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Global climate forcing of aerosols embodied in
international trade

Jintai Lin"™ ", Dan Tong?’, Steven Davis?, Ruijing Ni', Xiaoxiao Tan"*, Da Pan®, Hongyan Zhao?,
Zifeng Lu®, David Streets®, Tong Feng?, Qiang Zhang?*, Yingying Yan', Yongyun Hu', Jing Li', Zhu Liu’,
Xujia Jiang?, Guannan Geng?, Kebin He®®, Yi Huang** and Dabo Guan'™

International trade separates regions consuming goods and services from regions where goods and related aerosol pollution
are produced. Yet the role of trade in aerosol climate forcing attributed to different regions has never been quantified. Here,
we contrast the direct radiative forcing of aerosols related to regions’' consumption of goods and services against the forcing
due to emissions produced in each region. Aerosols assessed include black carbon, primary organic aerosol, and secondary
inorganic aerosols, including sulfate, nitrate and ammonium. We find that global aerosol radiative forcing due to emissions
produced in East Asia is much stronger than the forcing related to goods and services ultimately consumed in that region
because of its large net export of emissions-intensive goods. The opposite is true for net importers such as Western Europe
and North America: global radiative forcing related to consumption is much greater than the forcing due to emissions produced
in these regions. Overall, trade is associated with a shift of radiative forcing from net importing to net exporting regions.
Compared to greenhouse gases such as carbon dioxide, the short atmospheric lifetimes of aerosols cause large localized
differences between consumption- and production-related radiative forcing. International efforts to reduce emissions in the
exporting countries will help alleviate trade-related climate and health impacts of aerosols while lowering global emissions.

the climate system and constitute an important radiative

forcing that drives global climate change'™. Furthermore,
the spatial pattern of aerosol forcing strongly affects regional
climate®'*—for example, Indian aerosols affect the summer
monsoon precipitation®'?, and Asian aerosols affect the Pacific
storm track'®. Because aerosols stay in the atmosphere only for a
few days, their effect on radiative forcing is most powerful around
the regions where they or their precursor gases (from which these
aerosols are formed) are emitted, with the potential for additional
forcing due to aerosols transported to more distant areas by weather
systems®”>!1°. Industrial processes and fossil fuel burning lead to
emissions of aerosols and precursors as a by-product, such that
the emissions may be attributed to production of specific goods
and services. In turn, international trade has increasingly enabled
these production activities and their related aerosol emissions
to occur far from where the goods and services are ultimately
consumed. Accompanying the relocation of emissions is a change
in the amount of emissions associated with a given product,
as a result of regional differences in energy structure, energy
efficiency, and emission control levels"'*. Although the important
role of international trade in redistributing carbon and pollutant
emissions'*? and altering regional air quality'>* has been shown
previously, the effects on climate forcing due to aerosols has never

Q nthropogenic aerosols influence the radiative balance of

been assessed. Yet the potential implications for regional climate
impacts are substantial, especially since aerosols are short-lived and
exert strong spatially inhomogeneous forcing.

Here, we evaluate the role of trade in attributing top-of-the-
atmosphere direct aerosol radiative forcing (RF) as of 2007, which
is the most recent year for which all necessary data are available.
As modelled, direct RF accounts for both scattering and absorption
of solar radiation in the atmosphere, that is, through aerosol-
radiation interactions'. We quantify global direct RF related to
emissions produced in, as well as goods and services consumed in,
each of 11 world regions: East Asia (China, Mongolia, and North
Korea), Economies in Transition (Eastern Europe and Former Soviet
Union), North America (the United States and Canada), Western
Europe, Middle East and North Africa, Southeast Asia and Pacific,
Pacific OECD (Japan, South Korea, Australia, and New Zealand),
Latin America and Caribbean, South Asia, Sub-Saharan Africa, and
Rest of the World (Supplementary Fig. 1).

Deriving emissions and radiative forcing

We estimate global emissions of aerosols and precursors related to
goods and services consumed in each region (consumption-based
emissions, E.) using a multiregional input-output model based
on trade data for 129 countries/regions and 57 industry sectors®
and a newly built country- and sector-specific emission inventory
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Figure 1| Net aerosol emissions embodied in trade. £. — £, for ten regions and six aerosol-related species; the values for Rest of the World (including
Greenland and the Antarctic) are negligible and omitted here. For a given region, the percentage value indicates the relative change from £, to Ec, and the

value in the parenthesis is the associated error (20).

of emissions produced within each region (production-based
emissions, E,) (Supplementary Methods 1 and 2). Emitted species
include nitrogen oxides (NO,), sulfur dioxide (SO,), ammonia
(NHj;), carbon monoxide (CO), black carbon (BC), and primary
organicaerosol (POA). Although it is not an aerosol precursor, CO is
included due to its influence on the atmospheric oxidative capacity
that affects the formation of secondary aerosols.

