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Abstract. This study, performed under the umbrella of the Task Force on Hemispheric Transport of Air Pollution
(TF-HTAP), responds to the need of the global and regional atmospheric modelling community of having a mosaic
emission inventory of air pollutants that conforms to specific requirements: global coverage, long time series,
spatially distributed emissions with high time resolution, and a high sectoral resolution. The mosaic approach of
integrating official regional emission inventories based on locally reported data, with a global inventory based on
a globally consistent methodology, allows modellers to perform simulations of a high scientific quality while also
ensuring that the results remain relevant to policymakers.
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HTAP_v3, an ad-hoc global mosaic of anthropogenic inventories, has been developed by integrating official
inventories over specific areas (North America, Europe, Asia including Japan and Korea) with the independent
Emissions Database for Global Atmospheric Research (EDGAR) inventory for the remaining world regions. The
results are spatially and temporally distributed emissions of SO,, NOx, CO, NMVOC, NH3, PM,y, PM> 5, Black
Carbon (BC), and Organic Carbon (OC), with a spatial resolution of 0.1 x 0.1 degree and time intervals of months
and years covering the period 2000-2018 (DOI 10.5281/zenodo.7516361,
https://edgar.jrc.ec.europa.cu/dataset_htap v3). The emissions are further disaggregated to 16 anthropogenic
emitting sectors. This paper describes the methodology applied to develop such an emission mosaic, reports on
source allocation, differences among existing inventories, and best practices for the mosaic compilation. One of
the key strengths of the HTAP_v3 emission mosaic is its temporal coverage, enabling the analysis of emission
trends over the past two decades. The development of a global emission mosaic over such long time series
represents a unique product for global air quality modelling and for better-informed policy making, reflecting the
community effort expended by the TF-HTAP to disentangle the complexity of transboundary transport of air
pollution.

1 Introduction

Common international efforts have procured an agreement to reduce global air pollutant emissions. For this
purpose, the United Nations Economic Commission for Europe (UNECE) Convention on Long Range
Transboundary Air Pollution (CLRTAP) and the Task Force on Hemispheric Transport of Air Pollution (TF-
HTAP) have been instrumental in developing the understanding of intercontinental transport of air pollution and
thus contributing to the reduction of key pollutants in Europe and North America.

The success of CLRTAP is based on meeting strict reduction targets for pollutant releases. Therefore, evaluating
the resulting implications of these reductions requires an ongoing improvement of global emission inventories in
terms of emission updating and of methodological refinements. These aspects are instrumental to gain
understanding of transboundary air pollution processes and drivers and to measure the effectiveness of emissions
reduction and air quality mitigation policies. New guidance is available to achieve further emission reductions
across all emitting sectors. For example, the 2019 establishment of the Task Force for International Cooperation
on Air Pollution, which is intended to promote international collaboration for preventing and reducing air pollution
and improving air quality globally (UNECE, 2021). As part of the ongoing effort by CLRTAP to reduce emissions
and to set out more effective and accountable mitigation measures, the 2005 Gothenburg Protocol (UNECE, 2012)
has been revised, including the review of the obligations in relation to emission reductions and mitigation
measures (e.g., black carbon and ammonia) and the review of the progress towards achieving the environmental
and health objectives of the Protocol.

The Task Force on Hemispheric Transport of Air Pollution (TF-HTAP) of the Convention has a mandate to
promote the scientific understanding of the intercontinental transport of air pollution to and from the UNECE area
(https://unece.org/geographical-scope), to quantify its impacts on human health, vegetation and climate, and to
identify emission mitigation options that will shape future global policies.

This paper describes and discusses a consistent global emission inventory of air pollutants emitted by
anthropogenic activities. This important databaseteel has been developed to assess the contribution of
anthropogenic air pollution emission sources within and outside the UNECE-area through atmospheric modelling.
This inventory has been compiled based on officially reported emissions, and an independent global inventory
where officially reported emissions are not used. This harmonised emissions “mosaic” dataset, hereafter referred
to as the HTAP_v3, contains annual and monthly:

- emission time series (from 2000 to 2018) of SO, NOx_(expressed as NOp mass unit), CO, NMVOC,

NHs, PMio, PM3 5, BC, OC by emitting sector and country, and
- spatially distributed emissions on a global grid with spatial spacing of 0.1x0.1 degree.

the officially available information on air pollution as input for atmospheric modellers and policy evaluations.
The creation of a global emission mosaic requires the harmonisation of several data sources, detailed analysis of
contributing sectors for the different input inventories, development of data quality control procedures, and a
robust and consistent gap-filling methodology when lacking information. The development of HTAP_v3 builds
upon the previous experience of the HTAPv1 (Janssens-Maenhout et al., 2012) and HTAPv2.2 (Janssens-
Maenhout et al., 2015) global inventories. HTAP v3, as requested by the TF-HTAP modelling community,
provides a more refined sectoral disaggregation compared to the previous HTAP emission mosaics. It also
includes tools (https://edgar.jrc.ec.europa.cu/htap tool/) that allows the extraction of emission data over selected
domains (detailed later in section 4).
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This paper describes the development the HTAP_v3 database as a global anthropogenic air pollutant emissions
inventory mosaic for the period 2000-2018. The HTAP_v3 mosaic has been composed by integrating official,
spatially distributed emissions data from CAMS-REGE-v5.1 (Kuenen et al., 2022), US EPA (U.S. Environmental
Protection Agency, 2021b, a), Environment and Climate Change Canada (ECCC) (NPRI, 2017), REAS, CAPSS-
KU, and JAPAN (https://www.env.go.jp/air/osen/pm/info.html) (Kurokawa and Ohara, 2020; Chatani et al.,
2018; Chatani et al., 2020) inventories. As the information gathered from the official reporting covers only part
of the globe, HTAP_v3 has been completed using emissions from the Emissions Database for Global Atmospheric
Research (EDGAR) version 6.1 (https://edgar.jrc.ec.europa.cu/dataset_ap61).

One of the key strengths of the HTAP_v3 emission mosaic is the wide-temporal coverage of the emissions,
spanning the 2000-2018 period, enabling the analysis of emission trends over the past two decades. The
development of a global emission mosaic over such long time series represents a unique product for air quality
modelling and for better-informed policy making, reflecting the effort of the TF-HTAP community to improve
understanding of the transboundary transport of air pollution. The year 2000 was chosen as the start yearbaseline
year since it often represents the year from which complete datasets of annual air pollutant emissions can be
generated. It also represents a turning point for several emerging economies (e.g., China) and the strengthening
of mitigation measures in historically developed regions (e.g., EU, USA, etc.).

The two previous HTAP emission mosaics had limited temporal coverage. HTAPv1 covered the period 2000-
20005 with annual resolution (https://edgar.jrc.ec.europa.cu/dataset htap vl, (Janssens-Maenhout et al., 2012)),
while HTAPv2.2 covered two recent years (2008 and 2010), but with monthly resolution (Janssens-Maenhout et
al., 2015) (https://edgar.jrc.ec.europa.cu/dataset htap v2). However, the needs of the TF-HTAP modelling
community are continuously evolving to both foster forward-looking air quality science and produce more fit-for-
purpose analyses in support of efficient policy making. HTAP_v3 therefore not only covers the time period of the
previous HTAP phases, but also extends it forward by almost a decade, to provide the most up-to-date picture of
global air pollutant emission trends. Another distinguishing feature of the HTAPv3 mosaic is a considerably
higher sectoral resolution than previous iterations of the HTAP mosaic inventories (section 2.2), enabling more
policy-relevant use of the inventory,

The methodology and data sources for the HTAP_v3 emission mosaic are described in section 2. The long-time
coverage of two decades, allows comprehensive trend analysis (see section 3), the HTAP v3 data format and
data-set access are presented in section 4 and conclusions are provided in section 5.

2 HTAP_v3 emission mosaic overview: data sources, coverage, and methodology
2.1 Data input

The HTAP_v3 mosaic is a database of monthly- and sector-specific global air pollutant emission gridmaps
developed by integrating spatially explicit regional information from recent officially-reported national or regional
emission inventories. Data from six main regional inventories were integrated into HTAP_v3, which covered only
North America, Europe, and a portion of Asia (including Japan, China, India, and South Korea) (Fig.1). The
geographical domain covered by each of these inventories is depicted in Fig. 1, while further details on each
contributing inventory are presented in section 2.3. The emissions for all other countries, international shipping
and aviation (international and domestic) have been retrieved from the Emissions Database for Global
Atmospheric Research (EDGARV6.1, https://edgar.jrc.ec.europa.eu/dataset ap61) as represented by the grey
areas in Fig.1. Depending on the pollutant, more than half of global emissions are provided by region-specific
inventories, while the remaining contribution is derived from the EDGAR global inventory as reported in the bar
graph of Fig.1, where the share of each individual inventory to global emissions is represented. For all pollutants,
the Asian domain is contributing most to global emissions, hence the importance of having accurate emission
inventories for this region.

Recent literature studies (Puliafito et al., 202 1; Huneeus et al., 2020; Alamos et al., 2022; Keita et al., 2021; MEIC,

2022) document additional regional/local inventories which may contribute to future updates of HTAP v3, in
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particular extending the mosaic compilation to regions in the Southern Hemisphere. Considering relative
hemispheric, emission levels as well as the atmospheric dynamics happening in the Northern Hemisphere and

regulating the transboundary transport of air pollution, the current HTAP_v3 mosaic should gstill satisfy the needs

of the atmospheric modelling community, although improvements using latest available inventories for Africa
and South America may also be considered for future updates.

Table 1 provides an overview of all data providers, in terms of geographical and temporal coverage, data format,
and sectoral and pollutant data availability. Table 2 defines the HTAP_v3 sectors and corresponding IPCC codes.

4( Formatted: Font: 10 pt

Formatted: Font: 10 pt

‘{ Formatted: Font: 10 pt

o J




N =

w

Table 3 further details the sector-pollutant data availability for each inventory and the gap-filling approach
required for some sectors and pollutants.

2.2 Pollutant, spatial, temporal and sectoral coverage

The HTAP_v3 emission mosaic helps to address the transboundary role of air pollutants by providing a key input
for atmospheric modellers and supporting the evaluation of environmental impact analyses for poor air quality.
For this reason, HTAP_v3 provides global 0.1 x 0.1 degree emission gridmaps for all air pollutants and specifically
for acidifying and eutrophying gases (such as SO, NHs, NOx), ozone precursors (NMVOC, CO, NOx), and
primary particulate matter (PM,o, PMas, BC, OC).

Emissions from each officially-reported inventory were submitted to HTAP on 0.1 x 0.1 degree regional gridmaps.
Spatial allocation was performed to these gridmaps for each sector by each inventory group using the best
available set of subsector spatial surrogate fields used by each group (e.g., https://www.cmascenter.org/sa-tools).
EDGARV6.1 global gridmaps are also on a 0.1 x 0.1 degree grid.

Compared to the two previous HTAP emission mosaics, HTAP_v3 input emission gridmaps were provided with
monthly time distributions to better reflect the regional seasonality of sector specific emissions (e.g., household,
power generation, and agricultural activities). Information on emission peaks over certain months of the year is
also a useful information for the development of territorial policies to mitigate localised emission sources in space
and time (e.g., emissions from residential heating over winter months, agricultural residue burning, etc.).

The HTAP_ v3 mosaic provides emissions for gaseous and particulate matter air pollutants arising from all
anthropogenic emitting sectors except for wildfires and savannah burning, which represent major sources of
particulate matter and CO emissions. Wildfires and savannah burning are not included in the current mosaic since
community efforts are ongoing to tackle these sources specifically. Modellers can find these additional sources
on several publicly available global wildfire emission datasets compiled based on the best available scientific
knowledge, such as the Global Fire Emission Database (GFED, https://www.globalfiredata.org/) or the Global
Wildfire Information System (GWIS, https:/gwis.jrc.ec.europa.eu/). When using satellite retrieved emissions
from fires, they should be treated with caution to avoid double counting the emissions released by e.g. agricultural
crop residue burning activities.

HTAP_v3 provides emissions at higher sectoral disaggregation than previous HTAP experiments' to better
understand drivers of emission trends and the effectiveness of sector-specific policy implementation. Emissions
from 16 sectors are provided by the HTAP_v3 mosaic, namely: International Shipping; Domestic Shipping;
Domestic Aviation; International Aviation; Energy; Industry; Fugitives; Solvent Use; Road Transport; Brake and
Tyre Wear; Other Ground Transport; Residential; Waste; Agricultural Waste Burning; Livestock; and Agricultural
Crops. Further details on the sector definitions as well as their correspondence with the IPCC codes (IPCC, 1996,
2006) are provided in Table 2. The selection of the number of sectors was constrained by the sectoral
disaggregation of the input inventories (see Table S1). Table 3 provides the complete overview of the emission
data provided by each inventory group indicating the pollutants covered for each sector and eventual gap-filling
information included using the EDGARvV6.1 data. Table 4 reports a summary of the main features of the 3 HTAP
emission mosaics, showing the advancements achieved with this work.

The high sector disaggregation available within the HTAP v3 mosaic gives needed flexibility to modellers to

include or exclude emission sub-sectors in their simulations, in particular when integrating the anthropogenic
emissions provided by HTAP_v3 with other components (e.g. natural emissions, forest fires, etc.). However, we
recommend particular caution when using a natural emissions model such as MEGAN (Model of Emissions of
Gases and Aerosols from Nature, https://www2.acom.ucar.edu/modeling/model-emissions-gases-and-aerosols-
nature-megan), which includes the estimation of NMVOC emissions from crops and soil NOx emissions
(including agricultural soils) that are also provided by the HTAP_v3 mosaic.

'HTAPVI covered 10 broad emission sectors (Aircraft, Ships, Energy, Industry Processes, Ground Transport,
Residential, Solvents, Agriculture, Agriculture Waste Burning, and Waste), while even broader sectoral
emissions were provided in HTAPv2.2 (Air, Ships, Energy, Industry, Transport, Residential (including waste),
and Agriculture (only for NH3)).
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2.3 Inventory overviews

In the following sub-sections, details are provided on each officially-reported inventory used to construct the
HTAP_v3 emission mosaic.

