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Abstract. Global anthropogenic emission inventories remain vital for understanding the sources of atmospheric

pollution and the associated impacts on the environment, human health, and society. Rapid changes in today’s

society require that these inventories provide contemporary estimates of multiple atmospheric pollutants with

both source sector and fuel type information to understand and effectively mitigate future impacts. To fill this

need, we have updated the open-source Community Emissions Data System (CEDS) (Hoesly et al., 2019) to

develop a new global emission inventory, CEDSGBD-MAPS. This inventory includes emissions of seven key at-

mospheric pollutants (NOx ; CO; SO2; NH3; non-methane volatile organic compounds, NMVOCs; black carbon,

BC; organic carbon, OC) over the time period from 1970–2017 and reports annual country-total emissions as a

function of 11 anthropogenic sectors (agriculture; energy generation; industrial processes; on-road and non-road

transportation; separate residential, commercial, and other sectors (RCO); waste; solvent use; and international

shipping) and four fuel categories (total coal, solid biofuel, the sum of liquid-fuel and natural-gas combustion,

and remaining process-level emissions). The CEDSGBD-MAPS inventory additionally includes monthly global

gridded (0.5◦ × 0.5◦) emission fluxes for each compound, sector, and fuel type to facilitate their use in earth

system models. CEDSGBD-MAPS utilizes updated activity data, updates to the core CEDS default scaling proce-

dure, and modifications to the final procedures for emissions gridding and aggregation. Relative to the previous

CEDS inventory (Hoesly et al., 2018), these updates extend the emission estimates from 2014 to 2017 and im-

prove the overall agreement between CEDS and two widely used global bottom-up emission inventories. The
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CEDSGBD-MAPS inventory provides the most contemporary global emission estimates to date for these key atmo-

spheric pollutants and is the first to provide global estimates for these species as a function of multiple fuel types

and source sectors. Dominant sources of global NOx and SO2 emissions in 2017 include the combustion of oil,

gas, and coal in the energy and industry sectors as well as on-road transportation and international shipping for

NOx . Dominant sources of global CO emissions in 2017 include on-road transportation and residential biofuel

combustion. Dominant global sources of carbonaceous aerosol in 2017 include residential biofuel combustion,

on-road transportation (BC only), and emissions from the waste sector. Global emissions of NOx , SO2, CO, BC,

and OC all peak in 2012 or earlier, with more recent emission reductions driven by large changes in emissions

from China, North America, and Europe. In contrast, global emissions of NH3 and NMVOCs continuously in-

crease between 1970 and 2017, with agriculture as a major source of global NH3 emissions and solvent use,

energy, residential, and the on-road transport sectors as major sources of global NMVOCs. Due to similar devel-

opment methods and underlying datasets, the CEDSGBD-MAPS emissions are expected to have consistent sources

of uncertainty as other bottom-up inventories. The CEDSGBD-MAPS source code is publicly available online

through GitHub: https://github.com/emcduffie/CEDS/tree/CEDS_GBD-MAPS (last access: 1 December 2020).

The CEDSGBD-MAPS emission inventory dataset (both annual country-total and monthly global gridded files) is

publicly available under https://doi.org/10.5281/zenodo.3754964 (McDuffie et al., 2020c).

1 Introduction

Human activities emit a complex mixture of chemical com-

pounds into the atmosphere, impacting air quality, the envi-

ronment, and population health. For instance, direct emis-

sions of nitric oxide (NO) rapidly oxidize to form nitro-

gen dioxide (NO2) and can lead to net ozone (O3) produc-

tion in the presence of sunlight and oxidized volatile or-

ganic compounds (VOCs) (e.g., Chameides, 1978; Crutzen,

1970). In addition, direct emissions of particles containing

organic carbon (OC) and black carbon (BC) as well as sec-

ondary reactions involving gaseous sulfur dioxide (SO2),

NO, ammonia (NH3), and VOCs can lead to atmospheric

fine particulate matter less than 2.5 µm in diameter (PM2.5)

(e.g., Mozurkewich, 1993; Jimenez et al., 2009; Saxena and

Seigneur, 1987; Brock et al., 2002). PM2.5 concentrations

were estimated to account for nearly 3 million deaths world-

wide in 2017 (GBD 2017 Risk Factor Collaborators, 2018),

while surface O3 concentrations were associated with nearly

500 000 deaths in 2017 (GBD 2017 Risk Factor Collabo-

rators, 2018) and significant global crop losses, valued at

USD 11 billion in 2000 (USD2000) (Avnery et al., 2011;

Ainsworth, 2017). In addition, atmospheric O3 and aerosol

both impact earth’s radiative budget (e.g., Bond et al., 2013;

Haywood and Boucher, 2000; US EPA, 2018). Other pollu-

tants, including carbon monoxide (CO), NO2, and SO2, are

also directly hazardous to human health (US EPA, 2018),

while NO2 and SO2 can additionally contribute to acid rain

(Saxena and Seigneur, 1987; US EPA, 2018) and indirectly

impact human health via their contributions to secondary

PM2.5 formation. In addition, NH3 deposition and nitrifi-

cation can also cause nutrient imbalances and eutrophica-

tion in terrestrial and marine ecosystems (e.g., Behera et al.,

2013; Stevens et al., 2004). While these reactive gases and

aerosol have both anthropogenic and natural sources, domi-

nant global sources of NOx (= NO + NO2), SO2, CO, and

VOCs include fuel transformation and use in the energy sec-

tor, industrial activities, and on-road and off-road transporta-

tion (Hoesly et al., 2018). Global NH3 emissions are pre-

dominantly from agricultural activities such as animal hus-

bandry and fertilizer application (e.g., Behera et al., 2013),

and OC and BC have large contributions from incomplete

or uncontrolled combustion in residential and commercial

settings (e.g., Bond et al., 2013). Emissions of these com-

pounds and the distribution of their chemical products vary

spatially and temporally, with atmospheric lifetimes that al-

low for their transport across political boundaries, continu-

ously driving changes in the composition of the global atmo-

sphere.

Global emission inventories of these major atmospheric

pollutants, with both sectoral and fuel type information, are

paramount (1) for understanding the range of emission im-

pacts on the environment and human health and (2) for de-

veloping effective strategies for pollution mitigation. For ex-

ample, spatially gridded emission inventories are used as

inputs in general circulation climate (GCM) and chemical

transport models (CTM), which are used to predict the evo-

lution of atmospheric constituents over space and time. By

perturbing emission sources or historical emission trends,

such models can quantify the impact of emissions on the en-

vironment, economy, and human health (e.g., Mauzerall et

al., 2005; Lelieveld et al., 2019; IPCC, 2013; Liang et al.,

2018; Lacey and Henze, 2015); provide mitigation-relevant

information for polluted regions (e.g., GBD MAPS Working

Group, 2016, 2018; RAQC, 2019; Lacey et al., 2017); and

anchor future projections (e.g., Shindell and Smith, 2019;

Venkataraman et al., 2018; Gidden et al., 2019; Mickley et

al., 2004).

Three global emission inventories have been widely used

for these purposes, including the Emissions Database for
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Global Atmospheric Research (EDGAR) from the Euro-

pean Commission Joint Research Centre (Crippa et al.,

2018), the ECLIPSE (Evaluating the Climate and Air Qual-

ity Impacts of Short-Lived Pollutants) inventory from the

Greenhouse Gas–Air Pollution Interactions and Synergies

(GAINS) model at the International Institute for Applied

Systems Analysis (IIASA) (Amann et al., 2011; Klimont

et al., 2017), and the CEDS (v2016-07-26) inventory from

the newly developed Community Emissions Data System

(CEDS) from the Joint Global Change Research Institute

at the Pacific Northwest National Laboratory and Univer-

sity of Maryland (Hoesly et al., 2018). All three invento-

ries are derived using a bottom-up approach where emissions

are estimated using reported activity data (e.g., amount of

fuel consumed) and source- and region-specific (where avail-

able) emission factors (mass of emitted pollutant per mass of

fuel consumed) for each emitted compound. All three inven-

tories are similar in that they use this bottom-up approach

to provide historical, source-specific gridded emission esti-

mates of major atmospheric pollutants (NOx (as NO2); SO2;

CO; non-methane volatile organic compounds, NMVOCs;

NH3; BC; and OC). Table 1 provides a comparison of the

key features between these inventories, which provide emis-

sions from multiple source sectors over the collective time

period from 1750–2014. In contrast to EDGAR and GAINS,

the CEDS system implements an increasingly utilized mo-

saic approach, which, in this case, incorporates activity and

emission input data from other sources such as EDGAR,

GAINS, and regional- and national-level inventories to pro-

duce global emissions that are both historically consis-

tent and reflective of contemporary country-level estimates

(Hoesly et al., 2018). The CEDS source code has been pub-

licly released (https://github.com/JGCRI/CEDS/tree/master,

last access: 1 December 2020), increasing both the repro-

ducibility and public accessibility to quality emission esti-

mates of global- and national-level air pollutants.

Due to the long development times of global bottom-

up inventories, current versions of the EDGAR, ECLIPSE,

and CEDS inventories are limited in their ability to capture

emission trends over recent years (Table 1), particularly the

last 6–10 years in regions undergoing rapid change such as

China, North America, Europe, India, and Africa. For ex-

ample, China implemented the Action Plan on the Preven-

tion and Control of Air Pollution in 2013, which has tar-

geted specific emission sectors, fuels, and species and re-

sulted in reductions in ambient PM2.5 concentrations by up

to 40 % in metropolitan regions between 2013 and 2017 (re-

viewed in Zheng et al., 2018). Similarly, over the past 10–

20 years in the US and Europe, the reduction in coal-fired

power plant emissions and phase-in of stricter vehicle emis-

sion standards have resulted in emission reductions in SO2

and NOx across these regions (Krotkov et al., 2016; Dun-

can et al., 2013; Castellanos and Boersma, 2012; de Gouw et

al., 2014). Over this same time period, however, oil and gas

production in key regions in the US has more than tripled be-

tween 2007 and 2017 (EIA, 2020). In addition, the absence

of widespread regulations targeting NH3 from agricultural

practices has led to continuous increases in global NH3 emis-

sions (Behera et al., 2013). Global energy consumption also

increased by an average of 1.5 % each year between 2008

and 2018 (BP, 2019), and the global consumption of coal in-

creased for the first time in 2017 since its peak in 2013 (BP,

2019). Many of these energy changes have been attributed to

the growth of energy generation in rapidly growing regions,

such as India (BP, 2019). Africa is also experiencing rapid

growth, with increasing emissions from diffuse and ineffi-

cient combustion sources, which may not be accurately ac-

counted for in current global inventories (Marais and Wied-

inmyer, 2016). Therefore, to capture recent trends around the

globe as well as quantify the resulting economic, health, and

environmental impacts and mitigate future burdens, compu-

tational models require emission inventories with regionally

accurate estimates, global coverage, and the most up-to-date

information possible. Though global bottom-up inventories

can lag in time due to data collection and reporting require-

ments, the incorporation of smaller regional inventories pro-

vides the opportunity to improve the timeliness and regional

accuracy of global estimates.

To further increase the policy relevance of such data, it is

also important that global emission inventories not only pro-

vide contemporary estimates but report emissions as a func-

tion of detailed source sector and fuel type. For example, the

recent air quality policies in China have included emission

reductions targeting coal-fired power plants within the larger

energy generation sector (e.g., Zheng et al., 2018). Deci-

sions to implement such policies require accurate predictions

of the air quality benefits, which in turn depend on simula-

tions that use accurate estimates of contemporary sector- and

fuel-specific emissions. While the EDGAR, ECLIPSE, and

CEDS inventories all provide varying degrees of sectoral in-

formation (Table 1), there are no global inventories to date

that provide public datasets of multiple atmospheric pollu-

tants with both detailed source sector and fuel type informa-

tion. Crippa et al. (2019) do describe estimates of biofuel use

from the residential sector in Europe using emissions from

the EDGAR v4.3.2 inventory (EC-JRC, 2018) but do not re-

port global estimates or regional emissions from other fuel

types. Similarly, Hoesly et al. (2018) describe fuel-specific

activity data and emission factors used to develop the global

CEDS v2016-07-26 inventory but do not publicly report final

global emissions as a function of fuel type. In contrast, a lim-

ited number of regional inventories have provided both fuel-

and sector-specific emissions. These inventories, for exam-

ple, have been applied to earth system models to attribute the

mortality associated with outdoor air pollution to dominant

sources of ambient PM2.5 mass, such as residential biofuel

combustion in India and coal combustion in China (GBD

MAPS Working Group, 2018, 2016). As countries undergo

rapid changes that impact fluxes of their emitted pollutants,

including population, emission capture technologies, and the
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Table 1. Comparison of three historical, gridded, source-specific emission inventories of atmospheric pollutants (NOx , SO2, CO, NMVOCs,

NH3, BC, OC).

Inventory name Temporal Number of reported Detailed Spatial Reference

(version) coverage gridded sectors fuels resolution

CEDS (v2016_07_26) 1750–2014 9 Total only 0.5◦ × 0.5◦ Hoesly et al. (2018)

EDGAR (v4.3.2) 1970–2012 26 Biofuel (Europe only)b 0.1◦ × 0.1◦ Crippa et al. (2018)

ECLIPSE (v5a) 1990, 1995, 2000, 2005, 2010

(projections to 2050)a
8 Total only 0.5◦ × 0.5◦ Klimont et al. (2017), Amann et

al. (2011)

a Projections assume current air pollution legislation (CLE) in the GAINS model. b Described in Crippa et al. (2019).

mix of fuels used, fuel- and source-specific estimates are vital

for capturing these contemporary changes and understanding

the air quality impacts across multiple scales.