We then calculate production-based direct radiative forcing
(RF,) and consumption-based direct radiative forcing (RF.) for
each of the 11 regions (Supplementary Methods 3-5). We use the
chemical transport model GEOS-Chem to simulate the atmospheric
evolution of emitted BC and POA and secondary inorganic aerosols
(SIOA, including sulfate, nitrate and ammonium) that are formed
in the atmosphere from the emitted NO,, SO, and NH; gases.
Subsequently, we employ the radiative transfer model RRTMG to
calculate the RF of BC, POA and SIOA. Cumulative global RF from
included aerosols is about 0.32Wm™ for BC, —0.10 Wm™? for
POA, and —0.48 Wm™ for SIOA, which are consistent with the
mean values reported in the Intergovernmental Panel on Climate
Change (IPCC) Fifth Assessment Report (AR5)" (0.40, —0.09 and
—0.51 Wm™ for aerosol-radiation interactions for BC, POA and
SIOA, respectively)'. In magnitude, the RF of SIOA and BC is
18-26% of the RF of carbon dioxide (CO,, 1.82Wm™), and
is comparable to the RF of methane (0.48 Wm™) and ozone
(0.35 W m™?). Hereafter, we sum the negative RF of SIOA and POA.

Roles of trade in redistributing emissions and direct RF

Figure 1 shows regional differences in consumption- and
production-based aerosol emissions (that is, E. — E,), or the
net emissions embodied in trade (emissions embodied in imports
less emissions embodied in exports), for six aerosol and precursor
species. Globally, 20% of NO, emissions, 13% of CO, 26% of
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SO,, 16% of NH;, 11% of BC and 6% of POA in 2007 are related
to production of goods and services that are consumed in a
different region. Net exports are consistently largest for East Asia,
representing about 20% of NO,, SO, and NH; (5,138, 7,437 and
1,765 Gg, respectively), 10% of BC (155 Gg), and 5% of POA
(357 Gg) produced in the region, broadly consistent with previous
estimates'>*'. Except for POA, these percentage differences exceed
their associated uncertainties. For comparison, the emissions
exported on net from East Asia represent 47%, 121%, 46%,
46% and 35% of the NO,, SO,, NH;, BC and POA produced in
Western Europe, respectively. Net imports to Western Europe
and North America embody the largest quantities of emissions,
with consumption-based emissions, E., that exceed those regions’
production-based emissions, E,, by 39-120% in Western Europe
and by 11-53% in North America (depending on the species).
Overall, E, of the developed (developing) counties are larger (lower)
than their E,,, in line with previous emission studies'>****.
Attributing emissions to the region where products are ultimately
consumed means considerable re-attribution of RF at the regional
scale. Supplementary Figs 4 and 5 show the horizontal distributions
of RF,, RF. and their differences for SIOA+POA and BC,
respectively. The RF, maps highlight the effect of atmospheric
transport in transferring aerosols from the regions of emissions to
downwind places, for example, from East Asia to most regions in
the Northern Hemisphere. The RF, maps emphasize attribution of
aerosol forcing related to regions’ consumption by accounting for
trade, for example, from most regions to East Asia. Overall, trade-
related relocation of production means that consumption in any
region leads to aerosol forcing all over the world, to an extent much
beyond the effect of atmospheric transport alone. Supplementary
Fig. 6 further shows that although the positive forcing of BC largely
compensates for the negative forcing of SIOA+POA on a global
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Figure 2 | Global differences between consumption- and production-based radiative forcing (RF. — RF;,). The three columns refer to RF contributed by

East Asia, North America and Western Europe, respectively.

mean basis, regionally the locations of BC forcing do not always
correlate to the locations of SIOA4POA forcing, leading to a clear
spatial pattern of positive and negative forcing that affects the
regional climate.

Figure 2 highlights the spatial distribution of the difference
between RF. and RF, contributed by East Asia (first column),
North America (second column) and Western Europe (third
column). Given the cooling effect of SIOA+POA, red colours in
panels of the first row indicate areas where consumption-based
forcing is less negative than production-based forcing. For BC
(second row) whose radiative forcing is positive, similar patterns
are visible but with an opposite sign. For each panel, the global
mean value is smaller than the standard deviation by a factor of
4-13, highlighting the drastic spatial inhomogeneity of the radiative
forcing embodied in trade.

For East Asia (Fig. 2, first column), the magnitude of RF,
is larger than RF, over the Southern Hemisphere, the Middle
East and India, with stronger negative forcing of SIOA+POA
(by up to —0.07Wm™?) and stronger positive forcing of BC
(by up to 0.04 Wm™?). This means that aerosol forcing due to
emissions released in these regions associated with consumption in
East Asia is stronger than the effect of atmospherically transported
aerosols due to emissions released in East Asia. Over most of
the Northern Hemisphere, the RF. contributed by East Asia is
weaker in magnitude than its RF,. This is because the production-
related aerosol concentrations greatly exceed concentrations of
consumption-related aerosols over East Asia, and the atmospheric
transport of excess production-related aerosols more than offsets the
effect of trade-associated emission relocation.