2.3.1 CAMS-REG-v5.1 inventory

The CAMS-REG-v5.1 emission inventory was developed to support air pollutant and greenhouse gas modelling
activities at the European scale. The inventory builds largely on the official reported data to the UN Framework
Convention on Climate Change (UNFCCC) for greenhouse gases (for CO, and CHs), and the Convention on
Long-Range Transboundary Air Pollution (CLRTAP) for air pollutants. For the latter, data are collected for NOx,
SO,, CO, NMVOC, NHs, PMo and PM, s, including all major air pollutants. For each of these pollutants, the
emission data are collected at the sector level at which these are reported for the time series 2000-2018 for each
year and country. The CAMS-REG inventory covers UNECE-Europe, extending eastward until 60°E, therefore
including the European part of Russia. For some non-EU countries, the reported data are found to be partially
available or not available at all. In other cases, the quality of the reported data is found to be insufficient, i.e. with
important data gaps or following different formats or methods. In this case, emission data from the IASA GAINS
model instead (IIASA, 2018) are used. This model is the main tool used to underpin pan-European and EU level
air quality policies such as the UNECE Convention on Long Range Transboundary Air Pollution (UNECE, 2012)
and the EU National Emission reduction Commitments Directive (European Commission, 2016).

After collecting all the emission data from reporting and GAINS, the source sectors are harmonised, distinguishing
around 250 different subsectors. For each detailed sector, a speciation is applied to the PM,sand PMo emissions,
distinguishing elemental carbon (representing BC in the HTAP_v3 inventory), organic carbon and other non-
carbonaceous emissions for both the coarse (2.5-10 pm) and fine (<2.5 um) mode.

A consistent spatial resolution is applied across the entire domain, where a specific proxy is selected for each
subsector to spatially distribute emissions, including for instance the use of point source emissions, e.g., from the
European Pollutant Release and Transfer Register (E-PRTR), complemented with additional data from the
reporting of EU Large Combustion Plants (European Commission, 2001) and the Platts/WEPP commercial
database for power plants (Platts, 2017). Road transport emissions are spatially disaggregated using information
from OSM (Open Street Map, 2017), combined with information on traffic intensity in specific road segments
from OTM (OpenTransportMap, 2017). Agricultural livestock emissions are spatially distributed using global
gridded livestock numbers (FAO, 2010). Furthermore, CORINE land cover (Copernicus Land Monitoring
Service, 2016) and population density are other key spatial distribution proxies.

After having spatially distributed the data, the ~ 250 different source categories are aggregated to fit with the
HTAP_v3 sector classification (Table S1). CAMS-REG-v5.1 is an update of an earlier version, CAMS-REG-v4.2
and based on the 2020 submissions to cover the years 2000-2018. A detailed description of the CAMS-REG-v4.2
inventory is provided in Kuenen et al. (2022).

The data are provided as gridded annual totals at a resolution of 0.05°x0.1° (lat-lon). Along with the grids,
additional information is available including height profiles as well as temporal profiles to break down the annual
emissions into hourly data (monthly profiles, day-of-the-week profiles and hourly profiles for each day).
Furthermore, the CAMS-REG inventory provides dedicated speciation profiles for NMVOC per year, country
and sector.

2.3.2 US EPA inventory

Emissions estimates for the United States were based primarily on estimates produced for the EPA’s Air QUAlity
TimE Series Project (EQUATES), which generated a consistent set of modelled emissions, meteorology, air
quality, and pollutant deposition for the United States spanning the years 2002 through 2017
(https://www.epa.gov/cmag/equates). For each sector, a consistent methodology was used to estimate emissions
for each year in the 16-year period, in contrast to the evolving methodologies applied in the triennial U.S. National
Emissions Inventories (NEIs) produced over that span. The HTAPv3 time series was extended back one year to
2001 and forward one year to 2018 using country, sector, and pollutant specific trends from EDGARvV6.1.

Emissions estimates were calculated for more than 8000 Source Classification Codes grouped into 101 sectors
and then aggregated to the 16 HTAP_v3 emission sectors. The 2017 NEI (U.S. Environmental Protection Agency,
2021b) served as the base year for the time series. For each sector, emissions estimates were generated for
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previous years using one of four methods: 1) applying new methods to create consistent emissions for all years,
2) scaling the 2017 NEI estimates using annual sector-specific activity data and technology information at the
county level, 3) using annual emissions calculated consistently in previous NEIs and interpolating to fill missing
years, and 4) assuming emissions were constant at 2017 levels-eenstant. The assumption of constant emissions
was applied to a very limited number of sources. Foley et al. (Ereire-et-al52020:-Foley et al., 2023 )(submitted;
2022)-provides a detailed explanation of the assumptions used for each sector.

Emissions from electric generating units were estimated for individual facilities, combining available hourly
emissions data for units with continuous emissions monitors (CEMs) and applying regional fuel-specific profiles
to units without CEMS. On-road transport and non-road mobile emissions were estimated using emission factors
from the MOVES v3 model (U.S. Environmental Protection Agency, 2021a). A complete MOVES simulation
was completed only for the NEI years with national adjustment factors applied for years plus or minus one from
the NEI year. For California, emission factors for all on-road sources for all years were based on the California
Air Resources Board Emission Factor Model (EMFAC) (https://ww2.arb.ca.gov/our-work/programs/mobile-
source-emissions-inventory/). New non-road emissions estimates for Texas were provided by the Texas
Commission on Environmental Quality. Emissions from oil and gas exploration and production were calculated
using point source specific data and the EPA Oil and Gas Tool (U.S. Environmental Protection Agency, 2021b),
incorporating year-specific spatial, temporal, and speciation profiles. Residential wood combustion estimates
were developed with an updated methodology incorporated into the 2017 NEI and scaled backward to previous
years using a national activity as a scaling factor. Solvent emissions were estimated using the Volatile Chemical
Product (VCPy) framework of Seltzer et al. (2021). Emissions from livestock waste were calculated with revised
annual animal counts to address missing data and methodological changes over the period. Emissions for
agricultural burning were developed using a new suite of activity data with the same methodology and input data
sets from 2002 onwardseral-years-exeept2002. County-level estimates were only available for 2002 because
activity data based on satellite information was not yet available. Emissions for forest wildfires, prescribed burns,
grass and rangeland fires were also calculated in EQUATES but not included in the HTAP v3 data. For
EQUATES, fugitive dust emissions (e.g., unpaved road dust, coal pile dust, dust from agricultural tilling) were
reduced to account for precipitation and snow cover by grid cell. For use in HTAP v3, however, no
meteorological adjustments (which decrease annual PMjo emissions by about 75% on average) were applied to
fugitive dust emissions. Wind-blown fugitive dust emissions are not included in the estimates for other regions
in the HTAP_v3 mosaic

Non-point source emissions were allocated spatially based on a suite of activity surrogates (e.g. population, total
road miles, housing, etc.), many of which are sector specific. The spatial allocation factors were calculated for
the 0.1 degree grid used by EDGARV6.1 with no intermediate re-gridding. The spatial allocation factors for all
sectors were held constant for the entire time series except for oil and gas sectors which were year-specific.
Depending on the sector, either 2017-based or 2014-based surrogates were developed for the same sectors as in
the EQUATES.

Emissions from the US EPA inventory were provided from 2002-2017 (Table 1). Emissions for the year 2018
were estimated applying country, sector and pollutant specific trends from EDGAR, as well as for years 2000 and
200 1-and-for-the 2000-and-2001-_to complete the entire time series. Table S1 provides an overview about the US
EPA inventory sector mapping to the HTAP v3 sectors.

2.3.3 Environment and Climate Change Canada (ECCC) inventory

The Canadian emissions inventory data were obtained from 2018-released edition of Canada’s Air Pollutant
Emissions Inventory (APEI) originally compiled by the Pollutant Inventories and Reporting Division (PIRD) of
Environment and Climate Change Canada (ECCC) (APEI, 2018). This inventory contains a comprehensive and
detailed estimate of annual emissions of seven criteria air pollutants (SO2, NOx, CO, NMVOC, NH3, PM o, PM> 5)
at the national and provincial/territorial level for each year for the period from 1990 to 2016. The APEI inventory
was developed based on a bottom-up approach for facility-level data reported to the National Pollutant Release
Inventory (NPRI) (NPRI, 2017), as well as an in-house top-down emission estimates based on source-specific
activity data and emissions factors. In general, methodologies used to estimate Canadian emissions are consistent
with those developed by the U.S. EPA (EPA, 2009) or those recommended in the European emission inventory
guidebook (EMEP/EEA, 2013). These methods are often further adjusted by PIRD to reflect the Canadian climate,
fuels, technologies and practices.
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To prepare emissions in the desired HTAP classification, the APEI sector emissions were first mapped to the
United Nations Economic Commission for Europe (UNECE) Nomenclature for Reporting (NFR) categories,
which involved dividing the sector emissions into their combustion and process components. The NFR categories
were then mapped to the HTAP 16 sector categories provided in the sector disaggregation scheme guide. Table
S1 provides an overview of ECCC sector mapping to the HTAP v3 sectors.

The HTAP-grouped APEI inventory emissions files were further processed by the Air Quality Policy-Issue
Response (REQA) Section of ECCC to prepare the air-quality-modelling version of inventory files in the standard
format (i.e., FF10 format) supported by the U.S EPA emissions processing framework. To process emissions into
gridded, speciated and total monthly values, a widely-used emissions processing system called the Sparse Matrix
Operator Kernel Emissions (SMOKE) model, version 4.7 (UNC, 2019) was used. As part of the preparation for
SMOKE processing, a gridded latitude-longitude North American domain at 0.1 x 0.1 degree resolution was
defined with 920 columns and 450 rows covering an area of -142W to -50W and 40N to 85N. The point-source
emissions in the APEI include latitude and longitude information so those sources were accurately situated in the
appropriate grid cell in the Canadian HTAP gridded domain. However, to allocate provincial-level non-point
source emissions into this domain, a set of gridded spatial surrogate fields was generated for each province from
statistical proxies, such as population, road network, dwellings, crop distributions, etc. Over 80 different surrogate
ratio files were created using the 2011 Canadian census data obtained from Statistics Canada website
(https://www12.statcan.gc.ca/census-recensement/2011/index-eng.cfm) and other datasets, such as the Canadian
National Road Network (https://open.canada.ca/data/en/dataset/3d282116-e556-400c-9306-cala3cada77f).

To map the original APEI inventory species to the HTAP’s desired list of species, PM speciation profiles from
the SPECIATE version 4.5 database (EPA, 2016) were used to calculate source-type-specific EC and OC
emissions. As a final step in SMOKE processing, the monthly emissions values were estimated using a set of
sector-specific temporal profiles developed and recommended by the U.S. EPA (Sassi, 2021). For the point
sources the NPRI annually reported monthly emissions proportions were applied. Emissions for the years 2017
and 2018 were calculated by applying sector- and pollutant-specific trends from EDGAR.

2.3.4 REASvV3.2.1 inventory

The Regional Emission inventory in ASia (REAS) series have been developed for providing historical trends of
emissions in the Asian region including East, Southeast, and South Asia. REASv3.2.1, the version used in
HTAP_v3, runs from 1950 to 2015. REASv3.2.1 includes emissions of SO,, NOx, CO, NMVOCs, NH3, CO»,
PMio, PM2 5, BC, and OC from major anthropogenic sources: fuel combustion in power plant, industry, transport,
and domestic sectors; industrial processes; agricultural activities; evaporation; and others.

Emissions from stationary fuel combustion and non-combustion sources are traditionally calculated using activity
data and emission factors, including the effects of control technologies. For fuel consumption, the amount of
energy consumption for each fuel type and sector was obtained from the International Energy Agency World
Energy Balances for most countries and province-level tables in the China Energy Statistical Yearbook were used
for China. Other activity data such as the amount of emissions produced from industrial processes were obtained
from related international and national statistics. For emission factors, those without effects of abatement measures
were set and then, effects of control measures were considered based on temporal variations of their introduction
rates. Default emission factors and settings of country- and region-specific emission factors and removal
efficiencies were obtained from scientific literature studies as described in Kurokawa and Ohara (2020) and
references therein.

Emissions from road transport were calculated using vehicle numbers, annual distance travelled, and emission
factors for each vehicle type. The number of registered vehicles were obtained from national statistics in each
country and the World Road Statistics. For emission factors, year-to-year variation were considered by following
procedures: (1) Emission factors of each vehicle type in a base year were estimated; (2) Trends of the emission
factors for each vehicle type were estimated considering the timing of road vehicle regulations in each country
and the ratios of vehicle production years; (3) Emission factors of each vehicle type during the target period were
calculated using those of base years and the corresponding trends.

In REASV3.2.1, only large power plants were treated as point sources. For emissions from cement, iron, and steel
plants, grid allocation factors were developed based on positions, production capacities, and start and retire years
for large plants. Gridded emission data of EDGARv4.3.2 were used for grid allocation factors for the road
transport sector. Rural, urban, and total population data were used to allocation emissions from the residential
sector. For other sources, total population were used for proxy data.
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For temporal distribution, if data for monthly generated power and production amounts of industrial products were
available, monthly emissions were estimated by allocating annual emissions to each month using the monthly data
as proxy. For the residential sector, monthly variation of emissions was estimated using surface temperature in
each grid cell. If there is no appropriate proxy data, annual emissions were distributed to each month based on
number of dates in each month.

Monthly gridded emission data sets at 0.25° x 0.25° resolution for major sectors and emission table data for major
sectors and fuel types in each country and region during 1950-2015 are available in text format from a data
download site of REAS (https://www.nies.go.jp/REAS/). Table S1 provides an overview about the REASv3.2.1
sector mapping to the HTAP_v3 sectors.

More details of the methodology of REASV3.2.1 are available in Kurokawa and Ohara (2020) and its supplement.
(Note that REASv3.2.1 is the version after error corrections of REASv3.2 of Kurokawa and Ohara (2020)). Details
of the error corrections are described in the data download site of REAS.) Table S1 provides an overview about
the REASV3.2.1 sector mapping to the HTAP v3 sectors.

