
Chapter 8

Economic Globalization, Trade 
and Pollution Transfer
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Atmospheric Transport of Chinese Pollution
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Yu et al., 2012, Science:
ÁE. Asian anthropogenic PM causes 

6% of N.A. DRE

Cooper et al., 2010, Nature:
ÁAir transported from Asia to W. US 

contains greatest increase of O3

Verstraetenet al., 2015, Nat. Geos.:
ÁRising Chinese emissions offset 

43% of FT O3 reduction over W. US.



LƴŎǊŜŀǎƛƴƎ wƻƭŜ ƻŦ !ǘƳƻǎǇƘŜǊƛŎ ¢ǊŀƴǎǇƻǊǘ ǘƻ .ŜƛƧƛƴƎΩǎ ta2.5
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{ƻǳǊŎŜǎ ƻŦ .ŜƛƧƛƴƎΩǎ ta2.5 ( ֪ Ї2021)

V32 4% in 2014 ( )

V34 8% in 2018 ( ҇ )

V42 16% in 2021 ( ѕ )



Globalizing Air Pollution
via Atmospheric Transport, Economic Trade and Their Synergy

Lin JT et al., PNAS 2014; Lin JT et al., Nature Geoscience 2016
Zhang Q et al., Nature 2017; Lin JT et al., Nature Comm. 2019
Wang JX et al., Science Bulletin, 2019; Lin JT et al., Nature Geoscience, 2022
Chen LL et al., Science Bulletin, 2022; Xu JW et al., ACP, 2023, Highlight Paper
Kong H et al., Nature Geoscience, 2023, Nat Res Highlight; Lin JT et al., under review
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NOx O3

PM2.5

NOx O3

http://iconbazaar.com/bars/contributed/pg04.html
http://www-as.harvard.edu/chemistry/trop/news.html
http://iconbazaar.com/bars/contributed/pg04.html
http://www-as.harvard.edu/chemistry/trop/news.html


Globalizing Air Pollution

5
Lin et al., under review



An Interdisciplinary Approach to Calculating Globalizing Air Pollution

6
Lin et al., under review



Emissions Associated with Production, Consumption & Trade
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Huo et al., 2014



Production, Final Consumption, Intermediate Consumption
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Direct

Indirect

Structure Path Analysis

Source: Da Pan
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Input-Output Analysis Based on Bilateral Trade
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Intermediate use Final demand
Export Import

Total
output

Sector 1 ΧΧΦ Sector n Sector 1 ΧΧΦSector m

Intermediate 
input

z11 ΧΧΦ z1n c11 ΧΧΦ c1m e1 m1 x1

ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ

zn1 ΧΧΦ znn Cn1 ΧΧΦ cnm en mn xn

Value added v1 ΧΧΦ vn

Total input x1 ΧΧΦ xn

ὼ ᾀ ὧ Ὡ ά

Single Region Input-Output Table

ὥ ᾀȾὼ

╧ Ἃ╧ ╒ ╔ ╜

Ἠ Ἃᶼ╧ȟ╧ȟȣȟ╧ἢ

Domestic 
output

For intermediate 
use (domestic + 

import)

For final cons.
(domestic + 

import)

Export

Import

n x n matrix



Input-Output Analysis Based on Bilateral Trade
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╧ Ἃ╧ ╒ ╔ ╜

ἓ Ἃ ╒ ἓ Ἃ ╔

Domestic output 
for domestic cons.

Domestic output 
for export

╒ ╒ ╒

╜ Ἃ ╧ ╒

Direct requirement coefficient matrix: Ἃ Ἃ Ἃ

Final demand:

Import:

Thus:

Ἃ Ἃ ╧ ╒ ╒ ╔ ╜

Ἃ╧ ╒ ╔



Emissions Embodied in Export Based on Bilateral Trade
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Lin et al., 2014, PNAS

ὉὉὉ╕ɇ╧▄Emissions embedded in export:

╟ ╕ɇ╧Total emissions:

╧Total output:

╧▄ ἓ Ἃ ╔Total output for export (based on IOA):

╕Emission intensity: where  Ὂ

ἋDomestic direct requirement 
coefficient matrix:



Emissions Embodied in Bilateral Trade

12Lin et al., 2014, PNAS

ὉὉὉ╕ɇ╧▄ ╕ɇἓ Ἃ ╔

ὉὃὍ╕ɇ╧□ ╕ɇἓ Ἃ ╜

ὉὉὍὉὃὍɇ
ϳὖὋὈὖ

ϳὖὋὈὖ

Emissions embedded in export:

