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A blanket of air surrounding Earth

/ Wind, rain, cloud, lightning, hurricane

Climate, Air quality
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Composition of the air

TABLE 10-1. Average composition of dry air (Seinfeld and

Pandis 2016).
Parts per million
Gas by volume (ppmv)
N, 781000 }
O, 209000
Ar 9340
CO,* 406
Ne 18
He 5.2
CH," 1.85
H, 0.58
N,O°¢ 0.33
CcO 0.1
O3 (troposphere) 0.01-0.10
O3 (stratosphere) 0.5-10.0
Non-methane hydrocarbons 0.005-0.02 Henry Cavendish
Halocarbons 0.001 1731-1810
Nitrogen oxides (NO,) 0.00001-0.2

*Dlugokencky and Tans (2018).
® Dlugokencky (2018).
S NOAA (2018).



Composition of the air

TABLE 10-1. Average composition of dry air (Seinfeld and
Pandis 2016).

Parts per million

Gas by volume (ppmv)

N, 781000

O, 209000

Ar 9340
—> CO,* 406

Ne 18

He 5.2
—% CH," 1.85

H, 0.58
— N,O° 0.33
— CO 0.1
—> O; (troposphere) 0.01-0.10
—* 0, (stratosphere) 0.5-10.0
—” Non-methane hydrocarbons 0.005-0.02
— Halocarbons 0.001
—” Nitrogen oxides (NO,) 0.00001-0.2

*Dlugokencky and Tans (2018).
® Dlugokencky (2018).
*NOAA (2018).

Chemically and
radiatively
Interesting trace
compositions



Understand their spatial & temporal distributions

Spatial & temporal scales of trace gases
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Problem driven

Climate change




Regional air pollution
(surface O,;, PM, ;)
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Greenhouse Gas: Methane
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Greenhouse gas — Methane (CH,)

Loss in stratosphere

Atmospheric CH,

~ 5000 Mt

~ 1800 ppbv

L

Fossil fuel

~ 500 Mt a1

production and use Agriculture and waste

- CH,

CH,

~90%

Soil absorption

Biomass
burning

O,
+ Cl =2 CH;0,+ HC

O,
+ OH =2 CH;0, + H,0

Kirschke et al., Nature Geosci. 2013

Wetlands Other natural
emissions



Potent greenhouse gas - Methane

Climate effects since industrialization
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Why it is important to study methane?

Necessary supplement to
controlling CO, to meet
climate goal

Relative low-hanging fruit
* oil/gas industry makes money
* existing legal structure

IPCC, 2018 P—

Observed monthly global
mean surface temperature

Likely range of modeled responses to stylized pathways
: each net zero in 2055 while net
g is reduced after 2020 (greyinb, c &d

tin a higher

1 iwe forcing (purplein d)
results in a lower probability of limiting warming to 1.5°C

We can reduce

of industry’s current
methane emissions

OIL AND GAS CLIMATE INITIATIVE

!

*Half can be reduced
at no net cost

International Energy Agency



Knowledge gap

1. Understanding global methane budget and its changes

GLOBAL MONTHLY MEAN CH4

Atmospheric methane
concentration in last 30
years
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1985 1990 1995 2000 2005 2010

Year

2020

1T wetland/rice emissions (!3CH,)

Schaefer et al., 2016, Science

Nisbet et al., 2016, Global Biogeochem. Cycles

1 oil/gas emissions (ethane)

Rice et al., 2016, PNAS
Hausmann et al., 2016, Atmos. Chem. Phys.

No significant trend in the U.S.
Lan et al., 2019, Geophys. Res. Lett

| fire emissions (*3CH, + CO)
Worden et al., 2017, Nature Communications
| decreasing sink by OH (CH,CCl,)

Rigby et al., 2017, PNAS
Turner et al., 2017, PNAS



Knowledge gap

1. Understanding global methane budget and its changes

Potential positive climate feedback involving CH,
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feedback
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Knowledge gap

2. Information for actions

Paris agreement

oce

OlIL AMD GAS CLIMATE INITIATIVE

National determined contributions (NDCs)

Important to have a monitoring platform to
track, validate the implementation of NDCs

Identify hotspots at facility level

Detection & monitoring system that informs
the operators where to look






Satellite-based observations: solution?

Low Earth Orbit (LEO)
Polar
Altitude - 760 km —~

Existing and planned satellite for CH4 measurements

(ii - Local focus
- Regional focus

PRISMA
TROPOMI
GHGSat
GOSAT-2

Credit: Daniel Varon, Harvard

mixing

SOIar I I'. rat|o
backscatter

Jacob et al., 2016



Monitor methane emissions from space

Spectral signals Concentration Emission Flux
Retrieval ) Inversion
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=
o
: | > ——>
ae)
© .
(8] . .
= Radiative : Chemical
o transport
transfer e —
1725 1750 1775 1800 1825 1850 mOdeI
mOdel Methane dry column mixing ratio (ppb)
Emission Methane emissions (Mg km? a’ )
inventory
. Sink from
) chemical reactions
- in the atmosphere

\ t . Sink In soils
-~ -. 1‘} H | . ; : i B & o9 v ot B - l .