The MEIC inventory (http://meicmodel.org, 2021) is not currently included in the HTAP_v3 mosaic. Since the
REAS inventory only includes emissions until 2015, the REAS-based HTAP_v3 mosaic is only complete until
this year. Emissions beyond 2015 were extrapolated using trends derived from a combination of MEIC and
EDGAR. To extend the Chinese emission estimates to most recent years, MEIC data were used to adjust sector
and pollutant specific trend for China for the years 2016 and 2017 (refer to Table S2 for the mapping sectors of
MEIC and HTAP_v3). Then, the 2018 data were calculated based on the 2015-2017 trend. For all the other
countries belonging to the REAS domain, the emissions were extended beyond 2015 applying the sector-, country-
, and pollutant-specific trends from EDGAR.

2.3.5 CAPSS-KU inventory

In the Republic of Korea, the National Air Emission Inventory and Research Center (NAIR) estimates annual
emissions of the air pollutants CO, NOx, SOx, TSP, PMo, PM>5, BC, VOCs, and NH3 via the Clean Air Policy
Support System (CAPSS). The CAPSS inventory is divided into four source-sector levels (high, medium, low and
detailed) based on the European Environment Agency’s (EEA) CORe Inventory of AIR emissions
(EMEP/CORINAIR). For activity data, various national- and regional-level statistical data collected from 150
domestic institutions are used. For large point sources, emissions are estimated directly using real-time stack
measurements. For small point, area and mobile sources, indirect calculation methods using activity data, emission
factors, and control efficiency are used.

Even though CAPSS (Clean Air Policy Support System) has been estimating annual emissions since 1999, some
inconsistencies exist in the time series because of the data and methodological changes over the period. For
example, emissions of PM, s were initiated from the year 2011 and not from 1999. Therefore, in the CAPSS
emission inventory, PM; s emissions were calculated from 2011, and post-2011 the PMio to PM> 5 emission ratio
was used to calculate the emissions from 2000 to 2010. These limitations make it difficult to compare and analyse
emissions inter-annually. To overcome these limitations, re-analysis of the annual emissions of pollutants was
conducted using upgrades of the CAPSS inventory, such as missing source addition and emission factor updates.

The biomass combustion and fugitive dust sector emissions from 2000 to 2014 were estimated and added in the
inventory, which are newly calculated emission sources from 2015. As for the on-road mobile sector, new
emission factors using 2016 driving conditions were applied from the year 2000 to 2015. Since the emissions from
the combustion of imported anthracite coal were calculated only from 2007, the coal use statistics of imported
anthracite from 2000 to 2006 were collected to estimate emissions for those years.

After all the adjustments, a historically re-constructed emissions inventory using the latest emission estimation
method and data was developed. Table S1 provides an overview about the CAPSS sector mapping to the
HTAP_v3 sectors.

2.3.6 JAPAN inventory (PM2.5EI and J-STREAM)

The Japanese emission inventory contributing to the HTAP_v3 mosaic is jointly developed by the Ministry of the
Environment, Japan (MOEJ) for emissions arising from mobile sources and by the National Institute of
Environmental Studies (NIES) for estimating emissions from fixed sources.

The mobile source emissions data for the HTAP_5.1, 5.2, and 5.4 sectors are based on the air pollutant emission
inventory named “PM2.5 Emission Inventory (PM2.5EI), https://www.env.go.jp/air/osen/pm/info.html).
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PM2.5ET has been developed for the years 2012 and 2015, while for 2018 is currently under development. Almost
all anthropogenic sources are covered, but emissions from vehicles are estimated in particular detail based on
JATOP (Shibata, 2021). The emission factor of automobiles is constructed by MOEIJ as a function of the average
vehicle speed over several kilometres in a driving cycle that simulates driving on a real road. Emission factors are
organized by 7 types of vehicles, 2 fuel types, 5 air pollutants, and regulation years, and have been implemented
since 1997 as a project of MOEJ. By using these emission factors and giving the average vehicle speed on the
road to be estimated, it is possible to estimate the air pollutant emissions per kilometre per vehicle. The hourly
average vehicle speed of trunk roads, which account for 70% of Japan's traffic volume, is obtained at intervals of
several kilometres nationwide every five years, so the latest data for the target year is used. For narrow roads, the
average vehicle speed by prefecture measured by probe information is applied. It is 20 km/h in Tokyo, but slightly
faster in other prefectures. Starting emission is defined as the difference between the exhaust amount in the
completely cold state and the warm state in the same driving cycle and is estimated by the times the engine started
in a day. Chassis dynamometer tests are performed in a well-prepared environment, so for more realistic emissions
estimates, temperature correction factor, humidity correction factor, deterioration factor, DPF regeneration factor,
and soak time correction factor are used. In addition to running and starting emissions, evaporative emissions
from gasoline vehicles and non-exhaust particles such as road dust (including brake wear particles) and tire wear
particles are combined to provide a vehicle emissions database with a spatial resolution of approximately 1 km x
1 km (30° latitude, 45° longitude), and a temporal resolution of an hour by month, including weekdays and
holidays.

Off-road vehicle emissions are estimated separately for 17 types of construction machinery, industrial machinery
(forklifts), and 5 types of agricultural machinery. In all cases, emission factors by type and regulatory year per
workload are used, as researched by the MOEJ. Although not as precise as automobiles, the off-road database is
provided with the same temporal and spatial resolution as the automobile database.

Emissions from stationary sources in Japan are derived from the emission inventory developed in the Japan’s
Study for Reference Air Quality Modelling (J-STREAM) model intercomparison project (Chatani et al., 2018;
Chatani et al., 2020). In this emission inventory, emissions from stationary combustion sources are estimated by
multiplying emission factors and activities including energy consumption, which is available in the comprehensive
energy statistics. Large stationary sources specified by the air pollution control law need to report emissions to
the government every three years. The emission factors and their annual variations were derived from the
emissions reported by over 100,000 sources (Chatani et al., 2020). For fugitive VOC emissions, MOEJ maintains
a special emission inventory to check progress on regulations and voluntary actions targeting 30% reduction of
fugitive VOC emissions starting from 2000. VOC emissions estimated in this emission inventory are used.
Emissions from agricultural sources are consistent with the emissions estimated in the national greenhouse gas
emission inventory (Center for Global Environmental Research et al., 2022). Emissions of all the stationary
sources are divided into prefecture, city, and grid (approximately 1 x 1 km) levels based on spatial proxies specific
to each source. Emissions for the year 2018 were estimated applying sector- and pollutant-specific trends from
EDGAR. Table S1 provides an overview about the Japanese inventory sector mapping to the HTAP_v3 sectors.

2.4 Gap-filling methodology with EDGARV6.1

EDGAR is a globally consistent emission inventory of air pollutant and greenhouse gases developed and
maintained by the Joint Research Centre of the European Commission (https://edgar.jrc.ec.europa.cu/). The
EDGAR methodology used to compute GHG and air pollutant emissions has been described in detail in several
publications (Janssens-Maenhout et al., 2019; Crippa et al., 2018) and summarised here after. In EDGAR, air
pollutant emissions are computed making use of international statistics as activity data (e.g., International Energy
Balance data, Food and Agriculture Organisation statistics, US Commodity statistics, etc.), region- and/or country-
specific emission factors by pollutant/sector and technology and abatement measures, following Eq. 1:

EMicex = ZADi(C,t) * TECH jc.ty * EOPyj ey * EFyc ey * (1 = RED)y j ey
ik
(Eq. 1)
where EM are the emissions from a given sector i in a country C accumulated during a year t for a chemical
compound x, AD the country-specific activity data quantifying the human activity for sector i, TECH the mix of

j technologies (varying between 0 and 1), EOP the mix of k (end-of-pipe) abatement measures (varying between
0 and 1) installed with a share k for each technology j, and EF the uncontrolled emission factor for each sector i
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and technology j with relative reduction (RED) by abatement measure k. Emission factors are typically derived
from the EMEP/EEA Guidebooks (EMEP/EEA, 2013, 2019, 2016), the AP-42(EPA, 2009) inventory and
scientific literature.

Annual country and sector specific air pollutant emissions are then disaggregated into monthly values (Crippa et
al., 2020) and subsequently spatially distributed making use of detailed proxy data (Janssens-Maenhout et al.,
2019; Crippa et al., 2021).

As the most comprehensive and globally consistent emission database, the latest update of the EDGAR air
pollutant emissions inventory, EDGARV6.1 (https://edgar.jrc.ec.curopa.cu/dataset_ap61), is used in the HTAP_v3
mosaic to complete missing information from the officially reported inventories, as reported in Table 3.
EDGARV6.1 includes important updates to estimate air pollutant emissions such as the improvement of road
transport emission estimates for many world regions, the inclusion of agricultural NMVOC emissions, revised
monthly emission profiles (Crippa et al., 2020) and updated spatial proxies to distribute national emissions by
sector over the globe (Crippa et al., 2021). EDGARV6.1 also includes new international shipping proxies and their
monthly distribution based on the STEAM model (Jalkanen et al.,, 2012; Johansson et al., 2017). In the
Supplementary Material (section S2), the assessment of EDGAR emission data is reported in comparison with
global and regional inventories.

3 Results
3.1 Annual time series analysis: trends and regional and sectoral contributions

Having a consistent set of global annual emission inventories for a two-decade period allows the investigation of
global emissions trends for the inventory pollutants and regional and sectoral contributions. Figure 2 presents
annual time series (2000-2018) of the global emissions of the nine air pollutants included in the HTAP_v3 mosaic
separated into the actual contributions of 12 regions. Figure 3 shows the corresponding relative contributions of
(a) 16 sectors and (b) 12 regions to the 2018 global emissions of these same pollutants. We can then
eensiderdiscuss each pollutant in turn.

Global SO, emissions declined from 99.4 to 72.9 Mt over the past two decades. This decreasing pattern is found
for several world regions with the fastest decline in Eastern Asia, where after the year 2005 SO, emissions began
to decrease steadily. This is consistent with the use of cleaner fuels with lower sulphur content and the
implementation of desulphurisation techniques in power plants and industrial facilities in China in accordance
with the 11th Five-Year Plan (FYP, 2006-2010 (Planning Commission, 2008)) and the 12th Five-Year Plan (FYP,
2011-2015 (Hu, 2016)) (Sun et al., 2018). Similarly, industrialised regions, such as North America and Europe,
are characterised by a continuous decreasing trend in SO, emission, which had started well before the year 2000
due to the implementation of environmental and air quality legislation (EEA, 2022). Increasing SO, emissions,
on the other hand, are found for Southern Asia (+112% compared to 2000), South-East Asia and developing
Pacific (+62%), and Africa (+40%). These increases mostly arise from the energy, industry, and (partly)
residential sectors, and reflect the need for emerging and developing economies to mitigate these emissions.
Emissions estimated using satellite retrievals and model inversions confirm the trends provided by the HTAP v3
mosaic (Liu et al., 2018). SO; is mostly emitted by power generation and industrial activities, which in 2018
represent 42% and 26%, respectively, of the global total. Despite measures in some specific sea areas to mitigate
sulphur emissions, globally they have been rising steadily with increasing activity. International shipping
represents 13.8% of global SO, emissions in 2018, and it is 41% higher compared to the 2000 levels (Fig. 3).

Global NOx emissions increased from 110.4 Mt in 2000 to 117.4 Mt in 2018 as a result of the increase in energy-
and industry-related activities for most of the world regions (in particular over the Asian domain). The strongest
decreases are found for North America (-63%), Europe (-42%), Asia-Pacific Developed (-32%) and to a lower
extent for Eurasia (-6%). Comparable spatio-temporal patterns are found by satellite OMI data and ground based
measurements of NO2 concentrations (Jamali et al., 2020). NOx is mainly produced at high combustion
temperatures (e.g., power and industrial activities, 38% of the global total), but also by transportation (27% of the
global total) and international shipping (14% of the global total).

CO is mostly emitted by incomplete combustion processes from residential combustion, transportation and the
burning of agricultural residues. Globally, CO emissions showed little change over the past two decades (502.7
Mt in 2000 vs. 499.8 in 2018), but different regional trends are present. Historically industrialised regions have
reduced their emissions over the years (-42% in Europe and -62% in North America), while CO emissions
increased in Africa by 45% and in Southern Asia by 49%. Road transport CO emissions halved over the past two
decades (-55%), while the emissions from all other sectors increased. These results are consistent with MOPITT
satellite retrievals, which mostly show the same trends over the different regional domains over the past decades
(Yin et al., 2015).
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NMVOC emissions increased from 115.2 Mt in 2000 to 146 Mt in 2018. These emissions are mostly associated
with the use of solvents (25% of the 2018 global total), fugitive emissions (23%), road transportation (including
both combustion and evaporative emissions, 15%) and small-scale combustion activities (19%). The most
prominent increases in the emissions at the global level are found for the energy—+(+98%)-and-solvents sector
(+81%). In 2018, NMVOC emissions from solvents were 3.7 and 3.5 times higher than in 2000 in China and
India, respectively, while a rather stable trend in found for US and Europe.

Global NH; emissions increased from 47.4 Mt in 2000 to 58.9 Mt in 2018 due to enhanced emissions from
agricultural activities. In particular, NH3 emissions strongly increased in Africa (+60.5%), South-East Asia and
developing Pacific (48.3%), Southern Asia (+38.7%), and Latin America and Caribbean (+41.1%).

Particulate matter emissions showed little change over the past two decades at the global level, whereas regional
emission increases are found for Africa (e.g., +47.0% for PM\o), Latin America and Caribbean (+39.1%), Middle
East (48.3%), and Southern Asia (+56%), mostly associated with increases in agricultural waste burning and the
livestock, energy, and waste sectors. By contrast, Eastern Asia (-39.5%), Europe (-24.3%), and Asia-Pacific
Developed (-36.8%) significantly decreased their PM10 emissions over the past two decades due to the continuous
implementation of reduction and abatement measures for the energy, industry, road transport and residential
sectors ((Crippa et al., 2016). As shown in Fig. 3, the relative contribution of North America to global PMo is
quite high compared to other substances due to fugitive dust emissions (e.g., unpaved road dust, coal pile dust,
dust from agricultural tilling) which have not been adjusted for meteorological conditions (e.g., rain, snow) and
near-source settling and mitigation (e.g., tree wind breaks) because these removal mechanisms are better
addressed by the chemical transport models. Additional uncertainty may be therefore introduced for these
emissions, depending on the modelling assumptions of each official inventory. Similarly, particulate matter
speciation into its carbonaceous components it-is often challenging and subjected to higher level of uncertainty,
for instance because different definitions are used for PM in inventories, including condensable emissions or not
(Denier van der Gon et al., 2015). Attempts to improve the accuracy of such emissions (e.g. BC and OC emissions
over the European domain) are ongoing.

