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Abstract. We present a new data set of annual historical (1750 - 2014) anthropogenic chemically reactive gases
(CO, CHg4, NH3, NOx, SO,, NMVOC), carbonaceous aerosols (BC and OC), and CO, developed with the
Community Emissions Database System (CEDS). We improve upon existing inventories with a more consistent and
reproducible methodology applied to all emissions species, updated emission factors, and recent estimates through
2014. The data system relies on existing energy consumption data sets and regional and country-specific inventories
to produce trends over recent decades. All emissions species are consistently estimated using the same activity data
over all time periods. Emissions are provided on an annual basis at the level of country and sector and gridded with
monthly seasonality. These estimates are comparable to, but generally slightly higher than, existing global
inventories. Emissions over the most recent years are more uncertain, particularly in low- and middle-income
regions where country-specific emission inventories are less available. Future work will involve refining and
updating these emission estimates, estimating emissions uncertainty, and publication of the system as open source
software.

1 Introduction

Anthropogenic emissions of reactive gases, aerosols, and aerosol precursor compounds have substantially changed
atmospheric composition and associated fluxes to land and ocean surfaces. As a result, increased particulate and
tropospheric ozone concentrations since pre-industrial times have altered radiative balances of the atmosphere,
increased human mortality and morbidity, and impacted terrestrial and aquatic ecosystems. Central to studying these
effects are historical trends of emissions. Historical emissions data and consistent emissions time series are
especially important for Earth Systems Models (ESMs) and atmospheric chemistry and transport models, which use
emissions time series as key model inputs; Integrated Assessment Models (IAMs), which use recent emissions data
as a starting point for future emissions scenarios; and to inform management decisions.

Despite their wide use in research and policy communities, there are a number of limitations to current inventory
data sets. Emissions data from country and regional specific inventories vary in methodology, level of detail,
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sectoral coverage, and consistency over time and space. Existing global inventories do not always provide
comprehensive documentation for assumptions and methods and few contain uncertainty estimates.

Several global emissions inventories have been used in global research and modeling. Lamarque et al. (2010)
developed a historical data set for the Coupled Model Intercomparison Project Phase 5 (CMIPS5), which includes
global, gridded estimates of anthropogenic and open burning emissions from 1850 — 2000 at 10 year intervals. This
data is also used as the historical starting point for the Representative Concentration Pathways (RCP) scenarios (van
Vuuren et al., 2011) and referred to here as the CMIPS5 data set (sometimes also as RCP historical data). It was a
compilation of “best available estimates” from many sources including EDGAR-HYDE (van Aardenne et al., 2001)
which provides global anthropogenic emissions of CO,, CHy, N,O, NOx, NMVOC, SO, and NH; from 1890 to 1990
every 10 years at 1 x 1 degree grids; RETRO (Schultz and Sebastian, 2007) which reports global wildland fire
emissions from 1960 to 2000; and emissions reported by, largely, Organization for Economic Co-operation and
Development (OECD) countries over recent years. While this data set was an improvement upon the country and
regional specific inventories mentioned above, it lacks uncertainty estimates and reproducibility, has limited
temporal resolution (10 year estimates to 2000), and does not have consistent methods across emission species.

The Emissions Database for Global Atmospheric Research (EDGAR) is another widely used historical global
emissions data set. It provides an independent estimate of historical greenhouse gas (GHG) and pollutant emissions
by country, sector, and spatial grid (0.1 x 0.1 degree) from 1970 — 2010 (Crippa et al., 2016; EC-JRC/PBL, 2016),
with GHG emission estimates for more recent years. The most recent set of modeling exercises by the Task Force on
Hemispheric Transport of Air Pollutants (HTAP) uses a gridded emissions data set, HTAP v2 (Janssens-Maenhout
et al., 2015), that merged EDGAR with regional and country-level gridded emissions data for 2008 and 2010. The
GAINS (Greenhouse gas - Air pollution Interactions and Synergies) model (Amann et al., 2011) has been used to
produce regional and global emission estimates for several recent years (1990- 2010; in five year intervals) together
with projections to 2020 and beyond (Amann et al., 2013; Cofala et al., 2007; Klimont et al., 2009). These have been
developed with substantial consultation with national experts, especially for Europe and Asia (Amann et al., 2008,
2015; Purohit et al., 2010; Sharma et al., 2015; Wang et al., 2014; Zhang et al., 2007; Zhao et al., 2013a). The newly
developed ECLIPSE emission sets include several extensions and updates in the GAINS model and are also
available in a gridded form (Klimont et al., 2016) and have been used in a number of recent modeling exercises
(Eckhardt et al., 2015; IEA, 2016b; Rao et al., 2016; Stohl et al., 2015). While there are many existing inventories of
various scope, coverage, and quality, no existing data set meets all the growing needs of the modeling community.

