LLM TCO (DU)

J F M A M J J A 5§ O N D
OMI/MLS TCO (DU) Zonal Means

J F M A M J J A s 0O N D
Ziemke et al., 2011
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Long-term Ozone Trends at Background Sites

O3 (ppbv)

Normalized O3 (% of 2000 intercept)
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O

<’ 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) wl . | | => Little change in OH
S g 2" | -
. obally (bufferin
ﬁm "] y( 9)

£ | Increase in OH near sources

8007 | driven by increases of

Im%,:‘ - NO, (~days)

9SS 608 60N 90N

Wang & Jacob, 1999



Meridional Distribution of Tropospheric Ozone
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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

* The ozone concentrations in the Tropics are lower than at mid-
latitudes

Fishman and Crutzen, 1978 101



Simplified CO/CH,/OH Chemistry

oxidizes to CO OH + CH,
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Anthropogenic Emissions in China: 2000-2014
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Increases of NO, VCD: West versus East China

OMI NO, Trends over 2005 - 2013

Region Average NO5 in 2005% NO> trend® NO,y emission reduction
H 15 —2 o —1 a7, 3C
CU| et al_’ 2016’ ACP 10 molecules cm (% yr )] plan of 2015 (%)

Gansu 0.9 (0.4, D 7.5+1.2 3.1

Inner Mongolia 1.1 (0.4, 1) 10.2+1.3 5.8

Northwest Ningxia 1.4 (0.4, 1D 12.34+1.7 4.9

Qinghai 1.0 (0.5, 1) 11.24+1.2 —15.3

Shaanxi 2.3 (0.5, 1D 10.5 4+ 1.0 9.9

Xinjiang 1.0 (0.5, 1) 15.1 =2.0 0

Chongqing 2.2 (0.5, 11D 7.8+ 0.9 6.9

Guangxi 1.2 (0.5, 11D 4.0+ 0.5 8.8

Southwest Guizhou 1.3 (0.5, 11D 6.9+1.0 9.8

Sichuan 1.7 (0.5, I1I) 6.1 0.7 6.9

Yunnan 0.7 (0.5, 11D 4.2 4+ 0.3 5.8

West 1.3 (0.5, 1) 8.6 4+ 0.9 5.7

Northwest 1.2 (0.5, 1D 11.3=41.0 4.5

Region Southwest 1.4 (0.5, 11 5.9+ 0.6 7.6

BTH 9.2 (0.7, TV) 5.3+ 0.8 13.9

YRD 7.2(1.2,V) 4.1 0.6 17.7

PRD 8.0 (1.2, VD —3.3+0.3 16.9

Yan et al., 2017
Annual Mean (1015 cm2) Trend (10> cm2 yr?) % Trend (% yr1)

DOMINO NO2 VCD

< 0105 2 4 6 10 14 20 2832 > < 16 -0.3 008 0.0 008 03 16 >
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Satellite+Model Derived High-res (5 km) Emissions
Reveal Biases in Bottom-up Inventories

00 15 30 45 60 75 90 105 120 135 150

10% molec. cm

The inversion process to derive the local net sources
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MEIC emissions
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built from scratch

Deriving emission and lifetime
from the local net source

NO, lifetime
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» Transport and

Kong et al., 2019, ACP

nonlinear chemistry
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NO, emission
0.05°=0.05%
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Changes in Tropospheric CO: 2000-2012

MOPITT V5T monthly average CO column for March 2005
150 120 90 60 30 0 30 60 90 120 150

. 4.0

3.0
2.6
2.4
2.2
2.0
1.8
1.6
1.4
$:2
1.0
0.8
0.6

Worden et al., 2013, ACP : -ﬁ,u TS0 U %W W10 150 0.0

CO column (10*8 molecules/cm?)