For North America (Fig. 2, second column), the magnitude
of RE. exceeds its RF, across most of the world. The difference
is greatest over eastern China, with a peak value of —1.0Wm™
for SIOA4+POA and 04Wm™ for BC. The negative values
for SIOA+POA over western North America suggest that both
eastern and western North America outsources production to
East Asia, and the consequently enhanced atmospheric transport
of East Asian aerosols more than offsets the effect of outsourcing-
caused reduction in western North American emissions”. This
represents net transfer of aerosol RF from eastern to western
North America. For Western Europe (Fig. 2, third column), the
magnitude of RF, is stronger than its RF, over most of the globe, with
the largest differences over eastern China and the Middle East (by
up to —0.7 W m~? for SIOA4POA and 0.4 W m™ for BC). Overall,
we find that the combination of trade and atmospheric transport
means effective globalization of aerosol RF associated with a given
region’s consumption.
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Figure 3a,b summarizes the global average RF. and RF,
contributed by individual regions. The magnitude of both RF. and
RF, contributed by East Asia is the largest, followed by South
Asia and Sub-Saharan Africa. Exports of these regions produce
stronger aerosol forcing than their imports, and thus their RF,
are weaker in magnitude than RF,, although the RF differences
are often within the associated uncertainties for South Asia and
Sub-Saharan Africa. In particular, the RF, contributed by East Asia
is —0.14 Wm™? for SIOA+POA and 0.077 Wm™ for BC, weaker
than its RF, at —0.17 and 0.085 W m 2, respectively. The RF. versus
REF, differences, —0.03 W m~ for SIOA+POA and 0.008 W m~ for
BC, are comparable to the absolute magnitude of RF, contributed by
Western Europe (for SIOA+POA) and North America (within 25%
for both SIOA+POA and BC).

Figure 3a,b also shows that Western Europe, North America
and Pacific OECD are net importers of goods, thus the radiative
forcing related to their consumption, RF,, is stronger than the
forcing related to their produced emissions, RF,, by 51-105% for
SIOA+POA and by 69-94% for BC. A similar result is shown
in Supplementary Fig. 7 for the net forcing of SIOA+POA+BC,
although the cooling effect of SIOA+POA is largely offset by the
warming effect of BC on a global mean basis.

For RF contributed by any given region, Fig. 3c,d depicts the
percentage of forcing imposed upon the regions own territory;
a metric to evaluate how much trade and atmospheric transport
redistribute the aerosol RE. The territorial (domestic) percentage
for RF, ranges from 12% to 52% across all regions and species. In
other words, for RF, contributed by almost any given region, the
forcing imposed outside the region’s territory due to atmospheric
transport is stronger than the forcing imposed upon its territory.
This is because a large fraction of aerosols are transported away
from the region’s territory (Supplementary Fig. 8), and BC exerts
enhanced RF per unit of mass when transported to higher altitudes®.
For any given region and species, the territorial percentage for
RF. is always smaller than the percentage for RF,. For Western
Europe, the percentage for RF. is 14% for SIOA+POA and 12%
for BC, smaller than that for RF, (30% and 22%, respectively) by
a factor of two. For the Pacific OECD region, the percentage for
RF. is 8% for SIOA+POA and 9% for BC, smaller than that for
RE, (20% and 21%, respectively) by a factor of 2.5. These results
suggest enhanced spatial spreading of consumption-associated
aerosol RF via trade, in addition to the dispersion of emissions via
atmospheric transport.

Our results show that a large portion of aerosol RF of East Asia
is tied to consumption in the developed countries. This has an
important effect on per capita RFE. In particular, although aerosol
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Figure 3 | Global production- and consumption-based radiative forcing of SIOA+POA and BC for all regions except Rest of the World. a,b, RF, (upper
bar) and RF. (lower bar) contributed by individual regions, summed from the RF imposed above (grey) and outside (blue in a and red in b) their territories.
For a given region, the percentage value indicates the relative change from RF;, to RF, and the value in the parenthesis is the associated error (20).

c,d, Similar to a,b, but highlighting the percentages of RF imposed above (grey) and outside (blue in ¢ and red in d) the territory of a given region.

RF, per person in East Asia is larger than RF, per person in
North America and Western Europe (by 6-94% for SIOA+POA and
97-110% for BC, respectively), the sign of difference can be reversed
when evaluated on the basis of consumption (for example, RF, per
capita of East Asia’s SIOA+POA is weaker than North America by
43% and Western Europe by 23%) (Supplementary Fig. 9).