Fossil fuel Biomass
production and use Agriculture and waste burning Wetlands Other natural
emissions

Turner et al., 2015; Zhang et al., 2018; Maasakkers et al., 2019; Zhang et al., in prep; Lu et al., in prep
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Hydroxyl radical (OH): most important oxidant in the air

Central role of OH In

O5-NO,-VOC photochemistry

=== Primary Source == Secondary Source ™= Sink

ROOH

RONO, hy, ovoC hv
RO,NO, /- \V CH,OOH

RO, HO,
VOC

NO, OH NO,

Chemicals and factors controlling
global OH concentration

Oj Anthropogenic
H,O

NOX Biogenic
CO

CH, Biomass
VOC

burning
|soprene

Temperature
Cloud
O4 column

Lightning

Circulation

18



Monitor hydroxyl radical concentration from space

Surface measurements

Sparse measurements & lack of source information

—— Methylchloroform (CH;CCl,)
Hydroflurocarbons

14 CO

Satellite measurements

Insensitive to global temporal changes

CO

HCHO over remote ocean

—— CH,

Prinn et al., Science, 2001
Montzka et al., Science, 2011

Liang et al., JGR, 2017

Manning et al., 2005, Nature
Murray et al., 2019, IGC9

Gaubert et al., GRL, 2017

Wolfe et al. PNAS, 2019

Zhang et al. ACP, 2018
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Monitor hydroxyl radical concentration from space

Global OH concentration can Two-band methane
be inferred from satellite observations enhance the
methane observations detectability
Methane Ability to separate AOH SWIR and TIR averaging kernels
Lifetime from Aemissions 0-
10—
b g-log 200+ \ H\
91 “Truth w ol )
I e g 5 £ 400 L
5 8 Emis +109 g -
§ ° - 0 m%ﬁ;%o % 600 P
7 7 = o ’
L 5_5'"" £00- 1’ — SWIR
N g _10- ; } = = TIR
s 3 17
5 = - -15 E&OH o 00 05 10 15 20

Averaging kernel (dimensionless)

Zhang et al., 2018



Monitor methane emissions from space

1725

Concentration

1750 1775 1800 1825
Methane dry column mixing ratio (ppb)

1850

Inversion

Chemical
transport model

Emission
inventory

Emission Flux
& chemical sink

5] 10 15
Methane emissions (Mg km? a™)
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Global methane budget analysis

Budget attribution Anthropogenic emissions
40 15

Methane growth rate
T i -10
o 204
= NOAA network: 7.3+2.6 ppbva ' D

GOSAT inversion: 8.4+2.2 ppbv a”!
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Zhang et al., in prep



Changes In anthropogenic methane emissions

- DOFS =22

. Z Z .
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Mgkm™=a'a"



Changes in anthropogenic methane emissions
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Changes in anthropogenic methane emissions

South Asia 460 Gg
(Pakistan+India)

East Africa: 190 Gg a* a’l
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Changes in anthropogenic methane emissions

emissions during 2010-2016
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What next?

Use the constraints provided by satellite observations to improve
our understanding of each budget terms

Spectral signals Concentration Emission Flux
Retrieval Inversion & chemical sink
= = Rt ‘__,..;,_-\/ 3 bl o g
=
i
g Radiative Chemical S
o transfer transport "
4
d I |7m1775 1590 |525—1850 model
modae Methane dry column mixing ratio (ppb) G — - —
Emission Methane emissions (Mg km™ a™)
inventory

. Sink from
. chemical reactions

in the atmosphere

Sink 1n soils

Fossil fuel

Biomass . L
production and use Agriculture and waste burning Wetlands Other natural .

emissions




Information for actions

* Efficiently assimilate huge amount of satellite data

* Provide information relevant to government and operators

Global/national scale

TROPOMI Nov-Dec 2017 |
b, g
1650 1700 1750 1800 1850 1900 1850
XCHy [ppb]

~1000 km

Regional/basin scale

~10 km

28



Permian basin

Permian Basin

5.5 x 10° m3 alcrude oil 150,000 oil/gas wells
3.2 x 108 m3 a! natural gas




Largest methane emitting olil/gas basin in U.S.

Comparable to 11 basins combined

11 US basin
total flux

(Table S1)

Estimates for the Permian Basin (This work)
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Zhang et al., Science Advances, 2020



Next: Actionable environmental monitoring data

Global/national scale Regional/basin scale Facility scale

N ST e A
Eﬁgggg@ig ocess large amo@g@ﬁ@'&e data
e sources of information

) 5 m pixel resolution
Plan to launch next year



Summary: greenhouse gas methane

Analysis of satellite observations of CH, are set to provide

* Valuable constraints to understand the global balance

of methane concentration

* Useful Information to inform actions to flight climate

change



Regional air pollution

Greenhouse Gas: Methane (surface O,, PM, ;)
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Alr pollution

London fog (PM2.5) Los Angeles smog (ozone)
~1970’s

“Killer fog” of December 1952 caused 10,000 deaths in 4 days

¥ i

- -

Suniight
------------- TN B T ST Nitragen oxides (NG, S NG+ N0y vadieats | anere o
Sulfur dioxide (SO,) ¢ ozone (0,)
——— particles sulftate | Organic compounds T: o
LD seo e Lol

Coal combustion vehicles, industry, vegetation



Alr pollution

Figure 1. Global ranking of risk factors by total number of deaths from all
causes for all ages and both sexes in 2016.