As part of the Global Burden of Disease – Major Air Pol-

lution Sources (GBD-MAPS) project, which aims to quantify

the disease burden associated with dominant country-specific

sources of ambient PM2.5 mass (https://sites.wustl.edu/acag/

datasets/gbd-maps/, last access: 1 December 2020), we have

updated and utilized the CEDS open-source emissions sys-

tem to produce a new global anthropogenic emission inven-

tory (CEDSGBD-MAPS). CEDSGBD-MAPS includes country-

level and global gridded (0.5◦ × 0.5◦) emissions of seven

major atmospheric pollutants (NOx (as NO2), CO, NH3,

SO2, NMVOCs, BC, OC) as a function of 11 detailed emis-

sion source sectors (agriculture, energy generation, indus-

try, on-road transportation, non-road and off-road transporta-

tion, residential energy combustion, commercial combustion,

other combustion, solvent use, waste, and international ship-

ping) and four fuel groups (emissions from the combustion of

total coal, solid biofuel, liquid fuels and natural gas, plus all

remaining process-level emissions) for the time period be-

tween 1970–2017. Similar to the prior CEDS inventory re-

leased for CMIP6 (Hoesly et al., 2018), CEDSGBD-MAPS pro-

vides surface-level emissions from all sectors, including fer-

tilized soils, but does not include emissions from open burn-

ing. In the first two sections we provide an overview of the

CEDSGBD-MAPS system and describe the updates that have

allowed for the extension to the year 2017 and the added

fuel type information. These include updates to the under-

lying activity data and input emission inventories used for

default estimates and scaling procedures (including the use

of two new inventories from Africa and India), the addi-

tional scaling of default BC and OC emissions, the use of

updated spatial gridding proxies, and adjustments to the final

gridding and aggregation steps that retain detailed sub-sector

and fuel type information. The third section presents global

CEDSGBD-MAPS emissions in 2017 and discusses historical

trends as a function of compound, sector, fuel type, and world

region. The final section provides a comparison of the global

CEDSGBD-MAPS emissions with other global inventories as

well as a discussion of the magnitude and sources of uncer-

tainty associated with the CEDSGBD-MAPS products.

2 Methods

The 23 December 2019 full release of the Community Emis-

sions Data System (Hoesly et al., 2019) provides the core

system framework for the development of the contemporary

CEDSGBD-MAPS inventory. The CEDSGBD-MAPS inventory is

developed for the GBD-MAPS project and is not an updated

release of the core CEDS emissions inventory. As detailed in

Hoesly et al. (2018), the original version of the CEDS system

was used to produce the first CEDS v2016-07-26 inventory

(hereafter called CEDSHoesly) (CEDS, 2017a, b), which pro-

vides global gridded (0.5◦ × 0.5◦) emissions of atmospheric

reactive gases (NOx (as NO2), SO2, NH3, NMVOCs, CO),

carbonaceous aerosol (BC, OC), and greenhouse gases (CO2,

CH4) from eight anthropogenic sectors (agriculture – AGR;

transportation – TRA; energy – ENE; industry – IND; res-

idential, commercial, other – RCO; solvents – SLV; waste

– WST; international shipping – SHP) over the time pe-

riod from 1750–2014. Here we provide a brief overview of

the Community Emissions Data System with detailed de-

scriptions of the major updates that have been implemented

to produce the new CEDSGBD-MAPS inventory. This inven-

tory has been extended to provide emissions from 1970–

2017 for reactive gases and carbonaceous aerosol (NOx ,

SO2, NMVOCs, NH3, CO, BC, OC) with increased fuel

and sectoral information relative to the CEDSHoesly inven-

tory (Sect. 2.2–2.3). Updates primarily include the use of

updated input datasets (Sect. 2.1), new and updated global

and regional scaling inventories (Sect. 2.2), added scaling of

default BC and OC emissions (Sect. 2.3), and the disaggre-

gation of emissions into contributions from additional source

sectors and multiple fuel types (Sect. 2.4).

2.1 Overview of CEDSGBD-MAPS system

The CEDS system has five key procedural steps, illustrated

in Fig. 1. After the collection of input data in Step 0, Step

1 calculates default global emission estimates (Em) for each

chemical compound using a bottom-up approach shown in

Eq. (1). In Eq. (1), emissions are calculated using relevant

activity (A) and emission factor (EF) data for each country

(c) and year (y) as a function of 52 detailed working sectors

(s) (sub-sectors used for intermediate steps in the CEDS sys-
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tem) and nine working fuel types (f) (Table 2). CEDS con-

ducts these calculations for two types of emission categories:

(1) fuel combustion sources (e.g., electricity production, in-

dustrial machinery, on-road transportation, etc.) and (2) pro-

cess sources (e.g., metal production, chemical industry, ma-

nure management, etc.). We note that the distinction between

these source categories is reflective of both sector definition

and CEDS methodology, as described further in Sect. S2.1 in

the Supplement. This results in some working sectors that in-

clude emissions from combustion, such as waste incineration

and fugitive petroleum and gas emissions, to be characterized

in the CEDS system as process-level sources (further details

in Sect. S2.1). In contrast to CEDS combustion source emis-

sions, which are calculated in Eq. (1) as a function of eight

fuel types, emissions from CEDS process-level sources are

combined into a single “process” category, as described in

Sect. 2.4. Table 2 provides a complete list of CEDSGBD-MAPS

working sectors and fuel types as well as source category dis-

tinctions.

Em
country, sector, fuel, year
species = Ac,s,f,y

× EF
c,s,f,y
species (1)

For emissions from CEDS combustion sources, annual activ-

ity drivers in Eq. (1) primarily include country-, fuel-, and

sector-specific energy consumption data from the Interna-

tional Energy Agency (IEA, 2019). Sector- and compound-

specific emission factors are typically derived from energy

use and total emissions reported from other inventories,

including from the GAINS model (Klimont et al., 2017;

IIASA, 2014; Amann et al., 2015), Speciated Pollutant Emis-

sion Wizard (SPEW) (Bond et al., 2007), and the US Na-

tional Emissions Inventory (NEI) (NEI, 2013). For interna-

tional shipping, IEA activity data are supplemented with con-

sumption data and EFs from the International Maritime Or-

ganization (IMO), as described in Hoesly et al. (2018) and

its supplement. In contrast, default emissions (Em) for CEDS

process sources are directly taken from other inventories, in-

cluding from the EDGAR v4.3.2 global emission inventory

(EC-JRC, 2018; Crippa et al., 2018). “Implied emission fac-

tors” are then calculated for these process sources in Eq. (1)

using global population data (UN, 2019, 2018) or pulp and

paper consumption (FAOSTAT, 2015) as the primary activity

drivers. For years without available emissions, default esti-

mates for CEDS process sources are calculated in Eq. (1)

from a linear interpolation of the “implied emission fac-

tors” and available activity data (A) for that year. Supplement

Sects. S2.1 and S2.2 provide additional details regarding the

input datasets for activity drivers and emission factors used

for both CEDS combustion and process source categories.

While CEDS Step 1 is designed to provide a complete

set of historical emission estimates, CEDS Step 2 scales

these total default emission estimates to existing, authorita-

tive global-, regional-, and national-level inventories. As de-

scribed in Hoesly et al. (2018), CEDS uses a “mosaic” scal-

ing approach to retain detailed fuel- and sector-specific infor-

mation across different inventories while maintaining con-

sistent methodology over space and time. The development

and use of mosaic inventories has been recently increasing

as they provide a means to utilize detailed local emissions

while harmonizing this information across large regional or

global scales (C. Li et al., 2017; Janssens-Maenhout et al.,

2015). The CEDS approach, however, differs from previous

mosaic inventories (e.g., Janssens-Maenhout et al., 2015),

in that local and regional inventories in CEDSGBD-MAPS are

used to scale sectoral emissions at the national level rather

than merge together spatially distributed gridded estimates.

The first step in the scaling procedure is to derive a

time series of scaling factors (SFs) for each scaling inven-

tory using Eq. (2), calculated as a function of chemical

compound, country, sector, and fuel type (where available).

Due to persistent differences and uncertainties in the un-

derlying activity data and sectoral definitions in each scal-

ing inventory, CEDS emissions are scaled to total emis-

sions within aggregate scaling sectors (and fuels, where ap-

plicable). These aggregate scaling groups are defined for

each scaling inventory and are chosen to be broad in or-

der to improve the overlap between CEDS emission es-

timates and those reported in other inventories. For ex-

ample, the sum of CEDS emissions from working sec-

tors 1A4a_Commercial-institutional, 1A4b_Residential, and

1A4c_agriculture-forestry-fishing are scaled to the aggregate

1A4_energy-for-buildings sector in the EDGAR v4.3.2 in-

ventory. Sections 2.2 and S2.3 provide further details about

this scaling procedure and the scaling inventories used to de-

velop the 1970–2017 CEDSGBD-MAPS inventory.

SF
c,s,f,y
species =

scaling inventory Em
c,s,f,y
species

default CEDS Em
c,s,f,y
species

(2)

After SFs are calculated in Eq. (2), the second step in the

scaling procedure is to extend these SFs forward and back-

ward in time to fill years with missing data. For these time pe-

riods, the nearest available SF is applied. If a particular sec-

tor or compound is not present in a scaling inventory, default

CEDS estimates are not scaled. For BC and OC emissions,

the default procedure in the CEDS v2019-12-23 system was

to retain all default BC and OC emission estimates due to

limited availability of historical BC and OC emissions. In the

CEDSGBD-MAPS inventory, these species are now scaled to

available regional- and national-level inventories (further de-

tails in Sect. 2.2). For all other species, the CEDSGBD-MAPS

system uses a sequential scaling methodology where total

default emissions for each country are first scaled to avail-

able global inventories (primarily EDGAR v4.3.2) and then

scaled to regional- and national-level inventories, many of

which have been updated in this work (Sect. 2.2 and Table 3).

This process results in final CEDSGBD-MAPS emissions that

reflect the inventory last used to scale the emissions for that

country (Fig. 2). Figure S2 in the Supplement provides a time

series of implied emission factors after the scaling procedure

for select sector and fuel combinations that dominate emis-
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Table 2. CEDS sector and fuel type definitions. Aggregate sectors and fuel types in the CEDSHoesly (bold) and CEDSGBD−MAPS (bold

and italic) inventories as well as the system’s intermediate gridding sectors (italic) and detailed working sectors and fuel types (consistent

between CEDSHoesly and CEDSGBD-MAPS inventories). CEDS working sectors are methodologically treated as two different categories:

combustion sectors (c) and “process” sectors (p). As described in the text, combustion sector emissions are calculated as a function of CEDS

working fuels, while process emissions are assigned to the single “process” fuel type.

CEDS emission sectors

Energy production (ENE) Residential, commercial, other (RCO)

Energy production (ENE) Residential (RCOR)

Electricity and heat production Res., Comm., Other – Residential

1A1a_Electricity-public (c) 1A4b_Residential (c)

1A1a_Electricity-autoproducer (c) Commercial (RCOC)

1A1a_Heat-production (c) Res., Comm., Other – Commercial

Fuel Production and Transformation 1A4a_Commercial-institutional (c)

1A1bc_Other-transformation (p) Other (RCOO)

1B1_Fugitive-solid-fuels (p) Res., Comm., Other – Other

Oil and Gas Fugitive/Flaring 1A4c_Agriculture-forestry-fishing (c)

1B2_Fugitive-petr-and-gas (p) Solvents (SLV)

Fuel Production and Transformation Solvents (SLV)

1B2d_Fugitive-other-energy (p) Solvents production and application

Fossil Fuel Fires 2D_Degreasing-Cleaning (p)

7A_Fossil-fuel-fires (p) 2D3_Other-product-use (p)

Industry (IND) 2D_Paint-application (p)

Industry (IND) 2D3_ Chemical-products-manufacture-processing (p)

Industrial combustion Agriculture (AGR)

1A2a_Ind-Comb-Iron-steel (c) Agriculture (AGR)

1A2b_Ind-Comb-Non-ferrous-metals (c) Agriculture

1A2c_Ind-Comb-Chemicals (c) 3B_Manure-management (p)

1A2d_Ind-Comb-Pulp-paper (c) 3D_Soil-emissions (p)

1A2e_Ind-Comb-Food-tobacco (c) 3I_Agriculture-other (p)

1A2f_Ind-Comb-Non-metallic-minerals (c) 3D_Rice-Cultivation (p)

1A2g_Ind-Comb-Construction (c) 3E_Enteric-fermentation (p)

1A2g_Ind-Comb-transpequip (c) Waste (WST)

1A2g_Ind-Comb-machinery (c) Waste (WST)

1A2g_Ind-Comb-mining-quarrying (c) Waste

1A2g_Ind-Comb-wood-products (c) 5A_Solid-waste-disposal (p)

1A2g_Ind-Comb-textile-leather (c) 5E_Other-waste-handling (p)

1A2g_Ind-Comb-other (c) 5C_Waste-incineration (p)

1A5_Other-unspecified (c) 5D_Wastewater-handling (p)

Industrial process and product use Shipping (SHP)

2A1_Cement-production (p) Shipping (SHP)

2A2_Lime-production (p) International shipping

2A6_Other-minerals (p) 1A3di_International-shipping (c)

2B_Chemical-industry (p) Tanker Loading

2C_Metal-production (p) 1A3di_Oil_Tanker_Loading (p)

2H_Pulp-and-paper-food-beverage-wood (p)

2L_Other-process-emissions (p)

6A_Other-in-total (p)

Transportation (TRA) Transportation Cont. (TRA)

Road transportation (ROAD) Non-road transportation (NRTR)

Road transportation Non-road Transportation

1A3b_Road (c) 1A3c_Rail (c)

1A3dii_Domestic-navigation (c)

1A3eii_Other-transp (c)

CEDS fuels

Total

Coal Liquid fuel and natural gas

Brown coal Heavy oil

Coal coke Diesel oil

Hard coal Light oil

Biofuel Natural Gas

Biofuel Process

Process
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Figure 1. Default CEDS system summary, adapted from Fig. 1 in Hoesly et al. (2018). Key steps include (0) collecting activity driver (A) and

emission factor (EF) input data for non-combustion and combustion emission sources; (1) calculating default emissions (Em) as a function

of chemical species, country, emission sector, fuel type, and year; (2) calculating scaling factors (SFs) for overlapping years with existing

inventories in order to scale default estimates (sEm) and extending SFs for non-overlapping years between 1970–2017 (for earlier emissions,

see Hoesly et al., 2018); (4) aggregating scaled emissions to intermediate sectors and fuel types; and (5) using source- and compound-specific

spatial proxies to calculate final gridded emissions and aggregate them to the final sectors and fuels. A list of intermediate and final sectors

and fuels are in Table 2.