Figure 3a shows more than 50% difference at the global level between PM,s emissions and the sum of its
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carbonaceous components (BC and OC), which however varies depending on the region and sector. The largest
difference between PM, s and the sum of BC and OC is generally found for the energy and industrial sectors.
where due to the high temperatures BC and OC are largely burned. Within this sector, the non carbonaceous
fraction of PM, srepresents around 75% in Europe, 78% in the USA and up to more than 95% over Asian countries
(e.g. China and India). This PM fraction is represented by other minerals, ash (mostly when burning coal) and
sulphate. Road transport is also a sector showing large differences between PM, s and the sum of BC and OC, with
around 40% difference for Europe, around 90% difference for USA and lower values for India and China (around
15%). This component may be associated with other minerals. For the residential sector, this difference is
generally lower and around 25% (for Europe and Asian countries), while around 37% in the USA and is possibly
associated with other minerals and ash due to coal combustion. Shipping is also a sector where a large component
of PM, s (around 70%) is not associated with carbonaceous fractions but to sulphate. In particular, regions within
the Sulphur Emission Control Area (SECA) show lower contributions from sulphates (e.g. Europe and USA) with
an overall contribution of 5-10%. Another source of uncertainty which may contribute to enhancing the difference
between PM,;s and the sum of BC and OC is associated on how different inventories consider condensable
particulate matter.

3.2 Emission maps

Spatially distributed emission data describe where emissions take place, as input for local, regional and global air
quality modelling. As noted in section 2.2, nationally aggregated air pollutant emissions are spatially distributed
over the corresponding national territory using spatial proxy data which are believed to provide a relatively good
representation of where emissions takes place. Depending on the emitting sector, air pollutants can be associated
with the spatial distributions of point sources (e.g., in the case of power plant or industrial activities), road
networks (e.g., for transportation related emissions), settlement areas (e.g., for small-scale combustion emissions),
crop and livestock distribution maps, ship tracks etc. Using reliable and up-to-date spatial information to distribute
national emissions is therefore relevant, although challenging. Multiple assumptions are often made by inventory
compilers when developing their inventories, which may result in differences when analysing spatially distributed
emissions provided by different inventory compilers over the same geographical domain.

One key goal of the HTAP_v3 mosaic is to collate in one inventory the most accurate spatially-distributed
emissions for all air pollutants at the global level, based on the best available local information. Point sources
related with emissions from power plant and industrial facilities represent one the most critical spatial information
to be retrieved, and their misallocation can significantly affect the characterisation of local air quality. This
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challenge is also present in the HTAP_v3 mosaic. For example, the REASv3.2.1 inventory is still using limited
information to distribute emissions from these two sectors especially for industrial plants. Depending on the
region, point source information could be limited compared to datasets used in inventories of North America and
Europe. To overcome this issue, the participation of national emission inventory developers not only from China,
but also India and other Asian countries is recommended. The impact can be seen in Fig. 4, which shows the
global map of SO, emissions in 2018 based on the HTAP_v3 mosaic compilation, where information about the
magnitude and the type of emission sources for the different regions can be retrieved. The energy and industry
sectors contribute a large fraction of SO, emissions (Fig. 3a), but the spatial distribution of these emissions is
qualitatively different in North America and Europe than in Asia (i.e., more “spotty”, less smooth and widely
distributed). Ship tracks cover the entire geographical marine domain, consistent with emissions from the STEAM
model (Jalkanen et al., 2012; Johansson et al., 2017) included in the EDGARV6.1 database, although showing
marked emissions over the Mediterranean Sea, Asian domain, Middle East and North American coasts.
Furthermore, emissions from power plant and industrial activities, as well as small-scale combustion are
prominent over the Asian domain, Eastern Europe, and some African regions.

Sector-specific case studies are presented in the maps of Figs. 5-8. Figure 5 shows the comparison of annual NOx
emissions for the year 2000 and 2018. The road transport sector is a key source of NOx emissions (cf. Fig. 3a),
and this contribution is reflected in the visible presence of road networks in the maps. Decreasing emissions are
found for industrialised regions (USA, Europe, Japan) thanks to the introduction of increasingly restrictive
legislation on vehicle emissions since the 1990s, whereas a steep increase is found for emerging economies and
in particular India, China, and the Asian domain. Figure 6 shows the different spatial allocation of PM o emissions
from the residential sector during the month of January 2018, with higher emission intensities evident in the
Northern Hemisphere (cold season) and the lower values in the Southern Hemisphere (warm season). Figures 7
and 8 show the spatio-temporal allocation of agriculture-related emissions, and specifically, PMio emissions from
agricultural waste burning and NH3 emissions from agricultural soil activities.

3.3 Monthly temporal distribution
3.3.1 Monthly variability by region

The magnitude of air pollutant emissions varies by month because of the seasonality of different anthropogenic
activities and their geographical location (e.g., Northern vs. Southern Hemisphere regions). Figures 9 and 10 (and
S3.1, S3.2 and S3.3) show the monthly distribution of regional emissions for those pollutants and sectors for
which higher variability is expected. The year 2015 was chosen since it is the last year for which all of the official
data providers have data. Figure 9 shows monthly NH; emissions by region from three agricultural activities
(agricultural waste burning, livestock, and crops). These sectors display the largest variability by month, reflecting
the seasonal cycle and the region-specific agricultural practices, such as fertilisation, crop residue burning, manure
and pasture management, animal population changes, etc. In Figure 10, NOx emissions from residential activities
show a particular monthly distribution, with the highest emissions occurring during the cold months shifted for
the Northern and Southern Hemispheres. By contrast, regions in the equatorial zone do not show a marked monthly
profile even for residential activities. The energy sector also follows monthly-seasonal cycles related to the
demand for power generation, which is also correlated with ambient temperature and local day length. Transport-
related emissions do not show a large variation by month, whereas daily and weekly cycles for transport-related
emissions, which are typically more relevant, are beyond the temporal resolution of this work.

Although a spatio-temporal variability of the HTAP_v3 emissions is found in these figures, a more in-depth
analysis reveals that with the exception of few regions and sectors (e.g., Canada, USA and regions gap-filled with
EDGAR), no inter-annual variability of the monthly profiles is present, meaning that the majority of official
inventories assume the same monthly distribution of the emissions for the past two decades (refer to Figs. S3.4-
S3.9). This is different from the approach used for example by EDGAR (Crippa et al., 2020), ECCC for Canada,
and U.S. EPA for the USA, where year-dependent monthly profiles are used for specific sectors, in particular for
residential, power generation, and agricultural activities. Further analysis has shown that for the European domain
regional rather than country-specific monthly profiles are applied. Therefore, for Europe new state-of-the-art
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profiles have been made available under the CAMS programme by Guevara et al. (2021),
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3.3.2 Spatially-distributed monthly emissions
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An important added value of HTAP v3 comes from the availability of monthly gridmaps that reflect the
seasonality of the emissions for different world regions. Access to spatially distributed monthly emissions is
essential to design effective mitigation actions, providing information on hot spots of emissions and critical
periods of the year when emissions are highest.

Figure 11 shows mid-season PM, s monthly emissions arising from the residential sector in 2018. The global map
shows higher emissions in the Northern Hemisphere during January, while the opposite pattern is found for the
Southern Hemisphere in July. Agriculture is an important activity characterised by strong seasonal patterns, as
shown in Figs. 12 and 13. Figure 12 shows PMo monthly emission maps from agricultural residue burning in
2018 from HTAP_v3, highlighting higher emissions over certain months of the year related with specific burning
practices of agricultural residues for different world regions. For example, during the month of April, intense
burning of crop residues is found in Africa (Nigeria, Ethiopia, Sudan, South Africa, etc.), South America (Brazil,
Argentina, Colombia, etc.), Northern India, and South-Eastern Asia (e.g., Vietnam, Thailand, Indonesia,
Philippines, etc.). Figure 13 represents the yearly variability of NH3 emissions from agricultural soils activities,
mostly related with fertilisation. During the month of March and April, intense agricultural soils activities are
found over Europe and North America compared to other months, while during the month of October the highest
emissions are for this sector are found in China, India, several countries of the Asian domain, but also in USA,
Australia, and Latin America. These results are consistent with satellite based observations performed using
Cross-track Infrared Sounder (Shephard et al., 2020).

3.4 Vertical distribution of the emissions
3.4.1 Aircraft emissions

In EDGARG.1 the emissions are provided at three effective altitude levels (landing/take-off, ascent/descent, and
cruising). The spatial proxy for the aviation sector is derived from International Civil Aviation Organization
(ICAO, 2015) which specifies a typical flight pattern with landing/take-off cycle within few km of the airport,
followed by climb-out/descending phase during the first 100 km and the last 100km of a flight and finally the
remaining part from 101 km until the last 101 km as the cruise phase. Routes and airport locations are taken from
the Airline Route Mapper of ICAO (2015). In HTAP_v3, aircraft emissions are provided as domestic and
international, but with no information about altitude ranges. We recommend modellers to use the corresponding
EDGARvV6.1 data (https://edgar.jrc.ec.europa.eu/dataset_ap61) including the vertical distribution of the
emissions.

3.4 Speciation of NMVOC emissions

For emission data to be useful for modellers, total NMVOC emissions must be decomposed into emissions of
individual NMVOC species. As the chemical mechanisms used by models can differ with respect to the NMVOC
species they include, it is not practical to provide an NMVOC speciation which is usable by all models. Instead,
a speciation is provided here for the set of 25 NMVOCs defined by Huang et al. (2017) and the corresponding
data are made available on the HTAP_v3 website. The absolute values of 25-category speciated NMVOC
emissions were obtained for all countries for the 28 EDGAR sectors from here:
https://edgar.jrc.ec.europa.eu/dataset_ap432 VOC spec. The absolute NMVOC emissions of each species from
each sector in this dataset were remapped to the HTAP_v3 sectors following the mapping from Table 2, then
converted to a speciation by dividing by the total emissions of each individual species for the four world regions
defined by Huang et al. (2017): Asia; Europe; North America; and Other. The resulting NMVOC speciation is
provided in the supplementary material to this paper for the 25 NMVOC species, 4 world regions, and 15 emitting
NMVOC sectors? following the HTAP_v3 sector classification (including 13 sectors defined over the 4 world
regions, and the two international sectors: international shipping and international aviation). The list of countries
comprising each region is also provided in the supplement.

4 Data availability

The HTAP_v3 emission mosaic data can be freely accessed and cited using DOI 10.5281/zenodo.7516361. All
data can be also accessed through the EDGAR website at the following link:
https://edgar.jrc.ec.europa.cu/dataset htap v3.

Data are made available in the following formats:

2 No speciation profile is provided for the ‘tyre and brake wear sector’ not being a source of NMVOC emissions.
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e Monthly gridmaps of emissions (in Mg/month) at 0.1x0.1degree resolution: there is one .NetCDF file
per year and substance that includes the emissions for each sector for the 12 months.

e Monthly gridmaps of emission fluxes (in kg/m2/s) at 0.1x0.1degree resolution: there is one .NetCDF file
per year and substance that includes the emission fluxes for each sector the emission fluxes for the 12
months.

e Annual gridmaps of emissions (in Mg/year at 0.1x0.1degree resolution: there is one .NetCDF file per
year and substance that includes the emissions for each sector.

e Annual gridmaps of emission fluxes (in kg/m2/s) at 0.1x0.1degree resolution: there is one .NetCDF file
per year and substance that includes the emission fluxes for each sector.

The full set of HTAP_v3 data is quite large, requiring substantial network bandwidth and time for download, and
substantial storage space. To make it easier for users to query and use the data, additional products are available.
For global modellers who may not require such high spatial resolution, gridmaps at 0.5x0.5 degree resolution are
made available following the abovementioned specifications of the higher spatial resolution data. Furthermore, to
allow regional modellers to download only the data for the regions they need, the JRC EDGAR group has also
developed an interface to allow the users of the HTAP_v3 mosaic to extract emission data over arbitrarily specified
geographical domains. The HTAP tool is accessible after creation of an ECAS account
(https://webgate.ec.europa.eu/cas/login) and it is available at: https://edgar.jrc.ec.europa.cu/htap _tool/.

5 Conclusions

The global air pollution mosaic inventory HTAP_v3 presented and discussed in this paper is a state-of-the-art
databasetee! for addressing the present status and the recent evolution of a set of policy-relevant air pollutants.
The inventory is made byderivesfrom-the the harmonization and blending of six regional inventories, gapfilled
using the most recent release of EDGAR (EDGARvV6.1). By directly incorporating the best available local
information, including the spatial distribution of emissions, the HTAP_v3 mosaic inventory can be used for
policy-relevant studies at both regional and global levels. As such, the HTAP_v3 mosaic inventory provides a
complement to globally consistent emission inventories such as EDGAR. The global and regional trends of air
pollutant emissions in the HTAP_v3 mosaic are comparable with other commonly available global emission
datasets.

By providing consistent times series for almost two decades, HTAP_v3 allows an evaluation of the impact and
success of the pollution control measures deployed across various regions of the world since 2000. Similarly, its
finer sectoral resolution is suitable for understanding how and where technological changes have resulted in
emissions reductions, suggesting possible pathways for strengthening appropriate policy actions.

All these features make HTAP_v3 a databaseteel of-eertain interest for policy makers active in the air quality
regulatory efforts. Indeed-althengh- HTAP_ v3 provides a picture of a world where most pollutant emissionss are
following a steady or decreasing path;. However, several areas of the world show an eppesite-emission-increasing
emission trend, withwhile wide portions of the world remaining subjected to unsatisfactory levels of ambient air

qualitypeHtion.