N. Hemisphere Total Column CO, 12-month running average 11 year trends with MOPITT 12-month running averages
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Trends of VCDs of HCHO in Asia: 1997 — 2009

H,CO VC [10" molec.cm?]
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Changes in O3 and PM:.s Pollution over BTH

After statistical adjustment for meteorological changes
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I —a—a—_—_ _ & ___-_....---..
China Is Facing Increasingly Severe Ozone Pollution

1-h Standard: 93 ppb

2ok

Wang et al., GRL 2006;
Zhang et al., 2007;
Xue et al., ACP, 2014;
Shi et al. AR 2015; y
Zhang et al. JGR2012 /
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7 ‘ / &
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Background O; Concentrations are Increasing

highest 3%

A spring A summer & fall & winter
12071 |1owest 5% ¥ all seasons
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Latitude (> N)

OMl-retrieved VCDs of Tropospheric SO,
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.
NO,-catalyzed Sulfate Formation

Cloud/fog (large):

NO,-catalyzed sulfate formation
SO, (g) +2NO,(g) + 2H,0(aq) — 2H* (aq) + SO;~ (aq)

on mineral dust surface:
+2HONO(g).

PM (small, easily acidified):
2NH;s(g) + SOz (g) + 2NO,(g) + 2H,0(aq) — 2NH; (aq)

SO, +2NO, + M—M — SO, +2NO

2NO+ 02 +M—2NO; +S02(aq) + 2HONO(g).
A SO
N TE 50 Y e
-—o——leg)(?;;) ° 43 pgm’” SOa) ) . B . © THA pH«7 £
-0-@ ¢ B e . e el
'?; 40]-2N50 .,.00. . NO,(9) Nl T SRR
%5 A AI-N50 P Y
E e aNi50 o® @
= 304 o . B
2 &) 24 pgm” SO,(9) « ., pH=7 :
= AAA,LA, ¢ oo = )
E 20 ® A-A""‘ - g NO,(9) .5 . > © —> B
= A"A 14 ugm” NH,(g) ®o o0 RH * NH,*
S AA ANDDDDLBNDNDDD c (0
L i D= Clean Transition Polluted
E w0 A0 B 0 6606006600004 I
= 82 ug m
a
0 g

o 1 2z 3 4 5
time (h)

He et al., 2014, SR Wang et al., 2016, PNAS 113



Annual Average PM, - In 74 cities, 2013
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Growing Fraction of Secondary PM, . with Time at Beijing

Fractions in identified PM 2.5 mass
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Trends of PM,, and AOD: 2005 - 2010

Northern East China
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Acid Deposition

S aseous Particulate
pollutarts in pollutants in
atrmosphere atrmosphere
c c
2 .0
P =

SOURCES a P ollutarts =
o in cloud water 5
E. and E‘_‘
WO D 5 E precipitates =
Wet
Hg Deposition
NO
WiOC
503 ‘l +**+*+*4*‘**
M Natural RECEPTORS
Arthropogenic

Gaseous: SO, + OH + H,0 - H,SO, + HO,
Aqueous: SO, + O; - ... > H,SO,
Aqueous: SO, + H,0, - ... > H,SO,
Hetero:  NO, + SO, + H,0(s) > SO, ? Acids are balanced
Hetero: TMI + SO, + H,O(s) - SO,2 ?
Gaseous: NO, + OH+ M - HNO; + M

by mineral or
Hetero: NO, + H,0(s) > NO; ? ammonium ions
Hetero: N,O: + H,O(s) - 2HNO,

VOC + OH (NO,, O, H,0,) - ... - organic acids 117




Acid Deposition
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Acid Rain in China

2011: 12.9% of China’s land is affected by acid rain
2015: 7.6% of China’s land is affected by acid rain
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Growth of NO, VCDs over 2005-2013: West vs. East China

Cui et al., 2016 ACP Growth Rate (%/yr) over 2005-2013
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Satellite+Model Derived High-res (25 km) Emissions
Reveal Urban Biases in Bottom-up Inventories

INTEX-B inventory OMI-based retrieval
EE= T Py i <
- Total: 5.8 TgNyr* s | Total: 7.1 TgN yr* ="
40°N “5__.;,:,,.J"‘; | ,; "ﬁ .,u._. E= 40°N "J? 5. % = :
e L
=2

Geng et al.,[2017 ACP
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Anthropogenic Emissions in China: 1990-2010
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Anthropogenic Emissions in China: 2010-2017
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Recent Reductions in NO, VCD over China
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Changes in Tropospheric CO: 2000-2016

CO column based on multiple products (Worden et al., 2013 ACP)
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MOPITT Surface CO (ppb)

Changes in CO at 700 hPa: 2004-2012
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Speciated PM Measurements in China
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Trends of Visibility and AOD over China: 1960 — 2014
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