Figure 2. Final scaling inventories used for CEDSGBD-MAPS NOx

emissions; inventory details in Table 3.

sions of each compound in the top 15 emitting countries. Sec-

tions 2.2 and S2.3 describe further details and updates to this

scaling procedure.

CEDS Step 3 extends the scaled emission estimates from

1970 back in time to 1750. This process is necessary as re-

ported emission estimates and energy data are not typically

reported with the same level of sectoral and fuel type detail

prior to 1970. Hoesly et al. (2018) provide a detailed descrip-

tion of this historical extension procedure, which is used to

derive pre-1970 emissions in the CEDSHoesly inventory. The

new CEDSGBD-MAPS inventory only reports more contempo-

rary emissions after 1970 and therefore does not utilize this

historical extension.

CEDS Step 4 aggregates the scaled country-level

CEDSGBD-MAPS emissions into 17 intermediate gridding sec-

tors (defined in Table 2). In the CEDS v2019-12-23 system,

Step 4 additionally aggregated sectoral emissions from all

fuel types. In contrast, the CEDSGBD-MAPS system retains

sectoral emissions from the combustion of total coal (hard

coal + coal coke + brown coal), solid biofuel, the sum of liq-

uid oil (light oil + heavy oil + diesel oil) and natural gas, and

all CEDS process-level emissions (Table 2). Sections 2.4 and

4.2.4 describe the CEDSGBD-MAPS fuel-specific emissions in

further detail.

Lastly, CEDS Step 5 uses normalized spatial-distribution

proxies to allocate annual country-level emission estimates

onto a 0.5◦ × 0.5◦ global grid. Annual emissions from the

17 intermediate gridding sectors and four fuel groups are

first distributed spatially using compound-, sector-, and

year-specific spatial proxies, primarily from the gridded
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Table 3. Scaling inventories.

Inventory name Scaled inventory years Scaled species Reference

EDGAR v4.3.2 1992–2012 CO, NH3, NMVOCs, NOx (EC-JRC, 2018)

EMEP NFR14 1990–2017 CO, NH3, NMVOCs, NOx , SO2, BC EMEP (2019)

UNFCCC 1990–2017 CO, NMVOCs, NOx , SO2 UNFCCC (2019)

REAS 2.1a 2000–2008 CO, NH3, NMVOCs, NOx , SO2, BC Kurokawa et al. (2013)

APEI (Canada) 1990–2017 CO, NH3, NMVOCs, NOx , SO2 ECCC (2019)

US EPA 1970, 1975, 1980, 1985, 1990–2017 CO, NH3, NMVOCs, NOx , SO2 US EPA (2019)

MEIC (China) 2008, 2010–2017 CO, NH3, NMVOCs, NOx , SO2, BC, OC Zheng et al. (2018), C. Li et al. (2017)

Argentinaa 1990–1999, 2011–2009, 2011 CO, NMVOCs, NOx , SO2 Argentina UNFCCC Submission (2016)

Japana 1960–2010 CO, NH3, NMVOCs, NOx , SO2, BC, OC preliminary update from Kurokawa et al. (2013)

NEIR (South Korea)a 1999–2012 CO, NMVOCs, NOx , SO2 South Korea National Institute of Environmental

Research (2016)

Taiwana 2003, 2006, 2010 CO, NMVOCs, NOx , SO2 TEPA (2016)

NPI (Australia) 2000–2017 CO, NMVOCs, NOx , SO2 ADE (2019)

DICE-Africab 2006, 2013 CO, NMVOCs, NOx , SO2, BC, OC Marais and Wiedinmyer (2016)

SMoG-Indiab 2015 CO, NMVOCs, NOx , SO2, BC, OC Venkataraman et al. (2018)

a Not updated from CEDS v2019-12-23; details in Hoesly et al. (2018). b Emissions scaled as a function of sector and fuel type.

EDGAR v4.3.2 inventory. Supplement Table S7 provides

a complete list of sector-specific gridding proxies. Details

about the general CEDS gridding procedure are provided

in Feng et al. (2020), with additional details specific to the

CEDSGBD-MAPS system in Sect. S2.5. Second, gridded emis-

sion fluxes (units: kg m−2 s−1) are aggregated into 11 fi-

nal sectors (Table 2) and distributed over 12 months us-

ing sectoral and spatially explicit monthly fractions from

the ECLIPSE project (IIASA, 2015) and EDGAR inven-

tory (international shipping only). Relative to CEDS v2019-

12-23, the new CEDSGBD-MAPS inventory retains detailed

sub-sector emissions from the aggregate RCO (now RCO-

residential, RCO-commercial, and RCO-other) and TRA

(now on-road and non-road) sectors; separate sectoral emis-

sions from process sources; and combustion sources that uti-

lize coal, solid biofuel, and the sum of liquid fuels and natural

gas. Table 2 contains a complete breakdown of the definitions

of CEDS working, intermediate gridding, and final sectors.

Gridded total NMVOCs are additionally disaggregated into

25 VOC classes following sector- and country-specific VOC

speciation maps from the RETRO project (HTAP2, 2013),

which are different from those used in the recent EDGAR

v4.3.2 inventory (Huang et al., 2017). Similar to the gridding

procedure, the same VOC speciation and monthly distribu-

tions are applied to sectoral emissions associated with each

fuel category.

Final products from the CEDSGBD-MAPS system include

total annual emissions from 1970–2017 for each country as

well as monthly global gridded (0.5◦ × 0.5◦) emission fluxes,

both as a function of 11 final source sectors and four fuel cat-

egories (total coal, solid biofuel, liquid fuel + natural gas,

and remaining process sources). Section 5 provides addi-

tional details on the dataset availability and file formats.

2.2 Default emission-scaling procedure –

CEDSGBD-MAPS update details

As described above, default emission estimates for each

compound are scaled in CEDS Step 2 to existing author-

itative inventories as a function of emission sector and

fuel type (where available). In the scaling procedure, an-

nual emissions and EFs for each country are first scaled to

available global inventories, then to available regional- and

national-level inventories, assuming that the latter use local

knowledge to derive more accurate regional estimates. Fi-

nal CEDSGBD-MAPS emission totals for each country there-

fore reflect the inventory last used to scale each compound

and sector. Many of these inventories are updated annually

and, where available, have been updated in this work rel-

ative to the CEDS v2019-12-23 system (Table 3). For ex-

ample, global CEDSGBD-MAPS combustion source emissions

of NOx , total NMVOCs, CO, and NH3 are first scaled to

EDGAR v4.3.2 country-level emissions as a means to incor-

porate additional country-specific information relative to de-

fault estimates derived using more regionally aggregate EFs

from GAINS. CEDSGBD-MAPS emissions from European

countries are then scaled to available EMEP (European Mon-

itoring and Evaluation Programme) (EMEP, 2019) and UN-

FCCC (United Nations Framework Convention on Climate

Change) (UNFCCC, 2019) inventories that extend to 2017,

while CO, NMVOCs, NOx and SO2 emissions from the US,

Canada, and Australia are scaled to emissions that extend

to 2017 from the US NEI (US EPA, 2019), Canadian APEI

(Air Pollutant Emissions Inventory) (ECCC, 2019), and Aus-

tralian NPI (National Pollutant Inventory) (ADE, 2019), re-

spectively. In addition, emissions of all seven compounds

from China are scaled to emissions for 2008, 2010, and 2012

from C. Li et al. (2017), followed by subsequent scaling to

emissions between 2010 and 2017 from Zheng et al. (2018).

Relative to the CEDS v2019-12-23 system, regional invento-

ries have also been added to scale CEDSGBD-MAPS emissions
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from India and Africa as described below. Updates to ad-

ditional regional scaling inventories, including South Korea,

Japan, and other European and Asian countries, are not avail-

able relative to those used in the CEDS v2019-12-23 system.

Table 3 provides a complete list of the inventories used to

scale CEDSGBD-MAPS default emissions, with additional de-

tails in Sect. S2.3.

Relative to the CEDS v2019-12-23 system, the

CEDSGBD-MAPS system adds scaling inventories for

two rapidly changing regions, Africa and India. First,

CEDSGBD-MAPS emissions from Africa for select sectors

are now scaled to the Diffuse and Inefficient Combustion

Emissions in Africa (DICE-Africa) inventory from Marais

and Wiedinmyer (2016). This inventory provides gridded

(0.1◦ × 0.1◦) emissions for NOx (= NO + NO2), SO2, 25

speciated VOCs, NH3, CO, BC, and OC for 2006 and 2013

for select anthropogenic sectors and fuels. In this work,

default CEDS emissions are scaled to total DICE-Africa

emissions from each country and later re-gridded in CEDS

Step 5 using source-specific spatial proxies described in

Sect. 2.1. Following the CEDS v2019-12-23 scaling pro-

cedure (Supplement Sect. S2.3), a set of aggregate scaling

sectors and fuels are defined to ensure that CEDSGBD-MAPS

emissions are scaled to emissions from consistent sectors

and fuel types within the DICE-Africa inventory (Table S3).

Briefly, CEDSGBD-MAPS 1A3b_Road and 1A4b_Residential

emissions are scaled to DICE-Africa emissions from diesel-

and gasoline-powered cars and motorcycles as well as

biomass and oil combustion associated with residential

charcoal, crop residue, fuelwood, and kerosene use. The

DICE-Africa inventory also includes emission estimates

from gas flares across Africa and ad hoc oil refining in the

Niger Delta, fuelwood use for charcoal production and other

commercial enterprises, and gas and diesel use in residential

generators. Marais and Wiedinmyer (2016) state that these

particular sources are missing or not adequately captured

in existing global inventories. Therefore, depending on

the source sector and inventory details, they recommend

that these emissions be added to existing global invento-

ries for formal industry and on-grid energy production in

Africa (DICE-Africa, 2016). Due to uncertainties in the

representation of these sectors in the default CEDS Africa

emissions, these sources are not included in the scaling

process here. Default CEDSGBD-MAPS emissions from the

1B2_fugitive_pert_gas (gas flaring) sector (derived from

the ECLIPSE and EDGAR inventories) are larger than

DICE-Africa gas flaring emissions in 2013, suggesting that

this source may be accurately represented in the default

CEDSGBD-MAPS estimates. As described in Sect. S2.3.2,

however, residential generator and fuelwood use for charcoal

production and other commercial activities are not explicitly

represented in CEDS and will be accounted for only to the

extent that these sources are included in the underlying IEA

activity data and EDGAR process emission estimates. In the

event that the DICE-Africa emissions from these sources

are missing in the default CEDS estimates, total 2013

CEDSGBD-MAPS emissions from Africa for each compound

may be underestimated by up to 11 % (Sect. S2.3, Table S5).

These values range from 0.7 % for SO2 to 11 % for CO

(Table S5) and all fall within the range of uncertainties typi-

cally reported from regional bottom-up inventories (> 20 %;

Sect. 4.2.3). Final emissions from additional sectors or

species in CEDS that are not included in the DICE-Africa

inventory are set to CEDSGBD-MAPS default values.

Second, emissions from India for select sectors are now

scaled to the Speciated Multi-pollutant Generator Inventory

described by Venkataraman et al. (2018) (hereafter called

SMoG-India). This inventory includes gridded emissions

(0.25◦ × 0.25◦) of NOx (as NO2), SO2, total NMVOCs, CO,

BC, and OC for the year 2015 from select anthropogenic

sectors and fuels (SMoG-India, 2019). Similar to DICE-

Africa emissions, the final spatial distribution in the SMoG-

India and CEDSGBD-MAPS inventories will differ as country-

level emissions are scaled to country totals and spatially re-

allocated using CEDS proxies in Step 5. SMoG-India emis-

sions for each compound are available for 17 sectors and nine

fuel types (coal, fuel oil, diesel, gasoline, kerosene, naphtha,

gas, biomass, and fugitive or process). Similar to the DICE-

Africa inventory, aggregate scaling groups have been defined

to scale consistent sectors and fuels between inventories,

as described in Sect. S2.3. Briefly, default CEDSGBD-MAPS

emissions for the 1A4c_Agriculture-forestry-fishing sector

are scaled to the sum of SMoG-India emissions for agri-

cultural pumps and tractors; 1A4b_Residential emissions are

scaled to the sum of SMoG-India emissions from residential

lighting, cooking, diesel generator use, and space and wa-

ter heating; 1A1a electricity and heat generation sectors are

scaled to SMoG-India thermal power plant emissions; 1A3b

road and rail sectors are scaled to the respective SMoG-

India road and rail emissions; and CEDSGBD-MAPS industrial

working sectors are allocated and scaled to four SMoG-India

industrial sectors: light industry (e.g., mining and chemi-

cal production), heavy industry (e.g., iron and steel produc-

tion), informal industry (e.g., food production), and brick

production. Calculated scaling factors for these sectors are

held constant before and after 2015. CEDSGBD-MAPS emis-

sions do not include contributions from open burning and are

not scaled to SMoG-India open burning emissions. In cases

where SMoG-India emissions are not reported (e.g., power

generation from oil combustion), default CEDSGBD-MAPS

emissions are retained. Section S2.3.3 provides additional

details.

To examine the changes in CEDSGBD-MAPS emissions

associated with the incorporation of the SMoG-India and

DICE-Africa scaling inventories as well as the updated un-

derlying input datasets, Fig. 3 compares the total and sec-

toral distribution of CEDSGBD-MAPS and CEDSHoesly emis-

sions for these two regions in 2014 (year with latest over-

lapping data). For the Africa comparison, panel a in Fig. 3

shows that total NOx , BC, and OC emissions are generally
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Figure 3. Sectoral contributions to total annual emissions for 2014 of CEDSHoesly (a) and CEDSGBD-MAPS (b) emissions after scaling to

DICE-Africa and SMoG-India regional inventories. The total annual emissions are given by the values above each bar; bar colors represent

absolute sectoral contributions to emissions of each chemical compound. CO and NMVOC emissions are divided by 10 for clarity. Stars

indicate that NMVOC, BC, and OC emissions are in units of Tg C yr−1. NOx is in units of Tg NO2 yr−1.

lower in the CEDSGBD-MAPS inventory than in CEDSHoesly.