Emissions avoided by import:

Emissions embedded in import:

Emissions embedded in net trade:

ὉὉὝ ὉὉὉὉὉὍ

Rough approximation



Multi -Regional Input-Output Analysis
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ÅA bigger matrix to describe supply chain

ÅAn example of global supply chain:
ïCountry: China: 1, Japan: 2, US: 3

ïSector: crude oil: 1; gasoline: 2; transportation: 3

ï◐ȟ: final demand (consumption)
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Multi -Regional Input-Output Analysis

14

Intermediate use Final demand
Total 

outputRegion 1 Region 2 Region 1 Region 2

Sector 1 ΧΧΦ Sector n Sector 1 ΧΧΦSector n

Intermedi
ate input

Region 
1

ΧΧΦ ΧΧΦ

ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ

ΧΧΦ ΧΧΦ

Region 
2

ΧΧΦ ΧΧΦ

ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦ ΧΧΦΧΧΦ

ΧΧΦ ΧΧΦ

Value 
added

ΧΧΦ ΧΧΦ

Total 
input

ΧΧΦ ΧΧΦ
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ȟ

Úȟ
ȟ

Úȟ
ȟ

Úȟ
ȟ
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ȟÚȟ

ȟ
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ȟ
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ȟ Úȟ

ȟ
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ȟ
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ȟ
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Ùȟ
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Ùȟ

Ùȟ

Ùȟ
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Ø
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ȟ ώȟ

Multi -Regional Input-Output Table (2 regions and n sectors)

!ȟ
ȟ ᾀȟ

ȟ ὼ

For a total of m regions and n sectors:



Multi -Regional Input-Output Analysis of Emissions
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●
ể
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ể
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ἓ
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╕ π π ȣ π
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π π ╕ ȣ π
ể ể ể Ệ ể
π π π ȣ ╕

╔

╔
╔
╔
ể
╔

ἐ ●

Here, ●, ◐, ╕and╔ are vectors (of sectors), and Ἃȟis a matrix



Rapid Changes in Trade and Outsourcing
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Data source: World Bank



Export, Import and Total GDP of China

17Lin et al., 2014, PNAS

Exported 
production

Imported 
production

GDP
Export 
Import



Trade Redefines Chinese and U.S. Emissions

üTrade increases Chinese emis, but decreases U.S. emis

üExport-to-world contributes 36%of Chinese SO2 emisin 2006

üSino-US-trade-related SO2 emisare 19%of U.S. emisin 2006 

Lin et al., 2014, PNAS

SO2 Emissions (Tg/ yr)
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wrt /ƘƛƴŀΩǎ ŎƻƴǎǳƳǇǘƛƻƴ

Produced in China

wrt U.S. consumption

Produced in U.S.

supplied by China



Trade Redefines Chinese and U.S. Emissions
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Lin et al., 2014, PNAS

SO2

NOx

BC

CO

Total Emis Emis/GDP   Emis/person

China v.s. US:
ҍHigher emis
ҍHigher intensity
ҍLower 

emis/person
ҍNet emisdue to 

export



Drivers ƻŦ /ƘƛƴŀΩǎ ta2.5 Emission Growth

20Guan et al., 2014, ERL

Structural 
Decomposition 
Analysis

By source By production

By consumption SDA



Atmospheric Chemical Transport Modeling

Atmospheric chemical transport models:
Sɐimulating spatiotemporal variations of trace species after 
they or their precursors are emitted into the atmosphere  

21

Eulerian Model:
Discrete lon-lat grid

‬ὅ

‬ὸ
Ὁ Ὀ ​ɇὅ╥ ​ɇὅ╥ ὖ ὒ

Emis Transport & Mixing ChemistryDep

Grid-resolved Unresolved



Export of Goods Contributes to /ƘƛƴŀΩǎ Sulfate

Lin et al., 2014, PNAS 22

҈ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ /ƘƛƴŀΩǎ ŜȄǇƻǊǘ-related pollution
to total pollution anywhere in the world in 2006



9ȄǇƻǊǘ ƻŦ DƻƻŘǎ /ƻƴǘǊƛōǳǘŜǎ ǘƻ /ƘƛƴŀΩǎ tƻƭƭǳǘƛƻƴ
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҈ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ /ƘƛƴŀΩǎ ŜȄǇƻǊǘ-related pollution
to total pollution anywhere in the world in 2006

Lin et al., 2014, PNAS



¦{! /ƻƴǎǳƳǇǘƛƻƴ !ŦŦŜŎǘǎ /ƘƛƴŀΩǎ {ǳƭŦŀǘŜ tƻƭƭǳǘƛƻƴ
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USA imports goods from China versus self-production:
(accounting for differences in emission intensity)

ü Increase sulfate over China
ü Decrease sulfate over E. USA with reduction over W. USA

Lin et al., 2014, PNAS

This is in contrast to traditional view that China reduces 
USA air quality via atmospheric transport !