When using the HTAP v3 emission mosaic, users should consider the following limitations, for example when
combining the HTAP_v3 data with other emission input needed to run atmospheric models:

- agricultural waste burning emissions should be treated with caution to avoid double-counting when combined
with existing biomass burning emission inventories;

- NMVOC and NOx emissions from agricultural soils should be treated with caution to avoid double-counting
when combining the HTAP v3 data with a natural emissions model such as MEGAN (Model of Emissions of
Gases and Aerosols from Nature);

- the speciation of NOx emissions into its components (NO, NO2, HONO) is not provided by the global HTAP_v3 /{ Formatted: Font: 10 pt

mosaic and it is beyond the scope of the current work since the regional inventories report total NOx with no
speciation. Standard practice in global models is to emit all anthropogenic NOx as NO, while we expect that
regional modelling groups will have access to appropriate best practices for their particular regions. In particular
for road transport, the partitioning of NOx emissions between NO, NO2, and HONO is highly region-dependent
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and it is based on the fleet composition (e.g., number of diesel vehicles relative to gasoline vehicles) and
technology level (e.g., the level of exhaust after treatment).

Thanks to the continuous improvement of local and regional emission inventories, recent literature shows new /{ Formatted: Font: 10 pt

datasets that reporf regional information over areas of the world not covered by local inventories in the current
HTAP v3 mosaic (e.g. Argentina (Puliafito et al. 2021). Africa (Keita et al., 2021) and the MEIC inventory ﬂ Formatted: Font: 10 pt

(http://meicmodel.org.cn/?page_id=1772&lang=en)). Future updates to this mosaig, may also integrate reliable /{ Formatted: Font: 10 pt

and up to data information over South America or Africa as time and resources permit.

‘{ Formatted: Font: 10 pt

U

Similar to its predecessor (e.g. HTAP v2.2 mosaic inventory), we expect that this new HTAP_v3 mosaic
inventory will be used as a basis for global assessments of long-range, transboundary transport of air pollution
under the Task Force on Hemispheric Transport of Air Pollution, while also providing a convenient and useful
informationtee! for regional modellers seeking the best available regional emissions with a consistent gap-filling
methodology. Future versions of the HTAP mosaic inventory will incorporate new regional emission inventories
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Figure 1 — Overview of the HTAP_v3 mosaic data providers. Data from officially reported emission
gridmaps were collected from the US Environmental Protection Agency, Envir t and Climate Change
Canada, CAMS-REG-v5.1 for Europe, REASv3.2.1 for most of the Asian domain, CAPSS-KU for Korea
and JAPAN (PM2.5EI and J-STREAM) for Japan. The share of the total emissions covered by each data
provider is reported in the bar chart at the bottom.
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Figure 2 — Time series of gaseous and particulate matter pollutants from HTAP_v3 by aggregated regions.
Regional grouping follows the Intergovernmental Panel on Climate Change Sixth Assessment Report
(IPCC ARG6) definitions. Table S3 provides information on the regional belonging of each country to the
IPCC ARG regions.
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Figure 5 — HTAP_v3 mosaic: NOx emission gridmaps in 2000 (top panel) and 2018 (bottom panel).
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Figure 9 — Monthly variability of NH3 emissions for agriculture related activities for the different world
regions in 2015.
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Figure 10 — Monthly variability of NOx emissions for relevant emission sectors for the different world
regions in 2015.
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Figure 13 — NH3 monthly emission maps from agricultural soils in 2018 from HTAP_v3.

Table 1 — Overview of data input to the HTAP_v3 emission mosaic.

Data CAMS-REG-v5.1 US EPA ECCC REASv3.2.1
source
Type of | Country inventories as | Country inventoryies | Country inventoryies | Country inventories as
data emission time series as emission time series | emission gridmaps as
source | by sector and country by sector and country | text files.
and emission gridmaps and emission
as .csv files. gridmaps as .NetCDF
files.
Sectors | All sectors, excluding | All sectors, excluding | All sectors, excluding | All sectors, excluding
covera | international shipping | international shipping | agricultural waste | brake and tyre wear,
ge and aviation | and aviation | burning, international | domestic shipping,
(international and | (international and | shipping and aviation | waste, agricultural
domestic). domestic). (international and | waste burning,
domestic). international shipping
and aviation
(international and
domestic).
Tempo | 2000-2018 2002-2017 2000-2016 2000-2015+trends
ral from MEIC over
covera China for 2016, 2017,
ge 2018
Tempo | Annual emission | Monthly emission | Monthly emission | Monthly emission
ral gridmaps + monthly | gridmaps gridmaps gridmaps
resoluti | profiles
on




Spatial | 0.1°x0.1° 0.1°x0.1° 0.1°x0.1° 0.1°x0.1° (The
resoluti original spatial
on resolution of
REASv3.2.1 is
0.25°x0.25°.
Assuming that
emissions are equally
distributed in the
0.25° cell,
REASV3.2.1 data
were converted to 0.1°
cell and provided to
HTAP v3)
Substa | SO2, NOx, CO,|S0O2, NOx, CO,|S02, NOx, CO,|S02, NOx, CO,
nces NMVOC, NH3, | NMVOC, NH3, | NMVOC, NH3, | NMVOC, NH3,
PM10, PM2.5, BC, | PMI10, PM2.5, BC,|PMI10, PM2.5, BC, | PM10, PM2.5, BC,
oC ocC oC ocC
Geocov —
erage }’?
Refere http://meicmodel.org
nces
Data CAPSS-KU JAPAN (PM2.5EI and J- | EDGARV6.1
source STREAM)
Type of | Country inventory as | Country inventory as | Country inventory as emission
data emission time series by | emission time series by | time series by sector and country
source sector and country and | sector and country and | and emission gridmaps as
emission  gridmaps as | emission gridmaps as | .NetCDF files.
NetCDF files. NetCDF files.
Sectors All  sectors, excluding | All sectors, excluding | All sectors, including
coverage | international shipping and | international shipping, | international  shipping  and
aviation (international and | domestic shipping and | aviation  (international  and
domestic). aviation (international and | domestic)
domestic).
Temporal | 2000-2018 2000-2017 2000-2018
coverage
Temporal | Annual emission gridmaps | Monthly emission | Monthly emission gridmaps
resolution | + monthly profiles gridmaps
Spatial 0.1°x0.1° 0.1°x0.1° 0.1°x0.1°
resolution
Substanc | SO2, NOx, CO, NMVOC, | SO2, NOx, CO, NMVOC, | SO2, NOx, CO, NMVOC, NH3,
es NH3, PM10, PM2.5, BC, | NH3, PM10, PM2.5, BC, | PM10, PM2.5, BC, OC
oC oC
Geocover
age
Reference https://edgar.jrc.ec.curopa.cu/dat
s aset_ap61




1 Table 2 — Definition of HTAP_v3 sectors and correspondence to IPCC codes.

HTAP_v3 | HTAP_v3 detailed | Sector description IPCC 1996 | IPCC 2006
main sectors codes codes
sectors
HTAP_1: | HTAP_1: International water-born navigation. | 1C2 1.A3.di
Internatio | International
nal Shipping
Shipping
HTAP_2: | HTAP_2.1: Civil Aviation. 1A3aii 1.A3.a.ii
Aviation Domestic Aviation
HTAP_2.2: International Aviation. 1A3ai 1.A3.a.i
International
Aviation
HTAP_3: | HTAP_3: Energy | Power generation. 1Ala 1.A.la
Energy
HTAP_4: | HTAP 4.1: Industrial non-power large-scale | 1A2 +2+5B | 1A2 + 2
Industry Industry combustion emissions and emissions (excluding
of industrial processes. It includes: 2D3 + 2.E +
manufacturing, mining, metal, 2.F+2.G)+7A
cement, chemical and fossil fuel fires.
HTAP_4.2: It includes oil and gas explorationand | 1B + 1Alb + | 1.B+ 1.A.1.b+
Fugitive production and transmission, | 1Alci + | LLAllci +
including  evaporative emissions | 1Alcii +] 1.Alcii +
(mainly NMVOCQ). 1A5biii 1.A.5.b.i.i.d
HTAP_4.3: Solvents and product use. 3 2D3 + 2E + 2F
Solvents +2G
HTAP_5: | HTAP_5.1: Road | Road Transport, combustion and | 1A3b 1.A3b
Ground Transport evaporative emissions only. (excluding (excluding
Transport resuspension) | resuspension)
HTAP_5.2: Brake | Re-suspended dust from pavements | 1A3b 1.A3b
and Tyre wear or tyre and brake wear from road | (resuspension | (resuspension
transport. only) only)
HTAP_5.3: Domestic shipping: inland waterways | 1A3d2 1.A3.d.ii
Domestic shipping | + domestic shipping.
HTAP_5.4: Other | Ground transport by pipelines and | 1A3c+ 1A3e | 1.A3.c +
ground transport | other ground transport of mobile 1.A3.e.ii
machinery.
HTAP_6: | HTAP_6: Small-scale combustion, including | 1A4 + 1AS 1LA4+1.A5
Residentia | Residential heating, cooling, lighting, cooking
1 and auxiliary engines, to equip
residential, commercial buildings,
service institutes, and agricultural
facilities and fisheries.
HTAP_7: | HTAP_7: Waste Solid waste disposal and wastewater | 6 4
Waste treatment.
HTAP_8: | HTAP_8.1: Agricultural waste burning | 4F 3.C.1b
Agricultur | Agricultural waste | (excluding Savannah burning).
e burning
HTAP_8.2: Livestock  emissions, including | 4B 3.A2
Agriculture manure management.
livestock
HTAP_8.3: Emissions from crops, fertilisers, and | 4C +4D 3.C2+3.C3+
Agriculture crops | all agricultural soils activities. 3.C4+3.C7
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Table 3 — Overview of pollutant and sector provided by each inventory in HTAP_v3. Cells with N/A indicate
that the emissions for those sectors were not provided and/or used in HTAP_v3 for a specific inventory,
while gapfilled with the corresponding information from EDGARV6.1. The other cells represent the data
availability for each sector and inventory. The color codes used for the pollutants refer to the data source:
black color represents pollutant emissions provided by a specific inventory, red color indicates emissions
gapfilled using EDGARV6.1 and violet color indicates combinations of sectors-pollutants available for
specific regional inventories but not in EDGAR, which typically represent minor sources of emissions
included in officially reported inventories. These minor sources are included in the HTAP_v3 mosaic.

REAS | CAPS CAMS- EDGARv
Data provider v3.2.1 | S-KU | JAPAN ECCC US EPA REG-v5.1 | 6.1
HTAP_1:
International All
Shipping N/A N/A N/A N/A N/A N/A substances
HTAP_2.1: All
Domestic Aviation N/A N/A N/A N/A N/A N/A substances
HTAP_2.2:
International All
Aviation N/A N/A N/A N/A N/A N/A substances
BC, OC,
NOx,
NH3, CO,
HTAP_3: Energy PM2.5,
All All PM10,
substa | substa | NMVOC, | All All All All
nces nces SO2 substances | substances | substances | substances
BC, OC,
NOx,
HTAP_4.1: NH3, CO,
Industr PM2.5,
y All All PMI0,
substa | substa | NMVOC, | All All All All
nces nces SO2 substances | substances | substances | substances
BC,
OcC,
NOx,
NH3, BC, OC,
HTAP_4.2: CO, NOx,
Fugitive PM2.5, | NH3, CO,
PM10, | PM2.5,
All NMV | PM10,
substa | OC, NMVOC, | All All All All
nces SO2 SO2 substances | substances | substances | substances
CO, NOx,
OocC, NOx,
NMV | NMV NMVOC, | NH3, CO,
‘Si(:éel; ;:‘3 : oc, |oc, |NMvoc, | NMvOc, | NH3, PM2.5,
NH3, | NH3, | NH3, NH3, PM10, PM10,
PM10, | PM10, | PM10, PM10, PM2.5, NMVOC, | All
PM2.5 | PM2.5 | PM2.5 PM2.5 SO2 SO2 substances
All All
gxfp—:r':’ Road | (ipsta | substa | All All All All All
nces nces substances | substances | substances | substances | substances
BC, BC,0C,P | BC,OC,P BC,0C,P | BC,0C,P
;’anATP; —rsezw e‘::‘ke 0C, | M2.5PM1 | M25PMI | BC,LOCP | M2.5PMI | M2.5PM1
N/A NOx, 0 0 M2.5PM1 | 0 0




2

‘ —( Formatted Table

NH3, 0,
CoO, NMVOC
PM2.5,
PMI10,
NMV
ocC,
SO2
BC, OC,
NOx,
HTAP_5.3: NH3, CO,
L PM2.5,
Domestic shipping All PMI0,
substa All All NMVOC, | All
N/A nces N/A substances | substances | SO2 substances
BC, OC,
NOx,
HTAP_5.4: Other I;I\l;ll; SCO’
ground transport All All PMl.O,,
substa | substa | NMVOC, | All All All All
nces nces SO2 substances | substances | substances | substances
BC, OC,
NOx,
HTAP_6: NH3, CO,
Residential PM2.5,
All All PMI10,
substa | substa | NMVOC, | All All All All
nces nces SO2 substances | substances | substances | substances
All
HTAP_7: Waste substa | All All All All All
N/A nces substances | substances | substances | substances | substances
HTAP_8.1: All
Agricultural waste substa | All All All All
burning N/A nces substances | N/A substances | substances | substances
NH3,
NMV
HTAP $.2: NH3, OcC, NH3, NH3, NH3,
AgricuTture NMV | NOx, NH3, NMVOC, | NMVOC, | NMVOC, | NH3,
livestock 0oC, PM10, | NMVOC, | NOx, NOx, NOx, NMVOC,
NOx, | PM2.5, | NOx, PMI0, PMI0, PM10, NOx,
PM10, | BC, PM10, PM2.5, PM2.5, PM2.5, PMI10,
PM2.5 | OC PM2.5 BC, OC BC, OC oC PM2.5
NH3,
NH3, NOx, NH3,
NH3, NOx, PM10, NOx,
HTAP_8.3: NOx, PM10, PM2.5, PM10,
Agriculture_crops NH3, PM10, | NH3, PM2.5, BC, OC, PM2.5, NH3,
NOx, PM2.5, | NOx, BC, Co, SO2, CO, | NOx,
PM10, | BC, PM10, NMVOC, | NMVOC, | OC, PMI10,
PM2.5 | OC PM2.5 oC SO2 NMVOC | PM2.5
Table 4 — Main features of the different HTAP mosaics.
- HTAP vl HTAP v2.2 HTAP v3
Time coverage 2000-2005 2008 and 2010 2000-2018
yearly and
Time resolution yearly yearly and monthly monhtly