Lower NOx and OC emissions are largely associated with

smaller contributions from on-road transport and residential

combustion, respectively, while lower BC emissions are as-

sociated with both lower residential and on-road transport

contributions. Lower emissions of NOx from the transport

sector result from the lower EF used for diesel vehicles in

the DICE-Africa inventory (Marais et al., 2019). Compared

to GAINS (2010) and EDGAR v4.3.2 (2012), on-road emis-

sions from African countries in CEDSGBD-MAPS are up to

2.5 Tg lower for NOx but within 0.1 Tg for BC. In con-

trast to NOx , larger EFs in the DICE-Africa inventory for

on-road emissions of CO and OC result in CEDSGBD-MAPS

emissions from this sector that are up to 14.8 and 0.3 Tg

higher than previous estimates. Figure S2 shows that after

scaling, the implied emission factors of CO from oil and gas

combustion in the on-road transport sector for four African

countries range from 0.19–0.28 g g−1, slightly smaller than

the range of 0.029–0.380 g g−1 used in the DICE-Africa in-

ventory. Emissions from the residential and commercial sec-

tors in Africa are generally lower in CEDSGBD-MAPS than

in CEDSHoesly due to both lower biofuel consumption and

a lower assumed EF in the DICE-Africa inventory (Marais

and Wiedinmyer, 2016). Residential BC and OC emission

estimates are also lower than those from GAINS (Klimont

et al., 2017). The difference in biofuel consumption is due

to different data sources. The DICE-Africa inventory uses

residential wood fuel consumption estimates from the UN,

while CEDSHoesly uses data from the IEA. Both of these

sources consist largely of estimates for African countries

because there is little country-reported biofuel consumption

data available. The estimation methodologies for both the

UN and IEA estimates are not well documented, which adds

to the uncertainty in these values (Sect. 4.2). After scal-

ing, the implied EFs for residential biofuel emissions of OC

are ∼ 0.001–0.002 g g−1 in three African countries (Fig. S2),

within the range of EFs of 0.0007–0.003 g g−1 implemented

in the DICE-Africa inventory. Total CEDSGBD-MAPS emis-

sions of NMVOCs are larger, primarily due to increased con-

tributions from solvent use in the energy sector associated

with changes in the EDGAR v4.3.2 inventory, while total

emissions of CO, SO2, and NH3 are relatively consistent be-

tween the two CEDS versions.

For the India comparison, panel b of Fig. 3 shows that

total emissions of NOx , CO, SO2, NMVOCs, and OC are

lower in CEDSGBD-MAPS. Relative reductions in NOx emis-

sions are largely associated with on-road transport. Scaled

CEDSGBD-MAPS transport emissions are 5 Tg smaller than

NOx emissions in CEDSHoesly, largely as a result of lower

fuel consumption levels for gas, diesel, and compressed natu-

ral gas (CNG) on-road vehicles used to develop SMoG-India

estimates (Sadavarte and Venkataraman, 2014). Figure S2

shows that the implied emission factor for NOx emissions

from oil and gas combustion in the on-road transport sec-

tor in India is ∼ 0.015 g g−1 in 2015, which falls within the

range of values of 0.0026–0.046 g g−1 used for various vehi-

cles and fuel type in Venkataraman et al. (2018). Similarly,

NOx transport emissions are also lower in CEDSGBD-MAPS

relative to the EDGAR and GAINS inventories. Causes of

other reductions relative to the CEDSHoesly are mixed. For

example, lower emissions of SO2 and NMVOCs are largely

associated with the energy sector, while reductions in the in-

dustry sector contribute to reduced CO emissions. For SO2,

Fig. S2 shows that the implied EF for coal combustion in the

energy sector is ∼ 0.004 g g−1, slightly lower than the range

of 0.0049–0.0073 g g−1 used for the SMoG-India inventory.
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To further examine the CEDSGBD-MAPS inventory in

these regions, Fig. 4 compares final CEDSGBD-MAPS and

CEDSHoesly emissions for India and Africa to total emissions

from two widely used global inventories: GAINS (ECLIPSE

v5a) and EDGAR (v4.3.2). First, Fig. 4 shows the percent

difference between the CEDSGBD-MAPS inventory and the

GAINS and EDGAR inventories on the y axis against the

percent difference between the CEDSHoesly inventory and

GAINS and EDGAR emissions on the x axis. Percent differ-

ences are calculated from total emissions from Africa (left)

and India (right) for the year 2012 for the comparison with

EDGAR and for 2010 for the comparison to GAINS (most

recent years with overlapping data). The green shaded areas

indicate regions where the updated CEDSGBD-MAPS inven-

tory has improved agreement with EDGAR or GAINS rel-

ative to the CEDSHoesly inventory. This comparison shows

that the additional scaling of CEDSGBD-MAPS emissions to

the SMoG-India inventory generally improves agreement

with both the EDGAR and GAINS inventories relative

to CEDSHoesly for all species except black carbon (BC).

Scaling to the DICE-Africa inventory generally improves

CEDSGBD-MAPS agreement with the EDGAR inventory but

not with GAINS (except for OC). Further comparisons to

these two inventories are discussed in Sect. 4. While uncer-

tainties in emissions from these inventories are expected to

be at least 20 % for each compound (discussed in Sect. 3.3),

this comparison provides an illustration of the changes be-

tween the two CEDS versions relative to two widely used

global inventories.

2.3 Default BC- and OC-scaling procedure –

CEDSGBD-MAPS update details

Relative to the CEDS v2019-12-23 system, the second-

largest change to the CEDSGBD-MAPS system is the added

scaling of BC and OC emissions in CEDS Step 2. In

the v2019-12-23 system, OC and BC were not scaled due

to a lack of historical BC and OC emission estimates

in regional and global inventories. Due to the focus of

the CEDSGBD-MAPS inventory on more recent years, these

two compounds are now scaled to available regional- and

country-level estimates (Table 3) following the same scaling

procedure described above for the reactive gases. Unlike the

reactive gases, however, BC and OC emissions are not scaled

to the global EDGAR v4.3.2 inventory due to the large re-

ported uncertainties in this inventory (ranging from 46.8 %

to 153.2 %; Crippa et al., 2018).

To examine the impact of the new BC and OC emissions

scaling, in addition to the updated IEA energy consump-

tion data, Figs. 5 and S3–S4 show time series of global BC

and OC emissions from CEDSGBD-MAPS compared to emis-

sions from the CEDSHoesly inventory. In 2014, respective

global annual emissions of BC and OC are 21 % and 28 %

lower than the CEDSHoesly inventory and have total global

annual emissions in 2017 of 6 and 13 Tg C yr−1 for BC and

OC, respectively. These reductions in global emissions are

largely due to the added scaling of emissions from China,

Africa, Japan, and other countries in Asia included in the

REAS inventory (Figs. S3–S4). Figures 5 and S3–S4 addi-

tionally compare CEDSGBD-MAPS emissions to those from

the GAINS (ECLIPSE v5a) and EDGAR (v4.3.2) invento-

ries, which generally show improved agreement in BC and

OC emissions with the GAINS inventory. CEDSGBD-MAPS

emissions between 1990 and 2015 are now 7 %–14 % lower

than GAINS BC emissions, while CEDSGBD-MAPS emissions

of OC remain 12 %–25 % higher than GAINS estimates. Fur-

ther discussion of CEDSGBD-MAPS BC and OC emissions and

comparisons to EDGAR and GAINS inventories are below

in Sect. 4.1.2. As an additional point of comparison, Bond et

al. (2013) report global BC and OC values for the year 2000,

derived from averages of energy-related burning emissions

from SPEW and GAINS. Reported global estimates of BC

and OC are 5 and ∼ 11–14 Tg C (16 Tg organic aerosol re-

ported; organic-mass-to-organic-carbon ratio = 1.1–1.4), re-

spectively (Bond et al., 2013). These also have improved

agreement with the CEDSGBD-MAPS estimates of BC and OC

in 2000 relative to those in the CEDSHoesly inventory. Lastly,

we note plans for an upcoming update to the core CEDS sys-

tem to improve historical trends in carbonaceous aerosol by

incorporating reported inventory values for total PM2.5 and

its ratio with BC and OC emissions.

2.4 Fuel-specific emissions – CEDSGBD-MAPS update

details

Prior to gridding, CEDSGBD-MAPS Step 4 combines total

country-level emissions for each of the 52 working sectors

and nine fuel groups into 17 aggregate sectors and four fuel

groups: total coal (hard coal + brown coal + coal coke), solid

biofuel, the sum of liquid fuels (heavy oil + light oil + diesel

oil) and natural gas, and all remaining “process” emissions

(Table 2). In contrast, the CEDS v2019-12-23 system aggre-

gates all fuel-specific emissions and reports inventory val-

ues as a function of sector only. In CEDSGBD-MAPS, country-

total emissions from these aggregate sectors and fuel groups

are distributed across a 0.5◦ × 0.5◦ global grid using spatial

gridding proxies, as discussed in Sect. 2.1 (Table S7). Dur-

ing gridding, the same spatial proxies are applied to all fuel

groups within each sector. In practice, this requires that the

gridding procedure be repeated 4 times for each of the fuel

groups. After gridding in CEDS Step 5, both annual country-

total and gridded emission fluxes from each fuel group are

aggregated to 11 final sectors. Figure S5 demonstrates the

level of detail available in the new CEDSGBD-MAPS grid-

ded emission inventory by illustrating global BC emissions

in 2017 from (1) all source sectors, (2) the residential sec-

tor only, (3) residential biofuel use only, and (4) residential

coal use only. Additional uncertainties associated with the

CEDSGBD-MAPS fuel-specific emissions in both the country-
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Figure 4. The x and y axes show the percent difference between CEDS emissions in India and Africa (y axis: CEDSGBD-MAPS; x

axis: CEDSHoesly) and those from the GAINS (ECLIPSE v5a) and EDGAR v4.3.2 inventories (i.e., 100 × (CEDS − EDGAR)/((CEDS −

EDGAR)/2)). Comparisons are conducted with the most recent available year, 2010, for the comparison with GAINS and 2012 for the com-

parison with EDGAR. Green regions indicate where the CEDSGBD-MAPS emissions have improved agreement with EDGAR and GAINS

relative to the CEDSHoesly inventory. Red regions indicate where CEDSGBD-MAPS emissions have worse agreement with EDGAR or GAINS

relative to the CEDSHoesly inventory. The color of each point represents the chemical compound, and each point is labeled with an “E” or

“G”, indicating that the percent difference was calculated using EDGAR or GAINS, respectively.

Figure 5. Comparison of global inventories of BC and OC emissions. Total EDGAR v4.3.2 and GAINS (ECLIPSE v5a) emission inventories

shown without agricultural waste burning and aviation emissions. CEDSGBD-MAPS emissions of BC and OC are not scaled to EDGAR or

GAINS estimates.

total and annual gridded products are discussed further in

Sect. 4.2.4

3 Results

The new CEDSGBD-MAPS inventory provides global emis-

sions of NOx , SO2, NMVOCs, NH3, CO, OC, and BC for

11 anthropogenic sectors (agriculture, energy, industry, on-

road, non-road transportation, residential, commercial, other,

waste, solvents, international shipping) and four fuel groups

(combustion of total coal, solid biofuel, liquid fuels and

natural gas, and process sources) over the time period be-

tween 1970–2017. Final country-level emissions are pro-

vided as annual time series in units of metric kilotons per

year (kt yr−1) for each sector and fuel type and include

NOx as emissions of NO2. Final global gridded (0.5◦ × 0.5◦)

emissions for each compound, sector, and fuel group have

been converted to emission fluxes (kg m−2 s−2), distributed

over 12 months, and represent NOx as NO to facilitate use

in earth system models. Total NMVOCs in gridded products

are additionally separated into 25 sub-VOC classes. Using a

combination of updated energy consumption data and scal-

ing procedures, CEDSGBD-MAPS provides the most contem-

porary bottom-up global emission inventory to date and is

the first inventory to report global emissions of multiple at-

mospheric pollutants from multiple fuel groups and sectors

using consistent methodology. The following results section

presents an overview of the CEDSGBD-MAPS emission inven-
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Figure 6. Time series of global annual emissions of NOx (as NO2), CO, SO2, NMVOCs, NH3, BC, and OC for all sectors and fuel types.

Solid black lines are the CEDSGBD-MAPS inventory, with fractional sector contributions indicated by colors. Dashed gray lines are the

CEDSHoesly inventory. Dashed blue lines are the EDGAR v4.3.2 global inventory. Red markers are ECLIPSE v5a baseline “current leg-

islation” (CLE) emissions (from the GAINS model) with data in 2015 and 2020 from GAINS CLE projections. All inventories include

international shipping but exclude aircraft emissions. Pie chart inserts show fractional contributions of emission sectors to total 2017 emis-

sions (outer) and fuel type contributions to each sector (inner). Emission totals for 2017 (units: Tg yr−1; Tg C yr−1 for NMVOCs, OC, BC)

are given inside each pie chart.

tory, with particular focus on emissions in 2017 and historical

trends as a function of compound, sector, fuel type, and world

region. Section 4 compares these results to other global emis-

sion inventories and discusses the magnitudes and sources of

inventory uncertainties. Known issues in the inventory data

at the time of submission are detailed in Sect. S4.

3.1 Global annual total emissions in 2017

Figures 6 and 7 show time series from 1970–2017 of global

annual CEDSGBD-MAPS emissions for each emitted com-

pound. Global CEDSGBD-MAPS emissions for reactive gases

in 2017 are 122 Tg for NOx (as NO2), 538 Tg for CO, 79 Tg

for SO2, 175 Tg C for total NMVOCs, and 61 Tg for NH3.

Global 2017 emissions of carbonaceous aerosol are 13 and
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6 Tg C for OC and BC, respectively. The time series in Figs. 6

and 7 additionally show the contributions to global emissions

from each of the 11 source sectors (Fig. 6) and four fuel

groups (Fig. 7). Each panel in Fig. 6 additionally shows a

pie chart with the fractional contribution of each sector to

total global emissions in 2017 (outside), while the inner pie

chart shows the fractional contributions from each of the fuel

groups to each source sector. Numerical values for these frac-

tional contributions are in Table S8. Global totals for 2017

are provided in the center of each pie chart. Global emissions

from each compound are additionally split into contributions

from 11 world regions (defined in Table S9) in Fig. 8 to aid

in the interpretation of global trends below.