Trade-associated indirect RF and health impacts

In addition to their direct RF quantified here, aerosols can affect
cloud and precipitation processes and lead to indirect forcing on the
regional and global climate"®". This indirect effect, although much
harder to quantify due to current limitations in the understanding
and modelling of the hydrological cycle', is also influenced by
the proportion of a given region’s consumption supplied via trade.
Moreover, aerosols are harmful pollution to human health, causing
more than three million premature deaths globally, including more
than one million mortality in China, in 2010*. And trade is
associated with a large quantity of deaths in regions supplying
foreign consumption®?. For example, aerosol pollution associated
with China’s export causes an estimated 157,000 Chinese deaths
in 2007%°, more than the deaths in the United States and the
United Kingdom together from all ambient aerosol and ozone
pollution in 2010%. Thus, trade plays a critical role in connecting
global production and consumption and associated pollutant
emissions, health impacts and climate forcing.
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Implications for global emission control

The large aerosol direct RF contributed by East Asia and South Asia
reflects these regions’ fast growing economies, urbanization, coal-
dominated energy sources, and relatively inefficient energy tech-
nologies and emission controls'*””. Over the past decade, China—
the largest emitter of aerosols and precursors in East Asia and the
world—has made considerable progress in reducing its production-
based emissions (E,)—for example, SO, emissions from coal-fired
power plants were halved from 2005 to 2010%. Furthermore, China’s
CO, emission mitigation plan (that is, Intended Nationally Deter-
mined Contribution®) will have substantial co-benefits for reduc-
ing aerosol emissions by improving energy efficiency and boosting
contribution from renewable energy sources. India has made similar
pledges®. Together these efforts will help to offset the effects of
economic growth and increasing consumption on RF and human
health, but the effects of trade highlighted by our analysis may
partially counteract this progress if the long-term trend of offshoring
production from Western Europe and North America to Asia™
persists. Thus, trade, environmental, and public health policies may
be improved by explicitly considering the substantial geographical
transfer of aerosol emissions and impacts related to international
trade'****, Despite stringent policies in the developed countries,
global emissions of many aerosol pollutants have increased in recent
years, implying that efforts may need to be extended to consider
emissions embodied in trade®. To the extent these efforts seek to
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reduce the radiative forcing and health impacts of aerosols, miti-
gation of emissions in the developing countries promises to be far
less expensive than the incremental improvements in the relatively
much-cleaner energy systems of the most-developed regions. For
example, extension and revision of funding and technology transfer
programmes such as the Clean Development Mechanism developed
under the Kyoto Protocol to include aerosol pollution might effec-
tively reduce aerosol climate forcing and also help to improve air
quality. Policymakers in the developing countries might also con-
sider the extent to which the costs of more stringent environmental
regulations could be passed along to consumers in other regions.
Our findings thus suggest the possibility of analyses that compare
the regional impacts of aerosols to the economic benefits of trade
and the costs of improving production technologies. Such analyses
may serve as a scientific basis for political instruments addressing
the trade-related environmental issues.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Five steps are taken to derive RF, and RE, of aerosols. The first step develops an
inventory of anthropogenic emissions of SO,, NO,, CO, BC, POA and NH;
produced in individual countries worldwide—that is, a country-based E,
inventory. The inventory is built because existing global inventories (for example,
EDGAR and HTAP) do not specify for all species considered here the detailed
sectoral information necessary for tracing emissions through the global supply
chain. The second step derives the global emissions related to goods and services
ultimately consumed by individual countries—that is, a country-based E,
inventory—by tracing goods and services through the global supply chain. The
third step projects the country-based E, and E. inventories on a longitude-latitude
grid to facilitate the subsequent atmospheric modelling. The fourth step employs a
chemical transport model (CTM) to calculate the atmospheric evolution and
transport of emitted species and secondary products they form, including SIOA.
The gridded emissions are used to drive model simulations. The final step uses a

NATURE GEOSCIENCE | www.nature.com/naturegeoscience
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radiative transfer model (RTM) to calculate the radiative forcing of aerosols,
simulated by the CTM, related to production- or consumption-based emissions.
The last two steps involve a series of CTM and RTM calculations to separate the
RF of individual aerosols related to production or consumption of each of

11 aggregated regions. The 11 regions are chosen because of their geographic
characteristics and economic and emission status (Supplementary Fig. 1).
Detailed descriptions of these steps and related uncertainties are given in
Supplementary Information.

Code availability. The code that supports the findings of this study is available
from the corresponding authors upon request.

Data availability. The data that support the findings of this study are available
from the corresponding authors upon request. The GTAP8 MRIOT is available at
https://www.gtap.agecon.purdue.edu/databases/v8/default.asp.
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