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The industrial revolution and air pollution
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“Make great efforts to build China into a

ke w g/ strong and prosperous industrialized

: country under the leadership of the Party
and chairman Mao!”
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LONDON FOG

Aerosols a.k.a.particulate matter (PM) from domestic+industrial coal combustion
“Killer fog” of December 1952 resulted in 10,000 excess deaths

Altitude
A

<1kmp--—-¢ - oo

sulfate
| » particles { organic carbon G
3. black carbon
->

Temperature Coal combustion



http://www-as.harvard.edu/chemistry/trop/news.html

Los Angeles smog
Respiratory problems, vegetation damage due to high surface ozone

A

altitude B 4 Produced by photolysis

of oxygen (O,)

stratosphere
~10km}--——- /4 .

~1Kkm

Nitrogen oxides (NO, =NO + NO,) UV fad'at’o”o one (0.)
v | Volatile organic compounds (VOCs) :A 3
PM

vehicles, industry, vegetation
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AIR POLLUTION TODAY:
Ozone and fine particulate matter (PM, ;) are the major pollutants

US population exposed to air pollutants
in excess of national ambient air quality standards (NAAQS), 2015

Ozone 108M 70 ppb (8-h average)

PM,. 31M 12 ug m=3 (annual), 35 yg m-3 (24-h)

PM,, 7
»» Million environmental deaths per year
SO, n| ! worldwide
1.7
Lead | 1M
1.1
CO n ov 06 I I
PM2.5 water supply malaria
P010 data

US EPA [2017], OECD [2012]



Ozone air quality standards in the US and in the world

0 20 40 60 80 |
—« > China AQS
Preindustrial Present-day ozone (8-h avg.)
ozone background at northern
background mid-latitudes

Europe AQS Canadian AQS
(8-h avg.) (8-h avg.)
Europe AQS U.S. AQS U.S. AQS
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Days per year exceeding 70 ppb ozone standard, 2010-2014
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4th highest MDAS8 in China,
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Questions

1. Diesel cars have a larger NO,/NO emission ratio than gasoline cars. For a
given NO, emission amount, this makes diesel cars contribute more to ozone

pollution. Why?

2. In Los Angeles in the 1980s, the proposal was seriously made that NO,
emission controls should be relaxed to fight the ozone pollution problem. Does
that make any sense?



How to control ozone pollution?
Decrease emissions of nitrogen oxides (NO, = NO + NO,)

and/or volatile organic compounds (VOCs)

NO,: efficient combustion (power plants, vehicles)
VOCs: inefficient combustion (vehicles, fires), industry, vegetation

...but complicated by non-linear dependence

Ozone production mechanism: Ozone (ppb) vs. NO, and VOC emissions
A
RH +OH—%—RO,+H,0 (1) % o
v o @Y 180
RO, + NO——RO+NO, () § @\eﬁ 160
= [ N A 140
NO, + v —2—=NO+0;  (3) = | B3 | w o
g 120 O 0 (\0 100
Z 100 ¥
Ozone production can be limited by A 52 ~C b
reaction (1) (VOC-limited regime) O | O+ 2 10
or reaction (2) (NO,-limited regime) 2

NO, emissions, 10" molecules cm™ s
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but biogenic emissions of VOCs dominate over anthropogenic
cujsoprene

I . .
H,c’c\?"’c"" oxidation HCHO

I ~1 hourf

- Other VOCs

OMI satellite observations of formaldehyde (HCHO) columns, May-Aug 2005-2014

[1015 molecules cm'z]
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US NO, emissions have decreased by 54% from 2000 to 2016

NEI Annual Athropogenic Emissions for US
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Post-2000 decline in US emissions of NO, (= NO + NO,)

as seen by OMI satellite observations of NO,

OMI NO,, summer 2005

50°N
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Russell et al. [2012]



Post-2000 decline in US emissions of NO, (= NO + NO,)

as seen by OMI satellite observations of NO,
50°N

r

il 30% decrease in NO, emissions from 2005 to 2011

Russell et al. [2012]