For global 2017 emissions of NOx , Fig. 6 and Table S8

show that 60 % of NOx emissions are associated with the en-

ergy generation (22 %), industry (15 %), and on-road trans-

portation (23 %) sectors. These sectors have the largest con-

tributions from emissions from coal combustion (> 46 % for

the energy and industry emissions) and the combined com-

bustion of liquid fuels (oil) and natural gas (with these two

fuels accounting for 100 % of NOx on-road emissions). Time

series of regional contributions to global emissions in Fig. 8

additionally show that 50 % of global 2017 NOx emissions

are from the combined Other Asia/Pacific region (Table S9)

(13 Tg), China (24 Tg), and international shipping (25 Tg).

For global 2017 emissions of remaining gas-phase pollu-

tants, 67 % of CO emissions are from the on-road (100 %:

oil + gas) and residential (86 %: biofuel) sectors; 78 % of

SO2 emissions are from the energy generation (63 %: coal)

and industry (38 % coal, 36 % process, 25 % oil + gas)

sectors; 89 % of NH3 emissions are from the agriculture

(100 %: process) and waste (100 %: process) sectors; and

emissions of NMVOCs have the largest single contribution

(36 %) from the energy sector, 99 % of which are associated

with CEDSGBD-MAPS process sources (Table 2). For carbona-

ceous aerosol in 2017, 58 % of global BC emissions are from

the residential (70 %: biofuel) and on-road (100 %: oil + gas)

sectors, while 67 % of global OC emissions are from the res-

idential (92 %: biofuel) and waste (100 %: process) sectors.

Figure 8 shows that in 2017, China is the dominant source

of global CO (144 Tg, 27 % of global total), SO2 (12 Tg,

15 % of global total), NH3 (12 Tg, 20 % of global total), OC

(2.7 Tg C, 20 % of global total), and BC (1.4 Tg C, 24 % of

global total). In contrast, Africa is the dominant source of

global NMVOCs in 2017 (48 Tg C, 27 % of global total), and

international shipping is the dominant source of global NOx

emissions (25 Tg, 20 % of global total).

As discussed above in Sect. 2 and below in Sect. 4.2.4,

the distinction between CEDS combustion- and process-level

source categories for all species may result in the underrep-

resentation of emissions from combustion sources relative to

those from CEDS process-level sectors. As shown in Table 2,

for example, some combustion emissions from the energy, in-

dustry, and waste sectors, such as fossil fuel fires and waste

incineration, are categorized as CEDS “process-level” source

categories (Table 2). These emissions are allocated to the fi-

nal CEDS process category rather than the CEDS total coal,

biofuel, or oil and gas categories.

3.2 Historical trends in annual global emissions

Historical emission trends between 1970 and 2017 in Figs. 6

and 7 indicate that global emissions of each compound

generally follow three patterns: (1) global CO and SO2

emissions peak prior to 1990 and generally decrease un-

til 2017; (2) global emissions of NOx , BC, and OC peak

much later, around 2010, and then decrease until 2017; and

(3) global emissions of NH3 and NMVOCs continuously in-

crease throughout the entire time period. These trends gen-

erally reflect the sector-specific regulations implemented in

dominant source regions around the world. For example,

global emissions of CO generally decrease after the incor-

poration of catalytic converters in North America and Eu-

rope around 1990 (Figs. S7 and S8). Despite, however, con-

tinued reductions in these regions, global emissions of CO

slightly increase between 2002 and 2012 due to simultane-

ous increases among the energy, industry, and residential sec-

tors in China, India, Africa, and the Other Asia/Pacific region

(Figs. S9–S12). Global CO emissions then decrease by 9 %

between 2012 and 2017, largely due to reductions in indus-

trial coal, residential biofuel, and process energy sector emis-

sions in China (Figs. S9, S17–S18, S20), associated with the

implementation of emission control strategies (reviewed in

Zheng et al., 2018) as well as continued reductions in on-road

transport emissions in North America and Europe (Figs. S7–

S8). Similarly, global SO2 emissions decrease after peaking

in 1979, largely due to emission control policies in the energy

and industry sectors in North America and Europe (Figs. S7–

S8). While simultaneous increases in emissions from coal

use in the energy and industry sectors in China result in a

brief increase in global SO2 emissions between 1999 and

2004 (Figs. 6, S9), global SO2 emissions decline by 32 %

between 2004 and 2017 due to the implementation of stricter

emission standards for the energy and industry sectors af-

ter 2010 in China (Zheng et al., 2018) as well as continued

reductions in North America and Europe (Figs. S7–S8). Re-

gional SO2 emission trends are particularly large with a fac-

tor of 9.5 decrease in total SO2 emissions in North America

between 1973 and 2017, a factor of 6.9 decrease in Europe

between 1979 and 2017, and a factor of 5.9 increase in China

between 1970 and 2004, followed by a factor of 2.6 decrease

after 2011 (Fig. 8). While China is the largest global contrib-

utor to SO2 emissions between 1994 and 2017, these large

regional reductions, coupled with increasing SO2 emissions

in the Other Asia/Pacific region, African countries, and In-

dia (Fig. 8), indicate that future global SO2 emissions will

increasingly reflect activities in these other rapidly growing

regions.

In contrast to historical emissions of SO2 and CO, global

emissions of NOx , BC, and OC peak later, between 2011
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Figure 7. Time series of global annual emissions of NOx , CO, SO2, NH3, NMVOCs, BC, and OC for all sectors, colored by fuel group.

Figure 8. Time series of global annual CEDSGBD-MAPS emissions of NOx , CO, SO2, NH3, NMVOCs, BC, and OC for all sectors and fuel

types, split into 11 regions and countries (defined in Table S9).

and 2013. Global emissions then decrease by 7 %, 9 %, and

7 %, respectively, by 2017 (Fig. 6). These trends also re-

flect the sector-specific regulations implemented in dominant

source regions. For NOx for example, global emissions be-

tween 1970 and 2017 are dominated by the combustion of

coal, oil, and gas in the on-road transportation, energy gener-

ation, industry, and international shipping sectors (Figs. 6, 8).

Global on-road transportation emissions are generally flat be-

tween 1988 and 2013 due to competing trends across world

regions. While more stringent vehicle emission standards re-

sult in more than a factor of 2 decrease in on-road trans-

portation NOx emissions in North America and Europe be-

tween 1992 and 2017 (Figs. S7–S8), on-road transport emis-

sions in China, India, and the Other Asia/Pacific region si-

multaneously experience between a factor of 1.3 and 2.8 in-

crease (Figs. S9–S11). Subsequent reductions between 2013

and 2017 in global on-road emissions correspond to a 12 %

reduction in on-road transportation emissions in China due

to the phase-in of stricter emission standards (Zheng et al.,

2018), coupled with a continued decrease in emissions from

North America and Europe. Global NOx emissions from the

energy and industry sectors increase by up to a factor of 6

between 1970 and 2011 due to regional increases in China,

India, the Other Asia/Pacific region, and African countries,
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with reductions between 2011 and 2017, again largely from

reductions in China from stricter emissions control policies

for coal-fired power plants and coal use in industrial pro-

cesses (Zheng et al., 2018; Liu et al., 2015). Global emis-

sions of NOx from waste combustion and agricultural activ-

ities also increased by 2 % and 65 %, respectively, between

1970 and 2017, also contributing to the offset of recent re-

ductions in emissions from regulated combustion sources

(Fig. 6). Similar to global NOx emissions, trends in histor-

ical BC and OC emissions reflect a balance between emis-

sion trends in North America, Europe, and other world re-

gions, with reduction between 2010 and 2017 largely driven

by reductions in emissions from China (Figs. 8, S9). In con-

trast to NOx emissions, however, BC and OC emissions are

dominated by contributions from biofuel combustion in the

residential sector as well as on-road transportation, industry,

and energy sectors for BC and the waste sector for global OC

(Fig. 6). Though emissions of BC and OC have a higher level

of uncertainty relative to other compounds (Sect. 4), emis-

sions from African countries and the Other Asia/Pacific re-

gion experience growth in BC and OC emissions from these

sectors. The exceptions are in China and India, both of which

experience a plateau or reduction in BC and OC emissions

from the residential, energy (China only), industry, and on-

road transportation sectors between 2010 and 2017. In India,

reductions in BC and OC emissions from the residential and

informal industry sectors are expected to continue under poli-

cies to switch to cleaner residential fuels and energy sources,

while BC emissions from on-road transport may increase due

to increased transport demand (Venkataraman et al., 2018).

Similar to trends in SO2 emissions, increasing trends in total

OC and BC emissions from Africa, India, Latin America, the

Middle East, and the Other Asia/Pacific region, coupled with

large decreases in emissions from China, North America, and

Europe (Fig. 8), indicate that global emissions will increas-

ingly reflect activities in these rapidly growing regions.

Trends in historical emissions of NMVOCs and NH3 dif-

fer from other pollutants in that they continuously increase

between 1970 and 2017. Global emissions of NH3 increase

by 81 % between 1970 and 2017 and are largely associated

with emissions from agricultural practices (75 % in 2017)

and waste disposal and handling (14 % in 2017) (Fig. 6, Ta-

ble S8). Unlike emissions from combustion sources, there are

no large-scale regulations outside of Europe targeting NH3

emissions from agricultural activities, such as livestock ma-

nure management. As a result, global agricultural emissions

of NH3 increase between 1970 and 2017 by 82 %, driven by

increases in all regions other than Europe (Figs. 6, S6–S12).

Similarly, global NH3 emissions from the waste sector in-

crease by 77 % between 1970 and 2017, driven by increases

in Latin America, the Other Asia/Pacific region, Africa, and

India (Figs. S10–S12). Global emissions of NMVOCs in-

crease by 40 % between 1970 and 2017 and are largely as-

sociated with emissions from the on-road transport, resi-

dential, energy, industry, and solvent use sectors (Fig. 6).

In contrast to other emitted pollutants, Africa is the largest

global source of NMVOC emissions between 2010 and 2017,

largely due to large contributions and continued increases in

emissions from the residential (factor of 2.7) and energy (fac-

tor of 4) sectors (Fig. S12). Increases in energy sector emis-

sions after 2003 are largely driven by increases in fugitive

emissions from select African countries, including Nigeria,

Kenya, Angola, and Mozambique. Emissions from China are

the second-largest global NMVOC source between 1996 and

2017 (Fig. 8), while the Other Asia/Pacific region is the third-

largest source between 1999 and 2017. Total NMVOCs in

China increase by a factor of 3.4 between 1970 and 2017

due to activity increases in the solvent, energy, and industry

sectors (Zheng et al., 2018), while targeted emission controls

for the residential and on-road transport sectors result in their

reduced contributions to NMVOC emissions between 2012

and 2017 (Fig. S9). Total emissions of NMVOCs in Europe

and North America decrease by up to a factor of 2.4 between

1970 and 2017 due to reductions in all source sectors, except

for energy emissions in North America, which increase be-

tween 2007 and 2011 and remain flat through 2017 (Fig. S7).

To provide a fuel-centric perspective of global historical

emissions trends, Fig. 7 illustrates the contributions from

the combustion of coal, solid biofuel, the sum of liquid fuel

and natural gas, and all remaining CEDS “process-level”

sources (Table 2) to total global emissions between 1970

and 2017. Reductions discussed above between 2010 and

2017 for global emissions of NOx , CO, SO2, BC, and OC

are largely associated with reductions in coal combustion

from the energy, industry, and residential sectors associated

with emission control policies and residential fuel replace-

ment in China as well as coal-fired power plant reductions in

North America and Europe (Figs. 7, S13, S17–S18). Despite

large reductions in emissions, China is still the single largest

source of global emissions from coal combustion in 2017

(23 %–64 % for each compound except NH3). Figure S17,

however, also shows that emissions from coal combustion

are simultaneously increasing in India, the Other Asia/Pacific

region, and Africa. Specifically, SO2 emissions from coal

combustion in India are set to surpass those from China by

2018 if recent CEDSGBD-MAPS trends hold. For solid bio-

fuel combustion, global emissions of all compounds are pri-

marily associated with the residential sector (Fig. S14), with

recent reductions in biofuel CO, SO2, BC, and OC emis-

sions largely from reductions in China (Fig. S18). In con-

trast, biofuel emissions from all other regions remain rela-

tively flat or increase between 1970 and 2017, though bio-

fuel emissions of NMVOCs, CO, SO2, and OC in India as

well as SO2 emissions in North America both decrease be-

tween 2010 and 2017 (Fig. S18). In 2017, biofuel emissions

of all compounds are dominated by emissions from either

Africa (NOx , SO2, NH3, NMVOC, BC) or India (OC). For

oil and gas combustion, global emissions of all compounds

are primarily associated with on-road transportation, inter-

national shipping, and energy and industry (SO2 only) sec-
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tors, with general decreases in associated emissions in North

America and Europe between 1970 and 2017 and increases

in other regions (Fig. S19). In contrast to other combus-

tion sectors and fuels, emissions of NOx , CO, NMVOCs,

BC, and OC from the combustion of liquid fuels and natu-

ral gas in China remain relatively flat or slightly decrease be-

tween 2010 and 2017. Dominant global regions vary by com-

pound (Fig. S19) and include international shipping (NOx ,

SO2), Africa (OC), India (BC), North America (CO, NH3),

and the Other Asia/Pacific region (NMVOCs). Global CEDS

process source emissions, which include contributions from

some fuel combustion processes (Table 2), decrease between

2010 and 2017 for CO, SO2, BC, and OC. These trends

are primarily associated with reductions in emissions from

the energy and industry sectors. In contrast, process source

contributions to NOx , NH3, and NMVOCs increase over

this same time period due to increases in non-combustion

agricultural and solvent use emissions as well as emissions

from waste disposal and energy generation and transforma-

tion (Fig. S16). Increases in emissions from these sectors be-

tween 1970–2017 drive the continuous increases in global

NH3 and NMVOCs, discussed above. Dominant source re-

gions in 2017 of these process-level emissions include China

(NOx , CO, NH3, BC, OC), India (SO2), and African coun-

tries (NMVOCs) (Fig. S20).