% change in sulfate in 2006



¦{! /ƻƴǎǳƳǇǘƛƻƴ !ŦŦŜŎǘǎ /ƘƛƴŀΩǎ tƻƭƭǳǘƛƻƴ

25Lin et al., 2014, PNAS

% change in pollution in 2006



wŀǇƛŘ /ƘŀƴƎŜǎ ƛƴ /ƘƛƴŀΩǎ 9Ƴƛǎǎƛƻƴǎ 9ƳōŜŘŘŜŘ ƛƴ 9ȄǇƻǊǘ

Ni R.-J. dissertation



wŀǇƛŘ 5ŜŎƭƛƴŜ ƛƴ /ƘƛƴŀΩǎ 9Ƴƛǎǎƛƻƴ LƴǘŜƴǎƛǘȅ

27
Ni R.-J. dissertation



/ƘƛƴŀΩǎ Cross-Regional Pollution Embedded in Trade

28Zhao et al., ACP, 2015

Cui et al., ACP, 2016

Large Westward Transfer of 
NOx Emissions via Trade

Much stronger NO2 growth 
over Northwest, 2005-2013

POMINO ςPeking U. OMI NO2
Monthly Animation

Lin et al., ACP, 2014; Lin et al., ACP, 2015; Liu et al., AMT, 
2019; Zhang et al., NRSB, 2022
https:// www.pku-atmos-acm.org/acmProduct.php



/ƘƛƴŀΩǎ LƴǘŜǊ-regional Pollution Transport Via Trade

29Zhao et al., ACP, 2015



wŜƎƛƻƴŀƭ /ƻƴǘǊƛōǳǘƛƻƴǎ ǘƻ /ƘƛƴŀΩǎ 9ȄǇƻǊǘ ϧ 9ƳōŜŘŘŜŘ 9Ƴƛǎǎƛƻƴǎ

30

NOxὑᾄẵẘ ᴾѥᶉש ὓ֦ᴬὑᾄỨᴈַײ₦Ӕ

ᴾѥᶉשḽ֦ᴬὑᾄַגּײḽ ♅ᶉ֪֭ש

Ni R.-J. dissertation



tƻƭƭǳǘƛƻƴ ¢ǊŀƴǎŦŜǊΥ .ŜƛƧƛƴƎ ҦHebei

31
Zhao et al., Applied Energy, 2016
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PM & Associated Mortality ŦǊƻƳ /ƘƛƴŀΩǎ Export

Jiang et al., EST, 2015

Export-related PM2.5

Export-related deaths

Export-related PM2.5 (CDF)

Export-related deaths

2 X

1.3 X

Total = 157,000

US death wrt O3 = 5,000
v.s.



Inter-Provincial Disparity in Export-related Deaths
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Premature deaths

Economic gain

Jiang et al., EST, 2015

Premature deaths

Mortality intensity



Potential Policy-Driven Outsourcing Within China

34
Fang et al., Science Advances, 2019

Local reduction 
+ outsourcing

Outsourcing Local reduction 
only



Trade-driven Pollution Transport:
! /ǊƛǘƛŎŀƭ LǎǎǳŜ ƛƴ /ƘƛƴŀΩǎ Dh-WEST Movement
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Pollution in TenggeliDesert (2014/08/31)

http://baike.baidu.com/view/14786821.htm?fr=aladdin



Shifted Economic Burden of Environmental Taxation 
Via Inter-Provincial Trade Within China

36

Wang et al., 2019 
Science Bulletin

Method:
Emission inventory

+ Input-output table
+ Urban consumption
+ Official tax rates



Global Trade Leads to Complex Emission Transfer

37

Lin et al., under review

Top ten routes of emissions embedded in trade among 13 regions in 2014



Consumption & Trade Drive Emission Redistribution

38Kanemotoet al., 2014, GEC

1970                1980                  1990                  2000            2008  2011



Trade Redistributes Emissions

39Lin et al., 2016, Nature Geoscience



Trade Transfers Emissions from Rich to Poorer Regions

40Lin et al., 2016, Nature Geoscience

Consumption-based minus Production-based Emissions in 2007