This paper describes the general methodology and results for an updated global historical emissions data set that has
been designed to meet the needs of the global atmospheric modeling community and other researchers for consistent
long-term emission trends. The methodology was designed to produce annual estimates, be similar to country-level
inventories where available, be complete and plausible, and use a consistent methodology over time with the same
underlying driver data (e.g., fuel consumption). The data set described here provides a sectoral and gridded
historical inventory of climate-relevant anthropogenic GHGs, reactive gases, and aerosols for use in the Coupled
Model Intercomparison Project Phase 6 (CMIP6). It does not include agricultural waste burning, which is included
in van Marle et al. (van Marle et al., 2017). Preindustrial data (CEDS-v2016-06-18), 1750 — 1850, were released in
June 2016 and CMIP6 historical data in July 2016 (CEDS-v2016-07-26) were released in summer 2016 through the
Earth System Grid Federation (ESGF) system" (links provided in Sect. A1) and includes estimate of sulfur dioxide
(SO,), nitrogen oxides (NOy), ammonia (NHj3), carbon monoxide (CO), black carbon (BC), organic carbon (OC),
and non-methane volatile organic compounds (NMVOC). Carbon dioxide (CO,) and methane (CH,4) will be released

* Note that the gridded CEDS historical emissions data had to be reformatted after the May/July initial releases due
to a limitation that was later discovered within the ESGF system. The reformatted data were released early Fall
2016.
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in the near future. This data set was created using the Community Emissions Database System (CEDS), which will
be released as open-source software in summer 2017. Updated information on the system and its pending release can
be found at http://www.globalchange.umd.edu/ceds/.

An overview of the methodology and data sources are provided in Sect. 2 while further details on the methodology
and data sources are included in the Supplementary Information (SI), outlined in Sect. 2.7. Section 3 compares this
data set to existing inventories and Sect. 4 details future work involving this data set and system.

2  Data and methodology

2.1  Methodological overview

CEDS uses existing emissions inventories, emissions factors, and activity/driver data to estimate annual country,
sector, and fuel specific emissions over time in several major phases (data system schematic shown in Figure 1): 1)
data is collected and processed into a consistent format and timescale (detailed in Sect. 2.2 and throughout paper), 2)
default emissions from 1960/1971 (1960 for most OECD countries and 1971 for all others) to 2014 are estimated
using driver and emission factor data (Sect. 2.2), 3) default estimates are scaled to match existing emissions
inventories where available, complete, and plausible (Sect. 2.4), 4) scaled emissions estimates are extended back to
1750 (Sect. 2.5), 5) estimates are checked and summarized to produce data for analysis and 6) gridded emissions are
produced from aggregate estimates using proxy data (Sect. 2.6).

1. Data Collection 2. Develop Default 3. Calibrate to Existing
— Emissions Inventories
Activity Data
fuel use, , )
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Figure 1: System Summary. Key steps in calculation are: 1) Collect and process activity, emissions factors, and emissions
data 2) Develop default emissions estimates 3) Calibrate default estimates to existing inventories 4) Extend present day
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emission to historical time periods 5) Summarize emissions outputs 6) Develop other data produces including gridded
emissions and uncertainty estimates.

Rather than producing independent estimates, this methodology relies on matching default estimates to reliable,
existing emissions inventories (emission scaling) and extending those values to historical years (historical extension)
to produce a consistent historical time series. While previous work (Lamarque et al., 2010) combined different data
sets then smoothed over discontinuities, CEDS produces historical trends by extending the individual components
(driver data and emissions factors) separately to estimate emission trends. This method captures trends in fuel use,
technology, and emissions controls over time. Estimating emissions from drivers and emission factor components
also allows the system to estimate emissions in recent years, using extrapolated emission factor data and quickly
released fuel use data, where energy balance statistics and emission inventories are not yet available.

CEDS estimates emissions for 221 countries (and a global region for international shipping and aircraft), 8 fuels, and
55 working sectors, summarized in Table 1. CEDS working sectors (sectors 1A1-1A5) for combustion emissions
follow the International Energy Agency (IEA) energy statistics sector definitions (Table A1). The IEA energy
statistics are annually updated and the most comprehensive global energy statistics available, so this choice allows
for maximal use of this data. Non-combustion emissions sectors (sectors 1Albc and 1B-7) are drawn from EDGAR
and generally follow EDGAR definitions (Table A2). Sector names were derived from Intergovernmental Panel on
Climate Change (IPCC) reporting categories under the 1996 guidelines and Nomenclature for Reporting (NFR) 14
together with a short descriptive name. Note that CEDS data does not include open burning, e.g. forest and
grassland fires, and agricultural waste burning on fields, which was developed by van Marle et al (2017). Tables
providing more detailed information on these mappings, which define the CEDS sectors and fuels, are provided in
Sect. A2. We note that, while agriculture sectors include a large variety of activities, in practice in the current CEDS
system these sectors largely represent NH; and NOx emissions from fertilizer application (under 3D_Soil-emissions)
and manure management, due to the focus in the current CEDS system on air-pollutant emissions.

In order to produce timely emissions estimates for CMIP6, several CEDS emission sectors in this version of the
system aggregate somewhat disparate processes to reduce the need for the development of detailed driver and
emission factor information. For example, process emissions from the production of iron and steel, aluminum, and
other non-ferrous metals are grouped together as an aggregate as 2C_Metal-production sector. Similarly, emissions
from a variety of processes are reported in 2B_Chemical-industry. Also, the 1Albc_Other-tranformation sector
includes emissions from combustion related activities in energy transformation processes including coal and coke
production, charcoal production and petroleum refining, but are combined in one working sector (see Sec 2.3.2).
Greater disaggregation for these sectors would improve these estimates, but will require additional effort.