Substances

CHa4, NMVOC, CO. SO

S0,. NOx, CO. NMVOC

S0,, NOx, CO
NMVOC, NH;

NOx, NH3, PMjo, PM» s, BC

NH; (only for agriculture)

OocC

PM.io. PMys, BC. OC

PM,o, PM> 5. BC
OocC

Sectors

Aircraft, Ships, Energy.
Industry Processes, Ground
Transport, Residential,
Solvents, Agriculture,

Agriculture Waste Burning,
and Waste

Air, Ships, Energy, Industry,
Transport, Residential
(including waste), and

Agriculture (only for NH3)

International
Shipping,
Domestic
Shipping,
Domestic
Aviation.
International
Aviation, Energy,
Industry,
Fugitives, Solvent
Use, Road
Transport, Brake
and Tyre Wear,
Other Ground
Transport,
Residential
Waste
Agricultural
Waste Burning,
Livestock, and
Agricultural
Crops

Geographical
coverage

Globe

Globe

Globe

Spatial resolution

0.1°x0.1°

0.1°x0.1°

0.1°x0.1°

Input datasets

UNFCCC, REAS, GAINS,

US EPA, Environment

CAMS-REG-
V3.1,
REASv3.2.1, US
EPA, ECCC

Canada, MICS, TNO/EMEP
Europe (MACC 1I), MICS

CAPSS-KU
JAPAN (PM2.5EI

Asia 11T+ REAS2.1,

and J-STREAM),

Reference

EMEP, EPA, EDGARvV4.1 EDGARV4.3 EDGARV6.1
Janssens-Maenhout et al. Janssens-Maenhout et al.
2012 2015 This work
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S1 - Matching tables between inventory providers and HTAP_v3 sectors and regions

Table S1 — Sector matching table between inventory providers and HTAP_v3 sectors

REASv3.2.1 CAPSS-KU JAPAN US EPA ECCC CAMS-REGV6.1
HTAP_1: International -
Shipping - - - - -
1.A.3.a.i.(i) Civil Landing & Takeoff
HTAP_2.1: Domestic aviation 1A3ai(i) and
Aviation (domestic, 1A3aii(i)
SCC Level3 domestic landing/take-off | 1A3aii_Domesti H_Auviation,
airport traffic (LTO)) c-aviation O_AviCruise
HTAP_2.2: International -
Aviation - - - - -
POWER_PLANTS 1Ala_Public- 1Ala_Public-
HTAP_3: Energy _POINT SCC Levell l.A.l.fa .Public Electricity ' Electricity .
POWER_PLANTS | Energy Industry (Power electricity and 1Ala_Industrial- | 1Ala_Industrial-
_NON-POINT Generation) heat production | Electricity Electricity A_PublicPower
1.A2 All 1A2 All
components components,
2.A Mineral excluding Fugitive
products 2 All components
2.B Chemical 1A2 All (excluding 2D &
HTAP_4.1: Industry industry components excluding
SCC Levell Combustion 2.C Metal 2 All Fugitive)
in manufacturing production components
industry 2.H Other (excluding 2D)
SCC Levell Industrial industry 6A_Other-
INDUSTRY processes production commertial B_Industry




HTAP_4.2: Fugitive

SCC Levell Energy
storage and distribution
SCC Level2 charcoal

1.Al.c
Manufacture of
solid fuels and
other energy
industries
1.A1b
Petroleum
refining

1.B Fugitive
emissions from

1B2 All
components
1Alb_Pet-
refining
1A1c_Coke-
ovens
1Alg_Other-

Fugitive
components of
1A2

1B2 All
components
2A5

EXTRACTION manufacturing fuels energy-transf D_Fugitive
2.D Other Solvent portions
HTAP_4.3: Solvents SCC Levell solvent and 2D All of 1A2, 1B2, 2D
SOLVENT Solvent use product use components and 2L E_Solvents
1A3bi—iv F_RoadTransport
HTAP_5.1: Road ROAD_TRANSPO 1.A.3.b.i, ii, iii, iv, | 1A3bii_Road (excluding
Transport . . .
RT on-road mobile v Road transport | (combustion) resuspension)
1A3bv —vii F_RoadTransport

HTAP_5.2: Brake and

SCC Level2 paved road

6A Road Dust

Tyre wear SCC Level2 unpaved road | 1.A.3.b.vi, vii 1A3b_Road- (resuspension
- SCC Level2 tire wear Road transport noncomb only)
1A3dii_Domesti | 1A3dii
c-navigation
HTAP_5.3: Domestic SCC Level2 Inland (shipping) -
shipping waterways 1A5_Recreation G_Shipping
SCC Level3 national sea al-Equipment-
- traffic within EMEP area - Marine
1A3c_Rail 1A2gvii Off road
1A3eii_Other- 1A3c
HTAP_5.4: Other ground unspecified- 1A3e|”
transport transp . 1A4bii
1A5_Recreation
OTHER_TRANSP SCC Level2 Railways al-Equipment-
ORT 1.A.3.c Railways | Land |_Offroad

3




HTAP_6: Residential

SCC Levell Non-industrial
combustion plants

SCC Level2 Agriculture
SCC Level2 construction

1A4 All
components
2D3e Commercial
residential

2H2 Meat grilling
6A cigarette

machinery 1.A4All 1A4 All smoking, C_OtherStationary
DOMESTIC SCC Level?2 fireplace components components Structural fires Comb
SCC Levell Waste 5 All components
treatment and disposal
HTAP_7: Waste SCC Level2 waste 5 Al
- disposal 5. Waste components J_Waste
HTAP_8.1: Agricultural . 3.F F|§Id burning 6A Pr.escrlbed L_AgrlOther
. SCC Level2 agricultural of agricultural 3F_Ag-res-on- Burning (forest) (agricultural waste
waste burning . - . } .
- residue burning residues field burning only)
SCC Level2 Manure 3B All
HTAP_8.2: management components
Agriculture_livestock MANURE_MANA | SCC Level2 Stockbreeding | 3.B Manure 3B All
GEMENT activity management components K_AgrilLivestock
SCC. IteveIZ Cultures with . 3D All L AgriOther
fertilizers 3Dal_lnorganic- | components .
HTAP_8.3: . L (excluding
Agriculture croos (except animal manure) 3.D Crop N-fertilizers agricultural waste
€ —crop SCC Level2 Agriculture production and 3Df_Use-of- birnin )
FERTILIZER activity agricultural soils | pesticides J




Table S2- Matching sectors between MEIC and HTAP_v3

While the HTAP_v3 mosaic includes 16 separate sectors, the public MEIC inventory is only
distributed with 4 aggregated sectors. HTAP_v3 aims to be a “complete” inventory, covering
all known anthropogenic emission sources, while the scope of the MEIC inventory is more
limited. Some of the HTAP_v3 sectors have no corresponding counterpart in MEIC, while
others are present in MEIC as part of aggregated sectors. To compare the HTAP_v3
emissions with MEIC emissions, the correspondence between sectors must be established.

HTAP_v3 sector number HTAP_v3 sector name MEIC sector
1 International Shipping Not included in MEIC
2.1 Domestic Aviation Not included in MEIC
2.2 International Aviation Not included in MEIC
3 Energy Power
4.1 Industry Industry
4.2 Fugitive Industry
4.3 Solvents Industry
5.1 Road Transport Transportation
5.2 Brake and Tyre wear Transportation
5.3 Domestic shipping Transportation
5.4 Other ground transport Transportation
6 Residential Residential
7 Waste Residential
8.1 Agricultural waste burning Not included in MEIC
8.2 Agriculture livestock Agriculture
8.3 Agriculture crops Agriculture




Table S3 — Country mapping to inventory providers and regional belonging to IPCC ARG6 regions.

Data Country code

provider 1ISO_A3 Country name IPCC ARG regional grouping
CAMS-REG-

v5.1 ALB Albania Europe
CAMS-REG-

v5.1 AUT Austria Europe
CAMS-REG-

v5.1 BEL Belgium Europe
CAMS-REG-

v5.1 BGR Bulgaria Europe
CAMS-REG-

v5.1 BIH Bosnia and Herzegovina Europe
CAMS-REG-

v5.1 BLR Belarus Eurasia
CAMS-REG-

v5.1 CHE Switzerland Europe
CAMS-REG-

v5.1 CYP Cyprus Europe
CAMS-REG-

v5.1 CZE Czech Republic Europe
CAMS-REG-

v5.1 DEU Germany Europe
CAMS-REG-

v5.1 DNK Denmark Europe
CAMS-REG-

v5.1 ESP Spain Europe
CAMS-REG-

v5.1 EST Estonia Europe
CAMS-REG-

v5.1 FIN Finland Europe
CAMS-REG-

v5.1 FRA France Europe
CAMS-REG-

v5.1 GBR United Kingdom Europe
CAMS-REG-

v5.1 GRC Greece Europe
CAMS-REG-

v5.1 HRV Croatia Europe
CAMS-REG-

v5.1 HUN Hungary Europe
CAMS-REG-

v5.1 IRL Ireland Europe
CAMS-REG-

v5.1 ISL Iceland Europe
CAMS-REG-

v5.1 ITA Italy Europe




CAMS-REG-
v5.1 LTU Lithuania Europe
CAMS-REG-
v5.1 LUX Luxembourg Europe
CAMS-REG- South-East Asia and
v5.1 LVA Latvia developing Pacific
CAMS-REG-
v5.1 MDA Moldova, Republic of Eurasia
CAMS-REG- Macedonia, the former Yugoslav
v5.1 MKD Republic of Eurasia
CAMS-REG-
v5.1 MLT Malta Europe
CAMS-REG-
v5.1 MNE Montenegro Europe
CAMS-REG-
v5.1 NLD Netherlands Europe
CAMS-REG-
v5.1 NOR Norway Europe
CAMS-REG-
v5.1 POL Poland Europe
CAMS-REG-
v5.1 PRT Portugal Europe
CAMS-REG-
v5.1 ROU Romania Europe
CAMS-REG-
v5.1 SRB Serbia Europe
CAMS-REG-
v5.1 SVK Slovakia Europe
CAMS-REG-
v5.1 SVN Slovenia Europe
CAMS-REG-
v5.1 SWE Sweden Europe
CAMS-REG-
v5.1 TUR Turkey Europe
CAMS-REG-
v5.1 UKR Ukraine Europe
CAMS-REG-
v5.1 XKX Kosovo Europe
CAPSS-KU KOR Korea, Republic of Eastern Asia
ECCC CAN Canada North America
EDGARv6.1 | ABW Aruba Latin America and Caribbean
EDGARv6.1 | AGO Angola Africa
EDGARv6.1 | AIA Anguilla Latin America and Caribbean
EDGARv6.1 | AIR Int. Aviation Int. Aviation
EDGARv6.1 | ANT Netherlands Antilles Latin America and Caribbean
EDGARv6.1 | ARE United Arab Emirates Middle East
EDGARv6.1 | ARG Argentina Latin America and Caribbean
EDGARv6.1 | ARM Armenia Eurasia
South-East Asia and
EDGARv6.1 | ASM American Samoa developing Pacific
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EDGARvV6.1 | ATG Antigua and Barbuda Latin America and Caribbean
EDGARv6.1 | AUS Australia Asia-Pacific Developed
EDGARv6.1 | AZE Azerbaijan Eurasia
EDGARv6.1 | BDI Burundi Africa
EDGARv6.1 | BEN Benin Africa
EDGARv6.1 | BFA Burkina Faso Africa
EDGARv6.1 | BHR Bahrain Middle East
EDGARv6.1 | BHS Bahamas Latin America and Caribbean
EDGARv6.1 | BLZ Belize Latin America and Caribbean
EDGARv6.1 | BMU Bermuda Latin America and Caribbean
EDGARv6.1 | BOL Bolivia Latin America and Caribbean
EDGARv6.1 | BRA Brazil Latin America and Caribbean
EDGARv6.1 | BRB Barbados Latin America and Caribbean
EDGARv6.1 | BWA Botswana Africa
EDGARv6.1 | CAF Central African Republic Africa
EDGARv6.1 | CHL Chile Latin America and Caribbean
EDGARv6.1 | CIV Cote d'lvoire Africa
EDGARv6.1 | CMR Cameroon Africa
Congo_the Democratic Republic of

EDGARv6.1 | COD the Africa
EDGARv6.1 | COG Congo Africa

South-East Asia and
EDGARv6.1 | COK Cook Islands developing Pacific
EDGARv6.1 | COL Colombia Latin America and Caribbean
EDGARv6.1 | COM Comoros Africa
EDGARv6.1 | CPV Cape Verde Africa
EDGARv6.1 | CRI Costa Rica Latin America and Caribbean
EDGARv6.1 | CUB Cuba Latin America and Caribbean
EDGARv6.1 | CYM Cayman Islands Latin America and Caribbean
EDGARv6.1 | DJI Djibouti Africa
EDGARv6.1 | DMA Dominica Latin America and Caribbean
EDGARv6.1 | DOM Dominican Republic Latin America and Caribbean
EDGARv6.1 | DZA Algeria Africa
EDGARv6.1 | ECU Ecuador Latin America and Caribbean
EDGARv6.1 | EGY Egypt Africa
EDGARv6.1 | ERI Eritrea Africa
EDGARv6.1 | ESH Western Sahara Africa
EDGARv6.1 | ETH Ethiopia Africa