4 Discussion

4.1 Comparison to global inventories

4.1.1 Comparison to CEDSHoesly inventory

As a result of the similar methodologies, Fig. 6 shows that

CEDSGBD-MAPS and CEDSHoesly emission inventories pre-

dict similar magnitudes and historical trends in global emis-

sions of each compound between 1970 and 2014. The two

inventories, however, diverge in recent years due to the incor-

poration of updated activity data and both updated and new

scaling emission inventories included in the CEDSGBD-MAPS

system. For global emissions of NOx , CO, and SO2, the

CEDSGBD-MAPS emissions are smaller than the CEDSHoesly

emissions after 2006 and show a faster decreasing trend. By

2014, global emissions of these compounds are between 7 %

and 21 % lower than previous CEDSHoesly estimates. These

differences are largely associated with large emission reduc-

tions in China as a result of the updated national-level scal-

ing inventory from Zheng et al. (2018), along with the added

DICE-Africa (Marais and Wiedinmyer, 2016) and SMoG-

India (Venkataraman et al., 2018) scaling inventories. Differ-

ences in emissions from India and Africa in the two CEDS

inventories are discussed in Sect. 2 (Fig. 3) and, combined,

account for ∼ 60 % of the reduction in global NOx emissions,

23 % of the reduction in global CO, and 14 % of the reduction

in global SO2. The largest differences between these two in-

ventories in India and Africa are the reduced NOx emissions

from the transport sector as well as reduced energy emis-

sions of SO2 in India. Remaining differences between NOx

and SO2 emissions in the two CEDS inventories are largely

associated with the updated China emission inventory from

Zheng et al. (2018), which reports lower emissions in 2010

and 2012 than a previous version of the MEIC inventory

that was used to scale China emissions in the CEDSHoesly

inventory (C. Li et al., 2017). These emission reductions

are largely associated with the industrial and residential sec-

tors in China and are partially offset by a simultaneous in-

crease in transportation emissions of all compounds relative

to CEDSHoesly.

For global emissions of NH3 and NMVOCs, these species

remain relatively unchanged between the CEDSHoesly and

CEDSGBD-MAPS inventories. In 2014 CEDSGBD-MAPS emis-

sions are 5 % higher than CEDSHoesly emissions for

NMVOCs and 2 % lower than CEDSHoesly global NH3

emissions. Emissions of NH3 remain relatively unchanged

(within < 2 %) from dominant source regions, including In-

dia, Africa (Fig. 3), and China. In contrast, emissions of

NMVOCs from Africa and China in the DICE-Africa and

Zheng et al. (2018) scaling inventories are larger than those

in the CEDSHoesly inventory. Global emissions of NMVOCs

are also higher in the EDGAR v4.3.2 inventory relative

to the previous version used in the CEDSHoesly inventory.

NMVOCs are particularly large from the process energy sec-

tor emissions in Africa (Fig. S12), which primarily include

fugitive emissions from oil and gas operations (Table 2). De-

fault energy sector emissions from “non-combustion” pro-

cesses are taken from the EDGAR inventory and are not

scaled to the DICE-Africa inventory. Therefore, the large in-

crease in these emissions in Africa relative to CEDSHoesly

is largely driven by changes in the EDGAR v4.3.2 inventory,

with emissions from the 1B2_Fugitive_Fossil fuels sector in-

creasing for example by a factor of 5 in Nigeria between 2003

and 2017.

Global emissions of OC and BC have the largest

differences between the two CEDS inventories, with

CEDSGBD-MAPS emissions consistently smaller than

CEDSHoesly emissions between 1970 and 2014. By 2014,

CEDSGBD-MAPS emissions of BC and OC are 24 % and

33 % smaller than corresponding CEDSHoesly emissions. In

the CEDSHoesly inventory, default emissions of BC and OC

are not scaled, and therefore these differences are largely

associated with the added scaling inventories, discussed in

Sect. 2 and shown in Table 3. As shown in Figs. S3–S4, the

added scaling of BC and OC emissions leads to a reduction

in global CEDSGBD-MAPS emissions of OC in all scaled

regions and a reduction in BC emissions in all regions other

than India. In India, increases in industry and residential BC

emissions from the SMoG-India scaling inventory result in

a slight increase in BC emissions relative to the CEDSHoesly

inventory (Fig. 3). Waste emissions of OC and BC are also

reduced in the CEDSGBD-MAPS inventory due to updated

assumptions for the fraction of waste burned (Sect. S1.1).
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As discussed in Hoesly et al. (2018) and further below, BC

and OC emissions typically have the largest uncertainties

of all the emitted species, and their recent changes in the

residential and waste sectors are particularly uncertain.

The relative contributions of each source sector to emis-

sions in the two CEDS versions are additionally shown in

Fig. S21. This comparison shows that the fractional sectoral

contributions to global emissions in 2014 are the same to

within 10 % in the two CEDS inventories. The largest dif-

ferences are a 9 % increase in the relative contribution of

on-road transportation emissions of CO and reductions in

the relative contribution of waste emissions across all com-

pounds. These trends reflect the large update to default waste

emissions described above as well as changes associated with

the DICE-Africa and national China scaling inventories.

Similar to the total global emissions, changes between the

two CEDS versions for the national-level and 0.5◦ × 0.5◦

gridded products will also result from updates to the energy

consumption data, scaling inventories (Sects. 2.2–2.3), and

spatial distribution proxies from EDGAR v4.3.2 (Sect. 2.1).

Time series of differences between the CEDSHoesly and

CEDSGBD-MAPS inventories for 11 world regions are shown

for each compound in Fig. S22. Fig. S22 shows that

CEDSGBD-MAPS emissions are, in recent years, generally

lower in each region, with the greatest differences in Africa,

India, and China. The relative changes in Africa and India are

discussed in Sect. 2. For China, the CEDSGBD-MAPS emis-

sions are generally lower than the CEDSHoesly estimates af-

ter the year 2010 as a result of the updated scaling inventory.

Regional differences between inventories are also greater for

OC and BC emissions relative to other compounds due to the

added scaling procedure discussed in Sect. 2. Differences in

spatial distributions are not discussed here as changes repre-

sent differences in the spatial proxies, which are largely from

updates to the EDGAR inventory.

4.1.2 Comparison to other global inventories (EDGAR

and GAINS)

Figure 6 additionally provides a comparison of the

CEDSGBD-MAPS global emissions to those from two widely

used inventories: EDGAR v4.3.2 (Crippa et al., 2018; EC-

JRC, 2018) and ECLIPSE v5a (GAINS) (IIASA, 2015;

Klimont et al., 2017). For a comparison of global emissions

across similar emission sectors, the EDGAR v4.3.2 inventory

in Fig. 6 includes emissions from all reported sectors (in-

cluding international shipping), except for those from agri-

cultural waste burning and domestic and international avia-

tion. Similarly, the GAINS ECLIPSE v5a baseline scenario

inventory in Fig. 6 includes all reported emissions other than

those from agricultural waste burning. These include contri-

butions from aggregate residential and commercial combus-

tion sources (“dom”), energy generation (“ene”), industrial

combustion processes (“ind”), road and non-road transporta-

tion (“tra”), agricultural practices (“agr”), and waste disposal

(“wst”). GAINS ECLIPSE v5a baseline estimates for inter-

national shipping emissions are also included in Fig. 6. A ta-

ble with sectoral mappings of the CEDSGBD-MAPS, EDGAR

v4.3.2, and GAINS inventories is provided in Table S10.

The comparison in Fig. 6 shows that global emissions of

all compounds in the CEDSGBD-MAPS inventory are consis-

tently larger than in the EDGAR v4.3.2 inventory (Crippa et

al., 2018). Global CEDSGBD-MAPS emissions of NOx , SO2,

CO, and NMVOCs are at least 27 % larger, while global

emissions of NH3, BC, and OC are within 52 %. Figure S23

indicates that differences in global BC and OC emissions are

largely due to higher waste and residential and commercial

emissions in the CEDSGBD-MAPS inventory. Figure 6, how-

ever, also shows that the trends in global emissions are sim-

ilar between EDGAR v4.3.2 and CEDSGBD-MAPS for most

compounds. For example, between 1970 and 2012, global

emissions of SO2, NH3, NMVOCs, and BC peak in the same

years. Global CO and NOx emissions both peak 1 year earlier

in the CEDSGBD-MAPS inventory but otherwise follow simi-

lar historical trends. Trends in OC emissions are the most

different between the two inventories, with a peak in emis-

sions in 1988 in the EDGAR inventory compared to 2012

in the CEDSGBD-MAPS inventory. A comparison of relative

sectoral contributions in Fig. S23 shows that these differ-

ences in OC emissions are largely due to the residential

and commercial sectors, which may be underestimated in

the EDGAR v4.3.2 inventory relative to GAINS (Crippa et

al., 2018) and CEDSGBD-MAPS. Both inventories also show

a net increase in global emissions of all compounds other

than SO2 between 1970 and 2012. Global SO2 emissions

follow a similar trend until 2007, after which the emissions

in CEDSGBD-MAPS decrease at a faster rate than in EDGAR

v4.3.2. These differences are largely due to the energy sec-

tor, which increases between 2006 and 2012 in EDGAR

and decreases as a result of emission reductions in China

in the CEDSGBD-MAPS inventory (Fig. S23). For all other

compounds, the rate of increase in emissions between 1970

and 2012 is also slightly different between the two inven-

tories. For example, NH3 emissions in the CEDSGBD-MAPS

inventory increase by 74 % compared to a 139 % increase

in EDGAR. In contrast, BC and OC emissions increase at

a faster rate in the CEDSGBD-MAPS inventory. Due to sim-

ilar sources of uncertainty and the additional scaling of

CEDSGBD-MAPS emissions to EDGAR (except for BC and

OC), levels of uncertainty between the two inventories are

expected to be similar, as discussed further in Sect. 4.2.

Similar to the comparison with EDGAR emissions, Fig. 6

also shows that global emissions in the CEDSGBD-MAPS in-

ventory are generally larger than emission estimates from the

GAINS model, published as part of the ECLIPSE v5a in-

ventory (referred to here as GAINS) (Klimont et al., 2017).

Two exceptions are for SO2 emissions, which are up to 6 %

lower than GAINS in select years, and BC emissions, which

are consistently 5 %–15 % lower than GAINS for all years.

While the sectoral definitions may slightly differ between
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these inventories, Fig. S24 shows that these differences are

largely due to different trends in energy and industry SO2

emissions between 2005 and 2015 and consistently lower

BC emissions from the residential and commercial sector

in the CEDSGBD-MAPS inventory. For all years with over-

lapping data between 1990 and 2015, the absolute magni-

tude of global emissions is within ±15 % for NOx , SO2,

NH3, and BC; within 22 % for CO and OC; and within

50 % for NMVOCs. Historical trends in each inventory are

also similar for all compounds other than CO and NMVOCs

(Fig. 6). Peak global emissions occur between 2010 and 2012

for NOx , BC, and OC, while both inventories show a net

decrease in emissions in SO2 and a net increase in emis-

sions of NH3. In contrast, GAINS emissions of CO peak in

2010, while CEDSGBD-MAPS emissions peak in 1990. The

largest differences in historical trends are for global NMVOC

emissions, with GAINS showing a 3 % decrease between

1990 and 2010, while CEDSGBD-MAPS NMVOC emissions

increase by 13 % over this same time period (Fig. 6). Sec-

toral contributions between the two inventories in Fig. S24

indicate that these differences are largely due differences

in the energy, industry, and on-road transport emissions of

NMVOCs. Uncertainties in the GAINS model have been pre-

viously estimated to fall between 10 % and 30 % in Europe

for gas-phase species (Schöpp et al., 2005) and within the

uncertainty estimates for BC and OC of other global bottom-

up inventories (Klimont et al., 2017; Bond et al., 2004), as

discussed in the following section.

4.2 Uncertainties

The level and sources of uncertainty in the CEDSGBD-MAPS

inventory are similar to those in the CEDSHoesly inventory,

which are largely a function of uncertainty in the activ-

ity data, emission factors, and country-level inventories. As

these uncertainties have been previously discussed in Hoesly

et al. (2018), we have not performed a formal uncertainty

analysis here but rather provide a brief summary of the

sources of uncertainty associated with this work. We note

plans for a robust uncertainty analysis in an upcoming re-

lease of the CEDS core system. While this section highlights

many of the challenges associated with estimating compre-

hensive and accurate global bottom-up emission inventories,

such inventories remain vital for their use in chemistry and

climate models and for the development and evaluation of

future control and mitigation strategies.

4.2.1 Uncertainties in activity data

As discussed in Sect. 2.1, CEDS default emissions from com-

bustion sources are largely informed by fuel consumption

data from the IEA 2019 World Energy Statistics Product

(IEA, 2019). While this database provides energy consump-

tion data as a function of detailed source sector and fuel type

for most countries, the IEA data are uncertain and include

breaks in time series data that can lead to abrupt changes in

the CEDSGBD-MAPS emissions for select sectors, fuels, and

countries. For example, Fig. S7 shows an order of magnitude

decrease (0.1 Tg C) in OC industrial emissions from North

America between 1992 and 1993, which is driven by a break

in IEA biofuel consumption data for the non-specified man-

ufacturing industry sector (CEDS sector: 1A2g_Ind-Comb-

other) in the United States. While the magnitude of this par-

ticular change is negligible on the global scale, this is not

the case for all sectors. For example, as noted in Sect. S4,

a known issue in the IEA data in China in the energy sector

causes peaks in the associated NOx and SO2 CEDSGBD-MAPS

emissions in 2004. These peak emissions may be overes-

timated by up to 4 and 10 Tg, respectively, which is large

enough to impact historical trends in both regional (Fig. 8:

NOx and SO2) and global (Figs. 6–7: SO2) emissions. These

point to areas where improvements could be made to the un-

derlying driver data in future work.