NO, emissions observed from space

9 10
1015 molecules cm-2


http://disc.sci.gsfc.nasa.gov/giovanni

NO, emission trends observed from space

Chinese NO, emissions

. 2005-2014
OMI N02 trend % 2005 _________ ___20'1_? _________________ 2 011
2005-2010 W it
B
-0.50 -0.30 0.30 0.50

fractional change

Verstraeten et al. [2014]



Trend in #days/year with ozone > 70 ppb,
summer 2000-2014

Trends of number of days with daily max. 8-hr O] > 70 ppb, summer Data extracted on: 2016-10-21
mvgto70 ozone, 2000-2014 all sites

L e— DO0S <p<=0.1(

R ORAY T FIGURE: 010 <p<0.34

DO NOT CITE

TOAR [2017]




Surface summer ozone in China: increasing trend

W 2 N N N N & N H W

Summer MDAS8 ozone at
rural area of Beijing:
trend= 2.67 ppbv yr-1

2004 2007 2010 2013 2016

Ke Li, Harvard



OMI tropospheric NO, column in summer

Ozone production in polluted China
is in NO,-saturated regime;

decreasing NO, causes increases in
ozone

BTH YRD
° ;"”\”\_-P :
6 - . y 5 <L.\\ o
o ' L o /\V'”.Reglonal averaged OMI NO2
. —~pomnoz b, —eomncz  LCOlUMN
—OM|_NO2 ~=OM|_NO2
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10 " 12 13 1 13 16 1 19 " 12 12 14 15 6 F] Ke L|, Harvard



Formaldehyde from space shows increase in VOC emissions

0.6
0.2

OM! HCHO coluns (M J Sep, 20052015 (b) OMI HCHO trend (May-Sep, 2005-2015)
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Lu Shen, Harvard



NO, controls are needed to meet current ozone standards ...

even if production is NO,-saturated
NO,-limited regime
° |
160 200
> 180

4 start point

VOC n emissions, 10'! atoms C em™?s”!
=
(=)
2
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o N e
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NO,, emissions, 10'! molecules cm™2 s™!

«  VOC controls will only get you so far until you are limited by biogenic background

« NO, controls are only way to get to current ozone standards and have side benefits
(NO, air quality, nitrogen deposition)



As ozone standard tightens, the nature of the problem changes

Seasonal dose in excess of 60 ppb [EPA, 2014]

60 ppb exceedances are largest in Intermountain West



Ozone in Intermountain West originates out of N America
Background = ozone present in absence of anthropogenic sources in North America

100 llllllllllldllllllllllllllllllIlllllllllllllllllllllllllllll-l Mean profileoverNE PaCifiC,

observe Pinedale, Wyomi
: , ywyoming . Apr-May 2006 (INTEX-B
-'GEOS-Chem mOdel 2.4 km altitude p pl Y Y 'yl' ™rTrTYy { Trrrrrry )

80| 12 observed .

o I 10 [GEOS-Chem_Y/ :

2 60 i_ ]
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2 20 < | ;

EOS-Chem natural o | \ 4 ]
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0 20 40 60 80 100 120
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o Domestic emissions have little influence on intermountain west
o Anthropogenic background contributes ~15 ppb with little day-to-day variability

Zhang et al. [2014]



Intercontinental transport of ozone pollution

2012 OMI NO,, column, 10> molecules cm-2
— e

Strong westerlies
transport ozone

around mid-latitudes

Ozone pollution transport (GEOS-Chem model)

North American 03 enhancements

N America _

Europe

Asia

Jarn Feb Har FfApr Hay Jun Jul Aug Sep Oct Nov Dec



Global tropospheric ozone is rising...and we don’t know why
Mean 500 hPa ozone in JJUA 2013

< , : i 2
OMI satellite data 5735 35 49 45 50 5 60 Ozone, pobv . GEOS-Chem model

- Partly natural: stratospheric influence, lightning, wildfires
Partly anthropogenic: methane, intercontinental pollution, fires, ships, aircratft...

OMI tropospheric ozone column trend, 2005-2016:
Models can reproduce present-day

levels but not long-term trends

Cause of increase is not clear.
Asian emissions? Ships?
Aircraft? Wildfires? Increasing
transport from stratosphere?

Wy e

CO tren

Hu et al. [2017], TOAR [2017]