South-East Asia and
EDGARv6.1 | FJI Fiji developing Pacific
EDGARv6.1 | FLK Falkland Islands (Malvinas) Latin America and Caribbean
EDGARv6.1 | FRO Faroe Islands Europe

South-East Asia and
EDGARv6.1 | FSM Micronesia, Federated States of developing Pacific
EDGARv6.1 | GAB Gabon Africa
EDGARv6.1 | GEO Georgia Eurasia
EDGARv6.1 | GHA Ghana Africa




EDGARv6.1 | GIB Gibraltar Europe
EDGARv6.1 | GIN Guinea Africa
EDGARv6.1 | GLP Guadeloupe Latin America and Caribbean
EDGARv6.1 | GMB Gambia Africa
EDGARv6.1 | GNB Guinea-Bissau Africa
EDGARv6.1 | GNQ Equatorial Guinea Africa
EDGARv6.1 | GRD Grenada Latin America and Caribbean
EDGARv6.1 | GRL Greenland Europe
EDGARv6.1 | GTM Guatemala Latin America and Caribbean
EDGARv6.1 | GUF French Guiana Latin America and Caribbean
South-East Asia and
EDGARv6.1 | GUM Guam developing Pacific
EDGARv6.1 | GUY Guyana Latin America and Caribbean
EDGARv6.1 | HKG Hong Kong Eastern Asia
EDGARv6.1 | HND Honduras Latin America and Caribbean
EDGARv6.1 | HTI Haiti Latin America and Caribbean
EDGARv6.1 | IRN Iran, Islamic Republic of Middle East
EDGARv6.1 | IRQ Iraq Middle East
EDGARv6.1 | ISR Israel Middle East
EDGARv6.1 | JAM Jamaica Latin America and Caribbean
EDGARv6.1 | JOR Jordan Middle East
EDGARv6.1 | KAZ Kazakhstan Eurasia
EDGARv6.1 | KEN Kenya Africa
EDGARv6.1 | KGZ Kyrgyzstan Eurasia
South-East Asia and
EDGARv6.1 | KIR Kiribati developing Pacific
EDGARv6.1 | KNA Saint Kitts and Nevis Latin America and Caribbean
EDGARv6.1 | KWT Kuwait Middle East
EDGARv6.1 | LBN Lebanon Middle East
EDGARv6.1 | LBR Liberia Africa
EDGARv6.1 | LBY Libyan Arab Jamahiriya Africa
EDGARv6.1 | LCA Saint Lucia Latin America and Caribbean
EDGARv6.1 | LSO Lesotho Africa
EDGARv6.1 | MAC Macao Eastern Asia
EDGARv6.1 | MAR Morocco Africa
EDGARv6.1 | MDG Madagascar Africa
EDGARv6.1 | MEX Mexico Latin America and Caribbean
EDGARv6.1 | MLI Mali Africa
EDGARv6.1 | MOZ Mozambique Africa
EDGARv6.1 | MRT Mauritania Africa
EDGARv6.1 | MSR Montserrat Latin America and Caribbean
EDGARv6.1 | MTQ Martinique Latin America and Caribbean
EDGARv6.1 | MUS Mauritius Africa
EDGARv6.1 | MWI Malawi Africa
EDGARv6.1 | MYT Mayotte Africa
EDGARv6.1 | NAM Namibia Africa




South-East Asia and

EDGARv6.1 | NCL New Caledonia developing Pacific
EDGARv6.1 | NER Niger Africa
EDGARv6.1 | NGA Nigeria Africa
EDGARv6.1 | NIC Nicaragua Latin America and Caribbean
South-East Asia and
EDGARv6.1 | NIU Niue developing Pacific
EDGARv6.1 | NZL New Zealand Asia-Pacific Developed
EDGARv6.1 | OMN Oman Middle East
EDGARv6.1 | PAN Panama Latin America and Caribbean
EDGARv6.1 | PER Peru Latin America and Caribbean
South-East Asia and
EDGARv6.1 | PLW Palau developing Pacific
South-East Asia and
EDGARv6.1 | PNG Papua New Guinea developing Pacific
EDGARv6.1 | PRY Paraguay Latin America and Caribbean
South-East Asia and
EDGARv6.1 | PYF French Polynesia developing Pacific
EDGARv6.1 | QAT Qatar Middle East
EDGARv6.1 | REU Reunion Africa
EDGARv6.1 | RUS Russian Federation Eurasia
EDGARv6.1 | RWA Rwanda Africa
EDGARv6.1 | SAU Saudi Arabia Middle East
EDGARv6.1 | SDN Sudan Africa
EDGARv6.1 | SEA Int. Shipping Int. Shipping
EDGARv6.1 | SEN Senegal Africa
EDGARv6.1 | SHN Saint Helena Africa
South-East Asia and
EDGARv6.1 | SLB Solomon Islands developing Pacific
EDGARv6.1 | SLE Sierra Leone Africa
EDGARv6.1 | SLV El Salvador Latin America and Caribbean
EDGARv6.1 | SOM Somalia Africa
EDGARv6.1 | SPM Saint Pierre and Miquelon North America
EDGARv6.1 | STP Sao Tome and Principe Africa
EDGARv6.1 | SUR Suriname Latin America and Caribbean
EDGARv6.1 | SWZ Swaziland Africa
EDGARv6.1 | SYC Seychelles Africa
EDGARv6.1 | SYR Syrian Arab Republic Middle East
EDGARv6.1 | TCA Turks and Caicos Islands Latin America and Caribbean
EDGARv6.1 | TCD Chad Africa
EDGARv6.1 | TGO Togo Africa
EDGARv6.1 | TIK Tajikistan Eurasia
South-East Asia and
EDGARv6.1 | TKL Tokelau developing Pacific
EDGARv6.1 | TKM Turkmenistan Eurasia
South-East Asia and
EDGARv6.1 | TLS Timor-Leste developing Pacific
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South-East Asia and

EDGARv6.1 | TON Tonga developing Pacific
EDGARv6.1 | TTO Trinidad and Tobago Latin America and Caribbean
EDGARv6.1 | TUN Tunisia Africa
EDGARv6.1 | TZA Tanzania_United Republic of Africa
EDGARv6.1 | UGA Uganda Africa
EDGARv6.1 | URY Uruguay Latin America and Caribbean
EDGARv6.1 | UZB Uzbekistan Eurasia
EDGARv6.1 | VCT Saint Vincent and the Grenadines Latin America and Caribbean
EDGARv6.1 | VEN Venezuela Latin America and Caribbean
EDGARv6.1 | VGB Virgin Islands_British Latin America and Caribbean
South-East Asia and
EDGARv6.1 | VUT Vanuatu developing Pacific
South-East Asia and
EDGARv6.1 | WLF Wallis and Futuna developing Pacific
South-East Asia and
EDGARv6.1 | WSM Samoa developing Pacific
EDGARv6.1 | YEM Yemen Middle East
EDGARv6.1 | ZAF South Africa Africa
EDGARv6.1 | ZMB Zambia Africa
EDGARv6.1 | ZWE Zimbabwe Africa
JAPAN JPN Japan Asia-Pacific Developed
REAS AFG Afghanistan Southern Asia
REAS BGD Bangladesh Southern Asia
South-East Asia and
REAS BRN Brunei Darussalam developing Pacific
REAS BTN Bhutan Southern Asia
REAS CHN China Eastern Asia
South-East Asia and
REAS IDN Indonesia developing Pacific
REAS IND India Southern Asia
South-East Asia and
REAS KHM Cambodia developing Pacific
South-East Asia and
REAS LAO Lao People's Democratic Republic | developing Pacific
REAS LKA Sri Lanka Southern Asia
REAS MDV Maldives Southern Asia
South-East Asia and
REAS MMR Myanmar developing Pacific
REAS MNG Mongolia Eastern Asia
South-East Asia and
REAS MYS Malaysia developing Pacific
REAS NPL Nepal Southern Asia
REAS PAK Pakistan Southern Asia
South-East Asia and
REAS PHL Philippines developing Pacific
Korea, Democratic People's
REAS PRK Republic of Eastern Asia

11




South-East Asia and
REAS SGP Singapore developing Pacific
South-East Asia and
REAS THA Thailand developing Pacific
REAS TWN Taiwan_Province of China Eastern Asia
South-East Asia and
REAS VNM Viet Nam developing Pacific
US EPA PRI Puerto Rico North America
US EPA USA United States North America
US EPA VIR Virgin Islands_USA North America

S2 — Comparison of HTAP_v3 emission mosaic vs. regional and global inventories

In this section, the comparison between the HTAP_v3 mosaic emission time series by pollutant
and region and the corresponding emissions from other inventories is presented (Figures S1-
S5). In particular, we compare HTAP v3 against CEDS v2021 04 21 (O'rourke, 2021),
EDGARvVS5.0  (https://edgar.jrc.ec.curopa.cu/dataset ap50, (Oreggioni et al.,, 2022)),
EDGARv6.1 (which is used in HTAP v3 as  gapfilling  inventory,
https://edgar.jrc.ec.curopa.cu/dataset_ap61), country inventories,
GAINS_(ECLIPSE v6b CLE) (Klimont et al., 2017), and REAS v3.2.1 (Kurokawa et al.,
2020) including the latest updates available at https:/www.nies.go.jp/REAS/. In a few
instances (Canada, China) multiple versions of the country inventories are available and the
older version is plotted as “older_country_inv” in the first figure in each set below.

The country level inventories are from the US EPA (https://www.epa.gov/air-emissions-
inventories/air-pollutant-emissions-trends-data; Version April 27, 2020), Environment and
Climate Change Canada (https://open.canada.ca/data/en/dataset/falc88a8-bf78-4fcb-9cle-
2a5534b92131, downloaded August 2020), EMEP (https://www.ceip.at/, downloaded 2020),
MEIC for China (Zheng et al 2018), Japan (REAS 3.2.1), Korea (http://airemiss.nier.go.kr/;
downloaded 2020) and Taiwan (http://teds.epa.gov.tw/ various databases and documents
downloaded in 2020).

For each emission species two graphs are shown. The first shows comparisons at the country
level (and Eastern/western European regions) where we can compare HTAP v3 with the
country-level inventory data as processed for CEDS. Note that CEDS is calibrated to the
country level data shown in this graph, which means CEDS will generally align with the
country-level data except where gap filling has taken place (as noted below). The second graph
in each set below shows a comparison at the level of global regions, where we compare the
three global inventories and, for Asia regions, REAS.

The graphs below exclude emissions from aviation, international shipping, and agricultural
waste burning on fields. Note that, while we have attempted to harmonize geographic and
sectoral coverage between the inventories, the correspondence is not always exact and this can
lead to spurious differences. There are significant differences, for example, in how different
inventories define the category “domestic shipping”. We, therefore, focus on larger differences
where this potentially impacts interpretation of the HTAP v3 data.
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S2.1- Comparison of SOz emissions

Overall, HTAP_v3 compares well with the country level data for SO,. The largest discrepancy
is for Australia. The Australia National Pollutant Inventory (NPI; http://www.npi.gov.au/)
provides annual data for point sources. For non-point sources, however, this only provides data
for one representative year, which is also not necessarily consistent between states. For this
reason, there is no consistent time series data available for total emissions from the NPI. The
CEDS emission data uses default estimates for area sources, but calibrates emissions from
power plants and industrial sources (for species where point sources dominate, such as SOz
from metal smelters) to the Australia NPI data. HTAP_v3 is based on EDGAR for Australia,
as shown in the graph. While SO> values are similar by 2018, the NPI indicates that emissions
were much higher than the HTAP_v3 values by 2000.

There is also a small difference between inventories for China. While CEDS is calibrated to
MEIC, as-is HFAP 3 (indireethy—viaREAS),-CEDS also contains bottom-up estimates for
metal smelting SO, emissions that are not included in MEIC which increases total emissions
in the mid to late 2000’s. The difference becomes small by the end of the time series as
increased penetration of acid production plants and pollution control devices is assumed to
have substantially decreased SO, emissions from metal smelting.

At a regional level the largest differences between inventories, where the CEDS inventory has
higher emissions than EDGAR (and HTAP_v3) or GAINS, are in Latin America from metal
smelting (derived from bottom-up mass balance estimates plus some country data in CEDS),
and the Middle East, where CEDS has higher emissions from oil and gas operations (derived
from OMI satellite measurements). Differences in SO, emissions between HTAP_v3 and

EDGAR_v6 for the Islands! regional grouping is associated with the emissions from Maldives
which are provided by the REAS inventory and not by EDGAR.

XIn this comparison, ‘Islands’ includes emissions from: Cook Islands, Faeroe Islands, Maldives, Martinique,
Niue, French Polynesia, Saint Pierre and Miquelon.
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Figure S1 - SO: emission time series comparison by world region as provided by different
inventories and HTAP_v3.

S2.

Overall, HTAP_v3 compares well with the country level data for NOx with general agreement

2- Comparison of NOx emissions

between the inventories for most regions. Trends in Australia are particularly uncertain,
however, since there is no country-level time series information for mobile sources, which are
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a major driver of trends in NOx emissions. The figure illustrates how different assumptions
impact the estimated trends, which differ between EDGAR v5, EDGAR v6 (on which



HTAP v3is based), and CEDS (which uses emission factors from GAINS for mobile sources).
The inventories also show different emission magnitudes for Japan. Possible drivers of
differences include different assumptions about industrial sector emissions and the treatment
of domestic shipping emissions, which are both significant contributors to emission totals in
Japan._Similarly to So2, also differences in NOx emissions between HTAP v3 and
EDGAR_v6 for the Islands regional grouping is associated with the emissions from Maldives
which are provided by the REAS inventory and not by EDGAR.
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Figure S2 — NOx emission time series comparison by world region as provided by
different inventories and HTAP_v3.

S2.3- Comparison of CO emissions

While HTAP v3 compares well with the country level data for CO, there is a large variation
overall between the different global inventories. CO emission factors depend heavily on
combustion process details which are difficult to capture with default regional emission factor
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assumptions. An example of this is shown for Canada, where CO emission estimates appear to
have changed significantly in more recent versions of the inventory.