4.2.2 Uncertainties in global bottom-up inventories

Uncertainties in bottom-up emission inventories vary as a

function of space, time, and compound, making total un-

certainties difficult to quantify. Default emission estimates

in the CEDS system are subject to uncertainties in underly-

ing activity data, such as IEA energy consumption data, as

well as activity drivers for process-level emissions. Knowl-

edge of accurate emission factors also drives inventory un-

certainty as EFs are not often available for all sectors in

countries with emerging economies and are heavily depen-

dent on the use, performance, and enforcement of control

technologies within each sector and country (e.g., Zhang et

al., 2009; Wang et al., 2015). While improvements in data

collection and reporting standards may decrease the uncer-

tainty in some underlying sources over time, the most recent

years of CEDSGBD-MAPS emissions are still subject to con-

siderable uncertainty. For instance, the degree of local and

national compliance with control measures is often variable

or unknown (e.g., Wang et al., 2015; Zheng et al., 2018); re-

cent activity and regional emissions data are often updated as

new information becomes available; and emissions in gener-

ally more uncertain regions, including India and Africa, are

becoming an increasingly large fraction of global totals. Ad-

ditionally, from a methodological standpoint, default CEDS

emissions after 2010 also currently rely on the projection of

emission factors from the GAINS EMF30 data release for

sectors and countries where contemporary regional scaling

inventories are not available.

As the CEDS system uses a “mosaic” approach and in-

corporates information from other global- and national-level

inventories, the final CEDSGBD-MAPS emissions will also be

subject to the same sources and levels of uncertainty as these

external inventories. For example, as discussed in Sect. 2.1,

default process-level emissions in CEDSGBD-MAPS are de-

rived using emissions from the EDGAR v4.3.2 inventory,
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with many countries additionally scaled to this inventory dur-

ing Step 2. As reported and discussed in Crippa et al. (2018),

EDGAR v4.3.2 emissions for 2012 at the regional level are

estimated to have the smallest uncertainties for SO2, be-

tween 14.4 % and 47.6 %, with uncertainties in NOx between

17.2 % and 69.4 % (up to 124 % for Brazil), CO between

25.9 % and 123 % (lower for industrialized countries), and

NMVOCs between 32.7 % and 148 % (lower for industrial-

ized countries). Emissions of NH3 are highly uncertain in all

inventories (186 % to 294 % in EDGAR) due to uncertainties

in the reporting of agricultural statistics and emission fac-

tors that will depend on individual farming practices, biolog-

ical processes, and environmental conditions (e.g., Paulot et

al., 2014). As noted in Crippa et al. (2018) and Klimont et

al. (2017), EDGAR v4.3.2 and GAINS uncertainty estimates

for BC and OC fall within the factor of 2 range that has

been previously estimated by the seminal work of Bond et

al. (2004). While CEDSGBD-MAPS emissions are not scaled to

EDGAR v4.3.2 BC and OC emissions, estimates are derived

from similar sources and are therefore expected to be con-

sistent with uncertainties in both EDGAR and other global

bottom-up inventories. It should also be noted that these re-

ported uncertainty estimates from EDGAR only reflect the

uncertainties associated with the emission estimation process

and do not account for the potential of missing emissions

sources or super-emitters within a given sector (Crippa et al.,

2018).

To evaluate and improve the accuracy of these bottom-up

emission estimates, inventories are increasingly using infor-

mation from high-resolution satellite retrievals, particularly

for major cities, large-area sources, natural sources, and large

point sources (e.g., M. Li et al., 2017a; McLinden et al.,

2016; Streets et al., 2013; van der Werf et al., 2017; Beirle

et al., 2011; McLinden et al., 2012; Lamsal et al., 2011;

Zheng et al., 2019; Elguindi et al., 2020). For example, both

the CEDSHoesly and CEDSGBD-MAPS inventories incorporate

SO2 emission estimates derived using satellite retrievals in

McLinden et al. (2016) to account for previously missing

SO2 point sources in the CEDS 1B2_Fugitive-petr-and-gas

sector (described further in the supplement of Hoesly et al.,

2018), with additional use of satellite data planned for a fu-

ture CEDS core release. With the continued advancement of

satellite retrievals, the development of source- and sector-

specific inventories, such as CEDSGBD-MAPS, will continue

to provide new opportunities for the application of new

satellite-based inventories, which will aid in the quantifica-

tion of spatial and temporal emissions from distinct sources

associated with specific sectors and fuel types that may not

be accurately estimated using conventional bottom-up ap-

proaches.

4.2.3 Uncertainties in regional-level scaling inventories

Similar to the CEDSHoesly inventory, the CEDSGBD-MAPS

emissions will also reflect the uncertainties associated with

the inventories used for the scaling procedure. The invento-

ries with the largest impact on the CEDSGBD-MAPS emission

uncertainties relative to the CEDSHoesly inventory will be

those from China from Zheng et al. (2018), the DICE-Africa

emission inventory from Marais and Wiedinmyer (2016), and

the SMoG-India inventory from Venkataraman et al. (2018).

While formal uncertainty analyses were not performed for

all of these inventories, similar bottom-up methods used in

these studies will result in similar sources of uncertainties

(activity and emission factors) as the global inventories. For

example, Zheng et al. (2018) state that the largest sources of

uncertainty are the accuracy and availability of underlying

data (reviewed in M. Li et al., 2017b) and that the levels of

uncertainty for China emissions between 2010 and 2017 are

expected to be similar to previous national-level bottom-up

inventories derived using similar data sources and methodol-

ogy, such as Zhao et al. (2011), Lu et al. (2011), and Zhang

et al. (2009). Similar to global inventories, these previous re-

gional studies estimate much lower levels of uncertainty for

SO2 and NOx (±16 % and −13 % to +37 %, respectively)

than for CO (70 %) and OC and BC emissions (−43 % to

+258 % and −43 % to +208 %, respectively). Some sectors

in China and other regions are particularly uncertain, as dis-

cussed further below.

Regional and national inventories, however, have the

added benefit of using local knowledge to reduce poten-

tial uncertainties in emission factors and missing emission

sources. For example, Marais and Wiedinmyer (2016) note

that the DICE-Africa emissions are uncertain due to gaps

in fuel consumption data. This inventory, however, also in-

cludes sources frequently missing in global inventories such

as widespread diesel and petrol generator use, kerosene use,

and ad hoc oil refining and have used emission factors for

on-road car and natural-gas flaring that are more represen-

tative of the inefficient fuel combustion conditions in Africa

(Marais and Wiedinmyer, 2016; Marais et al., 2019). As dis-

cussed in Sect. 2, the CEDSGBD-MAPS inventory may still un-

derestimate total emissions from some of these sources (up

to 11 % in 2013; Sect. 2.2.3) but otherwise will have un-

certainties for total Africa emissions similar to the DICE-

Africa inventory. For emissions in India, uncertainties also

arise from missing fuel consumption data and the applica-

tion of non-local or uncertain emission factors. Venkatara-

man et al. (2018), however, is one of the few studies to

present a detailed uncertainty analysis of their inventory and

use the propagation of source-specific activity data and emis-

sion factors to estimate that total emission uncertainties are

smaller for SO2 (−20 % to 24 %) than for NOx (−65 % to

125 %) and NMVOCs (−44 % to +66 %). While uncertain-

ties are not explicitly reported for OC and BC emissions,

Fig. 1 in Venkataraman et al. (2018) indicates that uncer-

tainties in these emissions are between −60 % and +95 %,

consistent with BC and OC uncertainties reported in other

bottom-up inventories. We also note the ongoing work to im-

prove the accuracy of highly uncertain emission sectors in a
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future release of the SMoG-India inventory through the Car-

bOnaceous AerosoL Emissions, Source apportionment and

ClimatE impacts (COALESCE) project (Venkataraman et al.,

2020).

In addition to uncertainties in the scaling inven-

tory emissions, uncertainties are also introduced by the

CEDSGBD-MAPS scaling procedure. Uncertainties arise when

mapping sectoral- and fuel-specific (when available) emis-

sions between inventories (as discussed previously) as well

as in the application of the calculated scaling factors outside

the range of available scaling inventory years. For example,

the implied CO EFs in Fig. S2 highlight one case in China

where the EFs for oil and gas combustion in the on-road

transport sector peak in 1999 at a value over 3 times larger

than EFs in all other top-emitting countries. For China specif-

ically, the calculated scaling factors for the year 2010 (earli-

est scaling inventory year) are applied to emissions from all

years prior, which was calculated as a value of ∼ 1.58 for

the on-road transport sector. The implied EF of ∼ 1.8 g g−1

for this sector in 2003 (Fig. S2) suggests that the SF from

2010 may not be representative of emissions during this ear-

lier time period. We do note, however, that the 1999 peak

in total CO emissions in China (Fig. S9) is driven by the

IEA energy data and is consistent with the CEDSHoesly in-

ventory (Hoesly et al., 2018). In contrast, EFs from this sec-

tor in China after the year 2010 agree with the magnitude

and trends found in other countries, further indicating that

the scaling factors are most appropriate for years with over-

lapping inventory data. Other similar examples include coal

energy emissions of SO2 in Thailand (Fig. S2). In this case,

the REAS scaling inventory spans the years 2000–2008. The

default EFs for the energy sector, however, independently de-

crease between 1997 and 2001. As a result, when the im-

plied EF of 3.3 for the year 2000 is applied to all histori-

cal energy emissions, the implied EFs prior to 1997 become

an order of magnitude larger than those in nearly all other

top-emitting countries (Fig. S2). Overall, the applicability of

the scaling factors to emissions in years outside the available

scaling inventory years remains uncertain due to real histor-

ical changes in activity, fuel-use, and emissions mitigation

strategies. These uncertainties, however, vary by compound

and sector as, for example, there are no similar peaks in on-

road emissions for compounds other than CO in China.

Though the inclusion of these regional inventories can im-

prove the accuracy of the global CEDS system (particularly

during years with overlapping data), Hoesly et al. (2018) note

that large uncertainties may still persist, even in developed

countries with stringent reporting standards. In the US for

example, it has been suggested that compared to the US Na-

tional Emissions Inventory (US NEI), total NOx emissions

from on-road and industrial sources in some regions may be

overestimated by up to a factor of 2 (e.g., Travis et al., 2016).

In addition, NH3 emissions in agricultural regions in winter

may be underestimated by a factor of 1.6 to 4.4 (Moravek et

al., 2019), and national and regional emissions of NMVOCs

from oil and gas extraction regions, solvents, and the use of

personal care products may also be underestimated by up to

a factor of 2 (McDonald et al., 2018; Ahmadov et al., 2015).

4.2.4 Uncertainties in sectoral and fuel contributions

Emissions reported as a function of individual source sectors

are typically considered to have higher levels of uncertainty

than those reported as country totals due to the cancelation

of compounding errors (Schöpp et al., 2005). Source sectors

with the largest levels of uncertainty in CEDSGBD-MAPS esti-

mates are generally consistent with other inventories, which

include waste burning, residential emissions, and agricul-

tural processes (Hoesly et al., 2018). This higher level of

sectoral uncertainty is reflected in the relatively larger un-

certainties discussed above in global emissions of OC, BC,

and NH3 relative to other gas-phase species. In general, un-

certainties from these sources are larger due to the difficulty

in accurately tracking energy consumption statistics and un-

certainties in the variability in source-specific emission fac-

tors, which will depend on local operational and environ-

mental conditions. For example, residential emission fac-

tors from heating and cooking vary depending on technol-

ogy used and operational conditions (e.g., Venkataraman et

al., 2018; Carter et al., 2014; Jayarathne et al., 2018), while

soil NOx emissions and NH3 from wastewater and agricul-

ture result from biological processes that depend on local

practices and environmental conditions (e.g., Chen et al.,

2012; Paulot et al., 2014). While uncertainties are not always

reported at the sectoral level, Venkataraman et al. (2018)

do report that industry emissions of NOx and NMVOCs in

the SMoG-India inventory actually have larger uncertainties

than those from the transportation, agriculture, and residen-

tial (NMVOCs only) sectors, while the relative uncertainties

for SO2 emissions follow the opposite trend. For emissions of

total fine particulate matter, Venkataraman et al. (2018) esti-

mate that the sectors with the largest uncertainties are the res-

idential and industry emissions. Similarly, Lei et al. (2011)

estimate that BC and OC emissions from the residential sec-

tor in China have the largest inventory uncertainties, while

Zhang et al. (2009) and Zheng et al. (2018) also report rel-

atively smaller uncertainties from power plants and heavy

industry in China due to known activity data, local emis-

sion factors, pollution control technologies, and direct emis-

sions monitoring. Overall, the mosaic scaling procedure in

the CEDS system will result in similar levels of uncertainties

as these regional scaling inventories.

With the release of fuel-specific information in the

CEDSGBD-MAPS inventory, additional uncertainty in the al-

location of fuel types is expected. In this work, activity

data at the detailed sector and fuel level are taken from

the IEA World Energy statistics (IEA, 2019) and are sub-

ject to the same sources of uncertainty. Emission factors for

CEDS working sectors and fuels (Table S2) are derived from

GAINS. In general, emissions from solid biofuel combus-
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tion are considered to be less certain than fossil fuel con-

sumption due to large uncertainties in both fuel consumption

and EFs, particularly in the residential and commercial sec-

tors. For example, by combining information from EDGAR

v4.3.2 (Crippa et al., 2018) and a recent TNO-RWC (Nether-

land Organization for Applied Scientific Research, Residen-

tial Wood Combustion) inventory from Denier van der Gon

et al. (2015), Crippa et al. (2019) estimated that uncertainties

in emissions from wood combustion in the residential sector

in Europe are between 200 % and 300 % for OC, BC, and

NH3. Crippa et al. (2019) also report that these uncertainties

are largely driven by uncertainties in regional emission fac-

tors as uncertainties in biofuel consumption are estimated to

be between 38.9 % and 59.5 %. These uncertainties, however,

are still larger than those estimated for fossil fuel consump-

tion in many countries. As noted in Hoesly et al. (2018), in-

creased levels of uncertainty in fossil fuel emissions are also

expected in some countries, including the consumption and

emission factors related to coal combustion in China (e.g.,

Liu et al., 2015; Guan et al., 2012; Hong et al., 2017), which

will have the largest impacts on CEDSGBD-MAPS emissions

of NOx , SO2, and BC. Specific to the CEDSGBD-MAPS fuel

inventory, additional uncertainties may arise from the poten-

tial underestimation of total coal, oil and gas, and biofuel

emissions associated with fugitive emissions and gas flaring

in the energy sector as well as waste incineration in the waste

sector. As discussed above and in Hoesly et al. (2018), fugi-

tive emissions are highly uncertain. The degree of underes-

timation in combustion fuel contributions will be dependent

on the fractional contribution of process-level emissions in

these sectors relative to those from coal, biofuel, and oil and

gas combustion (Table S8). Additional uncertainties in the

gridded fuel-specific products are discussed in the following

section.