High blood pressure 1 | I
Smoking 2 | | I N
High fasting plasma glucose 3 [ R D
High body-mass index 4 N | I N
High total cholesterol 5 |
Ambient particulate matter 6 [N B
Alchoholuse 7 Il NI
Household air pollution 2 [N
Impaired kidney function 9 NN
Low whole grains 10 [} INNENEG@
Low fruit 11 |
High sodium 12 | |
Low nuts and seeds 13 | N
Low birth weight & short gestation 14 |
Lowomega-3 15 NN
Low vegetables 16 NG
Low physical activity 17 |

Occupational particulates 30 [l

Occupational injury 32 |

Ozone 33 Jj
0 M 4M 6M 8M oM
Deaths
Air pollution-related Other
Lower-respiratory infections/other ) Cirrhosis Transport injuries
. Cancers . Digestive diseases @ Unintentional injuries
. Cardiovascular diseases Neurological disorders @ self-harm & violence
@ chronic respiratory diseases @ Diabetes HIV/AIDS & tuberculosis
Musculoskeletal disorders Mental & substance abuse disorders

Explore the rankings further at the IHME/GBD Compare site.

Health effects institute, 2018



Regional air pollution in China

Averaged concentrations of air pollutants Annual mean PM2.5
at 74 urban sites 2013 2018
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Hong Liao, NUIST Zhai et al., Atmos. Chem. Phys. 2019

* What are effective measures that led to the reduction in pollution?
*  What should we do to further reduce PM2.5?
* Why ozone is increasing?



Measures taken since 2013

Coal-fired power 99% and 92% equipped with de-S and!de-N devices 71% meet “ultralow emission” standard
Strengthen industrial ron and steel |—82% Sleelsiering machine equipped wi oS devices __,__B0% wit gh effcency de-S devices
emission standards with high efficiency de-N devices
‘ D 0 before 2013)
66 mn'h'n industrial emission standa 000 “small and polluting” enterprises
Phase out small and (59,7.1) rds were phased out or rectified

polluting factories

44 -
Coi (3.8,4.9) ere phased out

Eliminated 70 million ton capacity

Phase out outdated '™ 28 . acity
industrial capacities 25 . 3.0) Phase out ouldated industrial capacities nated 24 million weight boxes capacity
” . @ gg 5) Promote clean fuels in the residential sector acity meet the new emission standard
Ipgrades on 0, 2.
industrial boilers 0.7 ased out 85 thousand small boilers
: ase out small and uting factories
(0.6,0.9) PR
p te cl fuels i Coal substituded by
romote clean fuels in Scity i
the residential sector © gg 9) trengthen vehicle emission standards gi;?:ne;gﬂ:::glc;
j ¥ Population-weighted PM, , concentration
0 2 4 6 8 “China 5" standard applied nationally
Strengthen vehicle (Unit: pg'm’)
emission standards Oid cars i e e L T <liminated 5 million old vehicles
2013 2014 2015 2016 2017

Q. Zhang et al., PNAS, 2019



What Is the pathway forward for PM2.5

Control ammonia emissions to Novel mechanisms for
further reduce PM2.5 secondary particle
formation
30
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NH, abatement cost (billion US$) hydroxymethanesulfonate (HMS)
Liu et al., PNAS, 2019 Song et al., Atmos. Chem. Phys., 2019
Zheng et al., Geophys. Res. Lett., 2019 Moch et al., Geophys. Res. Lett., 2019

Ma et al., Atmos. Chem. Phys., 2020



Ozone getting worse. Why?

Frequency

2013-2019 April-September surface MDAS8 ozone trend over China

P

6
4
2
0201 2013.2018" - R j e o
o1s|. 2017-2019 : : = .
3
o10f Ié- 0 2
[ 3
0.05| -
I Ozone trend
0.00 : ppb year
0 30 60 90 120

Lu et al., 2020



Ozone getting worse. Why?

a Observations
120

| @ North China Plain
Yangtze River Delta

© GEOS-Chem model

100 Pear River Delta
Sichuan Basin
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rYRD :1.6 s FYRD :0.7 4+ YRD :09
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0.2
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:0.7

Interaction with
meteorology
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4 FPRD :03
] [ SCB

:1.0

Li et al., PNAS, 2019
Li et al., Nature Geosci., 2019
Li et al., Atmos. Chem. Phys, 2020



Summary: regional air pollution

Air quality in China has improved significantly in last 5 years,
as results of strict control measures

Ozone concentrations have been increasing, likely because
interactions with other pollutants and meteorology

NH3 control has been proposed to reduce PM2.5 in next 5
years

Scientific studies help elucidate pathways to further
improvement
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Coupling: pollution and climate

High VPD (low hu mid‘ty)

High temperaturt /t<\/

0=

Zhang and Wang, 2017
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