There is a particularly large difference in China by 2000, where HTAP_v3 has CO emissions
that peak around 2010, whereas CEDS has CO emissions peaking earlier and at a higher value,
and EDGAR has no prominent peak in CO emissions. The difference is largely in the
residential sector, with HTAP_v3 residential CO emissions decreasing when going back from
2005 to 2000, whereas residential sector CO emissions increase in CEDS driven by increases
in residential biomass combustion when going back from 2005 to 2000.
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Figure S3 — CO emission time series comparison by world region as provided by different

inventories and HTAP_v3.

S2.4- Comparison of NMVOC emissions

While HTAP v3 compares well with the country level data for NMVOC, there is a large
variation overall between the different global inventories. HTAP v3 NMVOC emissions are
shifted higher than the country level inventories used in CEDS for a number of
countries/regions. The reason for this difference is not clear, but may be due to more recent
country data used in EDGAR-HTAP v3 or differences in sectoral coverage.
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Figure S4 — NMVOC emission time series comparison by world region as provided by
different inventories and HTAP_v3.

S2.5- Comparison of NH3 emissions

While HTAP_v3 compares well with the country level data for NH3 in most cases, there is also
a large variation overall between the different global inventories. In some cases, such as the
USA, gridded NH; emissions in some key agricultural sectors was not available so these
emissions were gap filled from EDGAR estimates.
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Figure S5 — NH3 emission time series comparison by world region as provided by different
inventories and HTAP_v3.
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S3 — Monthly variability of the emissions

Figures S6, S7 and S8 show the monthly contribution of the emissions of CO, NMVOC and
SO in 2015 for world regions. The largest variability is found for the residential sector and
agriculture, while smaller variation is present for energy, industry and transport.
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Figure S6 — Monthly variability of CO emissions for relevant emission sectors for the
different world regions in 2015.
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Figure S7 — Monthly variability of NMVOC emissions for relevant emission sectors for
the different world regions in 2015.
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Monthly profile for year 2015 , pollutant SO2
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Figure S8 — Monthly variability of SO: emissions for relevant emission sectors for the

different world regions in 2015.

Figures S9-S14 show the monthly mean profiles for the different pollutants and relevant
emission sectors. The mean profile over the years 2002-2015, which is the period covered by
all data providers, for each region is represented together with the 10° and 90° percentiles. With
the exception of few data providers (EDGAR and ECCC), no inter-annual variability of the
monthly profiles is found.
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Figure S9 — Monthly mean profile of SOz emissions for relevant emission sectors for the
different world regions. The mean profile over the years 2002-2015, which is the period
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covered by all data providers, for each region is represented together with the 10° and
90° percentiles, in grey.
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Figure S10 — Monthly mean profile of NOx emissions for relevant emission sectors for the
different world regions. The mean profile over the years 2002-2015, which is the period
covered by all data providers, for each region is represented together with the 10° and
90° percentiles.
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Figure S11 — Monthly mean profile of CO emissions for relevant emission sectors for the
different world regions. The mean profile over the years 2002-2015, which is the period
covered by all data providers, for each region is represented together with the 10° and
90° percentiles.
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Figure S12 — Monthly mean profile of NMVOC emissions for relevant emission sectors
for the different world regions. The mean profile over the years 2002-2015, which is the
period covered by all data providers, for each region is represented together with the 10°
and 90° percentiles.
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Figure S13 — Monthly mean profile of NH3 emissions for relevant emission sectors for the
different world regions. The mean profile over the years 2002-2015, which is the period
covered by all data providers, for each region is represented together with the 10° and
90° percentiles.
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Figure S14 — Monthly mean profile of PMio emissions for relevant emission sectors for
the different world regions. The mean profile over the years 2002-2015, which is the
period covered by all data providers, for each region is represented together with the 10°
and 90° percentiles.

S4 NMVOC speciation

Table S4 provides the list of Global Emissions InitiAtive (GEIA) 25 NMVOC groups included
in HTAP_v3 with the corresponding molecular formula.

Table S4 — List of NMVOC species included in HTAP_v3. R and R’ denote functional
groups. Where general formulae are not appropriate, the simplest molecular formula
representing the group is provided. NA = not available

GF];A GEIA group Molecular formula
vocl Alkanols (alcohols) CuHay+1OH
voc2 Ethane C2He

voc3 Propane CsHs

voc4 Butanes CsHio

vocs Pentanes CsHiz

voco Hexanes and higher alkanes | CqH2n+2 (n > 6)
voc7 Ethene (ethylene) CyHy

voc8 Propene CsHs¢

voc9 Ethyne (acetylene) C2Ha

vocl0 | Isoprenes CsHg

vocll | Monoterpenes CioHie
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vocl2 Other alk(adi)enes/alkynes CuHona
(olefines)

vocl3 | Benzene (benzol) CsHe

vocl4 | Methylbenzene (toluene) C7Hs

voels Dimethylbenzenes CeHy(CH:)
(xylenes)

vocl6 | Trimethylbenzenes CsH3(CH3)3

vocl7 | Other aromatics CnHons

vocl8 | Esters R-C(=0)O-R'

vocl9 | Ethers (alkoxy alkanes) R-O-R'

voc20 | Chlorinated hydrocarbons | CH3Cl

voc21 | Methanal (formaldehyde) CH2O

voc22 | Other alkanals (aldehyedes) | R-CHO

voc23 | Alkanones (ketones) R-C(=0)-R'

voc24 | Acids (alkanoic) R-C:H,COOH

voc25 I?ittlrjﬁf:gl;/t[cv.)oc (HCFCs, NA

Table S5 - Regional mapping to be applied for NMVOC speciation

Country Regionala_VOC_grou | Region
code Country name ping definition
ABW Aruba oT Other
AFG Afghanistan AS Asia
AGO Angola oT Other
AlA Anguilla oT Other
AIR Int. Aviation oT Other
ALA Aland Islands EU Europe
ALB Albania EU Europe
AND Andorra EU Europe
ANT Netherlands Antilles oT Other
ARE United Arab Emirates oT Other
ARG Argentina oT Other
ARM Armenia EU Europe
ASM American Samoa oT Other
ATA Antarctica oT Other
ATF French Southern Territories oT Other
ATG Antigua and Barbuda oT Other
AUS Australia oT Other
AUT Austria EU Europe
AZE Azerbaijan EU Europe
BDI Burundi oT Other
BEL Belgium EU Europe
BEN Benin oT Other
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BFA Burkina Faso oT Other
BGD Bangladesh AS Asia
BGR Bulgaria EU Europe
BHR Bahrain oT Other
BHS Bahamas oT Other
BIH Bosnia and Herzegovina EU Europe
BLR Belarus EU Europe
BLZ Belize oT Other
BMU Bermuda oT Other
BOL Bolivia oT Other
BRA Brazil oT Other
BRB Barbados oT Other
BRN Brunei Darussalam AS Asia
BTN Bhutan AS Asia
BVT Bouvet Island oT Other
BWA Botswana oT Other
CAF Central African Republic oT Other
CAN Canada NA North America
CCK Cocos (Keeling) Islands oT Other
CHE Switzerland EU Europe
CHL Chile oT Other
CHN China AS Asia
CIv Cote d'lvoire oT Other
CMR Cameroon oT Other
CcoD Congo_the Democratic Republic of the oT Other
COG Congo oT Other
COK Cook Islands oT Other
coL Colombia oT Other
COM Comoros oT Other
CPV Cape Verde oT Other
CRI Costa Rica oT Other
CuB Cuba oT Other
CXR Christmas Island oT Other
CYM Cayman Islands oT Other
CYP Cyprus EU Europe
CZE Czech Republic EU Europe
DEU Germany EU Europe
DJI Djibouti oT Other
DMA Dominica oT Other
DNK Denmark EU Europe
DOM Dominican Republic oT Other
DZA Algeria oT Other
E27 Europe - 27 MS EU Europe
ECU Ecuador oT Other
EGY Egypt oT Other
ERI Eritrea oT Other
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ESH Western Sahara oT Other
ESP Spain EU Europe
EST Estonia EU Europe
ETH Ethiopia oT Other
FIN Finland EU Europe
I Fiji oT Other
FLK Falkland Islands (Malvinas) oT Other
FRA France EU Europe
FRO Faroe Islands EU Europe
FSM Micronesia, Federated States of oT Other
GAB Gabon oT Other
GBR United Kingdom EU Europe
GEO Georgia EU Europe
GGY Guernsey EU Europe
GHA Ghana oT Other
GIB Gibraltar EU Europe
GIN Guinea oT Other
GLP Guadeloupe oT Other
GMB Gambia oT Other
GNB Guinea-Bissau oT Other
GNQ Equatorial Guinea oT Other
GRC Greece EU Europe
GRD Grenada oT Other
GRL Greenland EU Europe
GTM Guatemala oT Other
GUF French Guiana oT Other
GUM Guam oT Other
GUY Guyana oT Other
HKG Hong Kong AS Asia
HMD Heard Island and McDonald Islands oT Other
HND Honduras oT Other
HRV Croatia EU Europe
HTI Haiti oT Other
HUN Hungary EU Europe
IDN Indonesia AS Asia
IMN Isle of Man EU Europe
IND India AS Asia
10T British Indian Ocean Territory AS Asia
IRL Ireland EU Europe
IRN Iran, Islamic Republic of oT Other
IRQ Iraq oT Other
ISL Iceland EU Europe
ISR Israel oT Other
ITA Italy EU Europe
JAM Jamaica oT Other
JEY Jersey EU Europe
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JOR Jordan oT Other
JPN Japan AS Asia
KAZ Kazakhstan AS Asia
KEN Kenya oT Other
KGZ Kyrgyzstan AS Asia
KHM Cambodia AS Asia
KIR Kiribati oT Other
KNA Saint Kitts and Nevis oT Other
KOR Korea, Republic of AS Asia
KWT Kuwait oT Other
LAO Lao People's Democratic Republic AS Asia
LBN Lebanon oT Other
LBR Liberia oT Other
LBY Libyan Arab Jamahiriya oT Other
LCA Saint Lucia oT Other
LIE Liechtenstein EU Europe
LKA Sri Lanka AS Asia
LSO Lesotho oT Other
LTU Lithuania EU Europe
LUX Luxembourg EU Europe
LVA Latvia EU Europe
MAC Macao AS Asia
MAR Morocco oT Other
MCO Monaco EU Europe
MDA Moldova, Republic of EU Europe
MDG Madagascar oT Other
MDV Maldives AS Asia
MEX Mexico oT Other
MHL Marshall Islands oT Other
Macedonia, the former Yugoslav

MKD Republic of EU Europe
MLI Mali oT Other
MLT Malta EU Europe
MMR Myanmar AS Asia
MNE Montenegro EU Europe
MNG Mongolia AS Asia
MNP Northern Mariana Islands oT Other
MOZ Mozambique oT Other
MRT Mauritania oT Other
MSR Montserrat oT Other
MTQ Martinique oT Other
MUS Mauritius oT Other
MWI Malawi oT Other
MYS Malaysia AS Asia
MYT Mayotte oT Other
NAM Namibia oT Other
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NCL New Caledonia oT Other
NER Niger oT Other
NFK Norfolk Island oT Other
NGA Nigeria oT Other
NIC Nicaragua oT Other
NIU Niue oT Other
NLD Netherlands EU Europe
NOR Norway EU Europe
NPL Nepal AS Asia
NRU Nauru oT Other
NZL New Zealand oT Other
OMN Oman oT Other
PAK Pakistan AS Asia
PAN Panama oT Other
PCN Pitcairn oT Other
PER Peru oT Other
PHL Philippines AS Asia
PLW Palau oT Other
PNG Papua New Guinea AS Asia
POL Poland EU Europe
PRI Puerto Rico oT Other
PRK Korea, Democratic People's Republic of | AS Asia
PRT Portugal EU Europe
PRY Paraguay oT Other
PSE Palestinian Territory oT Other
PYF French Polynesia oT Other
QAT Qatar oT Other
REU Reunion oT Other
ROU Romania EU Europe
RUS Russian Federation EU Europe
RWA Rwanda oT Other
SAU Saudi Arabia oT Other
SCG Serbia and Montenegro EU Europe
SDN Sudan oT Other
SEA Int. Shipping oT Other
SEN Senegal oT Other
SGP Singapore AS Asia
South Georgia and the South Sandwich

SGS Islands oT Other
SHN Saint Helena oT Other
SIM Svalbard and Jan Mayen EU Europe
SLB Solomon Islands oT Other
SLE Sierra Leone oT Other
SLV El Salvador oT Other
SMR San Marino EU Europe
SOM Somalia oT Other
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SPM Saint Pierre and Miquelon NA North America
SRB Serbia EU Europe
STP Sao Tome and Principe oT Other
SUR Suriname oT Other
SVK Slovakia EU Europe
SVN Slovenia EU Europe
SWE Sweden EU Europe
SwWz Swaziland oT Other
SYC Seychelles oT Other
SYR Syrian Arab Republic oT Other
TCA Turks and Caicos Islands oT Other
TCD Chad oT Other
TGO Togo oT Other
THA Thailand AS Asia
TIK Tajikistan AS Asia
TKL Tokelau oT Other
TKM Turkmenistan AS Asia
TLS Timor-Leste AS Asia
TON Tonga oT Other
TTO Trinidad and Tobago oT Other
TUN Tunisia oT Other
TUR Turkey EU Europe
TUV Tuvalu oT Other
TWN Taiwan_Province of China AS Asia
TZA Tanzania_United Republic of oT Other
UGA Uganda oT Other
UKR Ukraine EU Europe
UMl United States Minor Outlying Islands NA North America
URY Uruguay oT Other
USA United States NA North America
UZB Uzbekistan AS Asia
VAT Holy See (Vatican City State) EU Europe
VCT Saint Vincent and the Grenadines oT Other
VEN Venezuela oT Other
VGB Virgin Islands_British oT Other
VIR Virgin Islands_USA oT Other
VNM Viet Nam AS Asia
VUT Vanuatu oT Other
WLF Wallis and Futuna oT Other
WSM Samoa oT Other
YEM Yemen oT Other
ZAF South Africa oT Other
ZMB Zambia oT Other
ZWE Zimbabwe oT Other
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