4.2.5 Uncertainties and limitations in gridded emission

fluxes

As noted in Sect. 2.1, global gridded CEDSGBD-MAPS emis-

sion fluxes are provided to facilitate their use in earth system

models. Relative to the reported country-total emission files,

additional uncertainties are introduced in the 0.5◦ × 0.5◦

global gridded CEDSGBD-MAPS emission fluxes through the

use of source-specific spatial gridding proxies in CEDS Step

5. Historical spatial distributions within each country are

largely based on normalized gridded emissions from the

EDGAR v4.3.2 inventory. These spatial proxies are held con-

stant after 2012, which serves to increase the uncertainties in

spatial allocation in large countries in recent years. The mag-

nitude of this uncertainty will depend on the specific com-

pound and sector. For example, gridded emissions from the

energy sector will not reflect the closure or fuel-switching of

individual coal-fired power stations after 2012. Changes in

total country-level emissions from this sector and fuel type,

however, will be accurately reflected in the total country-

level emission files. This source of uncertainty is also present

in the CEDSHoesly inventory. An additional source of uncer-

tainty in the gridded emissions is that the same spatial al-

locations are applied uniformly across emissions of all fuel

types within each source sector. This may lead to additional

uncertainties if, for example, emissions from the use of coal,

biofuel, oil and gas, and remaining sources within each sec-

tor are spatially distinct. These uncertainties, however, do not

impact the final country-level CEDSGBD-MAPS products be-

cause they are not gridded.

Lastly, while CEDSGBD-MAPS emissions provide a global

inventory of key atmospheric pollutants, this inventory does

not include a complete set of sources or species required

for GCM or CTM simulations of atmospheric chemical

processes. As noted in Sect. 2, neither CEDSHoesly nor

CEDSGBD-MAPS estimates include emissions from large or

small open fires, which must be supplemented with ad-

ditional open-burning inventories, such as the Global Fire

Emissions Database (GFED, 2019; van der Werf et al., 2017)

or Fire INventory from NCAR (FINN, 2018; Wiedinmyer et

al., 2011). In addition, simulations of atmospheric chemistry

require emissions from biogenic sources, typically supplied

from inventories, such as the Model of Emissions of Gases

and Aerosols from Nature (MEGAN, 2019; Guenther et al.,

2012). Other sources to consider in atmospheric simulations

include volcanic emissions, sea spray, and windblown dust.

In addition, the CEDS system does not include dust emis-

sions from windblown and anthropogenic sources such as

roads, combustion, or industrial process. Anthropogenic dust

sources may contribute up to ∼ 10 % of total fine-dust emis-

sions in recent years and are important to consider when sim-

ulating concentrations of total atmospheric particulate matter

(Philip et al., 2017). Lastly, the CEDSGBD-MAPS inventory

also excludes emissions of greenhouse gases such as methane

and carbon dioxide (CH4, CO2). These compounds were pre-

viously included through 2014 in the CEDSHoesly inventory.

5 Data availability

The source code for the CEDSGBD-MAPS system is

available on GitHub (https://github.com/emcduffie/

CEDS/tree/CEDS_GBD-MAPS, last access: 1 Decem-

ber 2020, and https://doi.org/10.5281/zenodo.3865670;

McDuffie et al., 2020a). To run the CEDS system,

users are required to first purchase the proprietary en-

ergy consumption data from the IEA (World Energy

Statistics; https://www.iea.org/subscribe-to-data-services/

world-energy-balances-and-statistics, last access: 1 Decem-

ber 2020). The IEA is updated annually and provides the

most comprehensive global energy statistics available to

date. All additional input data are available in the CEDS

GitHub repository.

Final products from the CEDSGBD-MAPS system in-

clude total annual emissions for each country as well as

Earth Syst. Sci. Data, 12, 3413–3442, 2020 https://doi.org/10.5194/essd-12-3413-2020
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monthly global gridded (0.5◦ × 0.5◦) emission fluxes for

the years 1970–2017. Both products are available on Zen-

odo (https://doi.org/10.5281/zenodo.3754964; McDuffie et

al., 2020c) and report total emissions and gridded fluxes as

a function of 11 final source sectors and four fuel categories

(total coal, solid biofuel, oil + gas, process). Time series of

annual country-total emissions from 1970–2017 are provided

in units of kt yr−1 and provide NOx emissions as NO2. These

data do not speciate total NMVOCs into sub-VOC classes. In

these .csv files, total anthropogenic emissions for each coun-

try are calculated as the sum of all sectors and fuel types

within each country. For the global gridded products, emis-

sion fluxes of each compound as a function of 11 sectors

and four fuel types are available for each year in individ-

ual netCDF files. These data are in units of kg m−2 s−1 and

provide NOx emissions as NO. Total NMVOCs are speci-

ated into 25 sub-VOC classes as described in Sect. 2. For

consistency with the CEDS data released for CMIP6 (CEDS,

2017a, b), gridded anthropogenic fluxes for 1970–2017 are

additionally available in the CMIP6 format. Note that NOx

is in units of NO2 in this format. Additional file format

details are in the README.txt file in the Zenodo repos-

itory (https://doi.org/10.5281/zenodo.3754964, McDuffie et

al., 2020c).

To provide an example of the products and file for-

mats available for download from the full CEDSGBD-MAPS

repository, we have also prepared an additional data “snap-

shot” inventory that provides emissions in all three file for-

mats described above for the 2014–2015 time period (Mc-

Duffie et al., 2020b). The gridded data are provided as

monthly averages for the December 2014–February 2015

time period, while the annual data include total emissions

from both 2014 and 2015. These data can be downloaded

from https://doi.org/10.5281/zenodo.3833935 (McDuffie et

al., 2020b) and are further described in the associated

README.txt file.

6 Summary and conclusions

We described the new CEDSGBD-MAPS global emission in-

ventory for key atmospheric reactive gases and carbonaceous

aerosol from 11 anthropogenic emission sectors and four fuel

types (total coal, solid biofuel, liquid-fuel and natural-gas

combustion, and remaining process-level emissions) over the

time period from 1970–2017. The CEDSGBD-MAPS inven-

tory was derived from an updated version of the Community

Emissions Data System, which incorporates updated activity

data for combustion- and process-level emission sources, up-

dated scaling inventories, the added scaling of BC and OC

emissions, and adjustments to the aggregation and gridding

procedures to enable the extension of emission estimates

to 2017 while retaining sectoral and fuel type information.

We incorporated new regional scaling inventories for India

and Africa; as a result default CEDSGBD-MAPS emissions

are now lower than previous CEDSHoesly estimates for all

compounds in these regions other than NMVOCs in Africa

and BC in India. These updates improve the agreement of

CEDSGBD-MAPS Africa emissions with those from EDGAR

v4.3.2 as well as the agreement of all India emissions other

than BC with both the EDGAR (2012) and GAINS (2010)

inventories. Scaling default BC and OC estimates reduces

these global emissions by up to 21 % and 28 %, respec-

tively, relative to the CEDSHoesly inventory. This reduction

improves CEDSGBD-MAPS agreement with both GAINS and

EDGAR global estimates of BC and OC, particularly in re-

cent years. The resulting CEDSGBD-MAPS inventory provides

the most contemporary global emission inventory to date for

these key atmospheric pollutants and is the first to provide

their global emissions as a function of both detailed source

sector and fuel type.

Global 2017 emissions from the CEDSGBD-MAPS inven-

tory suggest that coal and oil and gas combustion in both

the energy and industry sectors are the largest global sources

of SO2 emissions, while CO emissions are primarily from

on-road transportation and biofuel combustion in the resi-

dential sector. Global emissions of both compounds peak by

1990 and decrease until 2017 as a result of continuous re-

ductions in on-road transport emissions in Europe and North

America as well as reductions in coal combustion emissions

from the energy and industry sectors across these regions

and in China. In contrast, global NOx , BC, and OC emis-

sions peak later, between 2010 and 2012, but also decrease

until 2017 due to reductions in North America, Africa, and

China. Dominant sources of NOx in 2017 are from interna-

tional shipping, energy, industry, and on-road transportation

sectors. Major sources of BC emissions are from residential

biofuel combustion and on-road transportation, while dom-

inant OC sources are from the residential biofuel and the

waste sector. Outside of international shipping, China is the

largest regional source of global emissions of all compounds

other than NMVOCs. As emissions in North America, Eu-

rope, and China continue to decrease, global emissions of

NOx , CO, SO2, BC, and OC will increasingly reflect emis-

sions in rapidly growing regions such as Africa, India, and

countries throughout Asia, Latin America, and the Middle

East. Lastly, in contrast to other compounds, global emis-

sions of NMVOCs and NH3 continuously increase over the

entire time period. These increases are predominantly due to

increases in agricultural NH3 emissions in nearly all world

regions as well as NMVOCs from increased waste, energy

sector, and solvent use emissions. In 2017, global emissions

of these compounds had the largest regional contributions

from India, China, and countries throughout Africa, Asia,

and the Pacific.

Historical global emission trends in the CEDSGBD-MAPS

inventory are generally similar to those in three other global

inventories: CEDSHoesly, EDGAR v4.3.2, and ECLIPSE v5a

(GAINS). Relative to the CEDSHoesly inventory, however,

CEDSGBD-MAPS emissions diverge in recent years, particu-

https://doi.org/10.5194/essd-12-3413-2020 Earth Syst. Sci. Data, 12, 3413–3442, 2020
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larly for NOx , CO, SO2, BC, and OC emissions. In addi-

tion to the use of updated underlying activity data in the

CEDSGBD-MAPS inventory, emissions of these compounds

were most impacted by the updated CEDS scaling invento-

ries, including those for China, India, and Africa. These same

updates also contribute to the different trends in global NOx ,

CO, and SO2 emissions after 2010 between CEDSGBD-MAPS

and the GAINS and EDGAR inventories. Global emissions

between 1970 and 2017 from the CEDSGBD-MAPS inven-

tory are generally smaller than the CEDSHoesly emissions

for all compounds other than NMVOCs and are consis-

tently higher than all emissions from EDGAR v4.3.2. Global

CEDSGBD-MAPS emissions are also larger than GAINS emis-

sions, except for BC and select years of SO2 emissions.

Due to similar bottom-up methodologies and the use

of EDGAR v4.3.2 data in the CEDS system, country-

level CEDSGBD-MAPS emissions are expected to have sim-

ilar sources and magnitudes of uncertainty as those in the

CEDSHoesly, EDGAR v4.3.2, GAINS, and scaling emission

inventories. These inventories consistently predict the small-

est uncertainties in emissions of SO2 and the largest for

emissions of NH3, OC, and BC. The latter three compounds

largely depend on accurate knowledge of activity data and

emission factors for small scattered sources that vary by loca-

tion, combustion technologies used, and environmental con-

ditions. Uncertainties in the sectoral and fuel allocations in

CEDSGBD-MAPS emissions will also generally follow the un-

certainties in the CEDS v2019-12-23 system and will largely

depend on the accuracy of the fuel allocations for combus-

tion sources in the underlying IEA activity data. Gridded

CEDSGBD-MAPS emissions also have uncertainties associated

with the accuracy of the normalized spatial emission distri-

butions from EDGAR v4.3.2, which are equally applied to

all four fuel categories and are held constant after 2012.

Contemporary global emission estimates with detailed

sector- and fuel-specific information are vital for quanti-

fying the anthropogenic sources of air pollution and miti-

gating the resulting impacts on human health, the environ-

ment, and society. While bottom-up methods can provide

sector-specific emission estimates, previous global inven-

tories of multiple compounds and sources have lagged in

time and do not provide fuel-specific emissions for multi-

ple compounds at the global scale. To address this commu-

nity need, the CEDSGBD-MAPS inventory utilizes the CEDS

system (v2019-12-23) to provide emissions of seven key

atmospheric pollutants with detailed sectoral and fuel type

information, extended to the year 2017. Due to the direct

and secondary contribution of these reactive gases and car-

bonaceous aerosol to ambient air pollution, contemporary

gridded and country-level emissions with both sector and

fuel type information can provide new insights necessary

to motivate and develop effective strategies for emission

reductions and air pollution mitigation around the world.

The CEDSGBD-MAPS source code is publicly available (https:

//github.com/emcduffie/CEDS/tree/CEDS_GBD-MAPS and

https://doi.org/10.5281/zenodo.3865670, McDuffie et al.,

2020a), and both country-total and global gridded emis-

sions from the 2020_v1 version of this dataset are

publicly available at Zenodo with the following DOI:

https://doi.org/10.5281/zenodo.3754964 (McDuffie et al.,

2020c).

Supplement. The supplement for this article describes a list

of known inventory issues at the time of submission as well

as a number of additional CEDSGBD-MAPS details, tables and

figures, and data sources, including the following: Boden et

al. (2016, 2017), BP (2015), Doxsey-Whitfield et al. (2015), EC-

JRC/PBL (2012, 2016), EIA (2019), IEA (2015), Klein Gold-

ewijk et al. (2011), Sharma et al. (2019), Stohl et al. (2015), The

World Bank (2016), UN (2014, 2015), Wiedinmyer et al. (2014),

Commoner et al. (2000), Reyna-Bensusan et al. (2018), Nag-

pure et al. (2015), Meidiana and Gamse (2010), and US EPA,

(2006). The supplement related to this article is available online

at: https://doi.org/10.5194/essd-12-3413-2020-supplement.
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