The core outputs of the CEDS system are country-level emissions aggregated to the CEDS sector level. Emissions
by fuel and by sector are also available within the system for analysis, although these are not released due to data
confidentiality issues. Emissions are further aggregated and processed to provide gridded emissions data with
monthly seasonality, detailed in Sect. 2.6.

We note that the CEDS system does not reduce the need for more detailed inventory estimates. For example, CEDS
does not include a representation of vehicle fleet turnover and emission control degradation or multiple fuel
combustion technologies that are included in more detailed inventories. The purpose of this system, as described
further below, is to build on a combination of global emission estimation frameworks such as GAINS and EDGAR,
combined with country-level inventories, to produce reproducible, consistent emissions trends over time, space, and
emissions species.
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Table 1 CEDS working sectors and fuels (CEDS v2016-07-26)

CEDS Working Sectors
Energy Production
1A1a_Electricity-public
1A1a_Electricity-autoproducer
1A1a_Heat-production
1A1bc_Other-transformation
1B1_Fugitive-solid-fuels
1B2_Fugitive-petr-and-gas
1B2d_Fugitive-other-energy
7A_Fossil-fuel-fires

Industry
1A2a_Ind-Comb-Iron-steel
1A2b_Ind-Comb-Non-ferrous-metals
1A2c_Ind-Comb-Chemicals
1A2d_Ind-Comb-Pulp-paper
1A2e_Ind-Comb-Food-tobacco
1A2f_Ind-Comb-Non-metalic-minerals
1A2g_Ind-Comb-Construction
1A2g_Ind-Comb-transpequip
1A2g_Ind-Comb-machinery
1A2g_Ind-Comb-mining-quarying
1A2g_Ind-Comb-wood-products
1A2g_Ind-Comb-textile-leather

1A2g_Ind-Comb-other
2A1_Cement-production
2A2_Lime-production
2Ax_Other-minerals
2B_Chemical-industry
2C_Metal-production
2D_Other-product-use
2D_Paint-application
2D_Chemical-products-
manufacture-processing
2H_Pulp-and-paper-food-
beverage-wood
2D_Degreasing-Cleaning
Transportation
1A3ai_International-aviation
1A3aii_Domestic-aviation
1A3b_Road

1A3c_Rail
1A3di_International-shipping
1A3di_Oil_tanker_loading
1A3dii_Domestic-navigation
1ASeii_Other-transp

RCO
1Ad4a_Commercial-institutional
1A4b_Residential
1A4c_Agriculture-forestry-fishing
1A5_Other-unspecified
Agriculture
3B_Manure-management
3D_Soil-emissions
3I_Agriculture-other
3D_Rice-Cultivation
3E_Enteric-fermentation
Waste
5A_Solid-waste-disposal
5E_Other-waste-handling
5C_Waste-combustion
5D_Wastewater-handling

6A_Other-in-total
6B_Other-not-in-total

CEDS Fuels

Hard Coal Light Oil
Brown Coal Diesel Oil
Coal Coke Heavy Oil

Natural Gas
Biomass

2.2 Activity data

Trends of energy consumption and other driver (activity) data are key inputs for estimating emissions. When
choosing data to use in this system, priority was given to consistent trends over time rather than detailed data that
might only be available for a limited set of countries or time-span.

2.2.1 Energy data

Energy consumption data is used as drivers for emissions from fuel combustion. Core energy data for 1960 - 2013
are the International Energy Agency (IEA) energy statistics, which provides energy production and consumption
estimates by detailed country, fuel, and sector from 1960 — 2013 for most OECD countries and 1971 — 2013 for non-
OECD countries (IEA, 2015). While most data sources used in CEDS are open source, CEDS currently requires
purchase of this proprietary data set. IEA data is provided at finer fuel and sector level so data is often aggregated to
CEDS sectors and fuels. Mapping of IEA products to CEDS fuels is available in Sect. A3. Aggregate data for small
countries provided at the region level, such as “Other Africa” or “Other Asia”, are disaggregated to CEDS countries
by population. Data for Former Soviet Union (FSU) countries are reported in aggregate before 1990 and are also
often discontinuous as reporting protocols are historically inconsistent. For example, a facility in the Soviet Union
responsible for both agriculture production and housing families of agriculture workers, may report all its energy
consumption in the agricultural energy consumption sector, rather than agriculture and residential sectors; however,
this reporting paradigm generally changed after the breakup of the Soviet Union. Using the British Petroleum (BP)
Statistical Review of World Energy (BP, 2015), FSU data from 1971 — 2014 were reconstructed by altering both
fuel and sector shares of total energy consumption so that Soviet Union energy totals were maintained, but country-
sector-fuel energy consumption trends were continuous.

IEA energy statistics were extended to 2014 using BP Statistical Review of World Energy (BP, 2015), which
provides annual updates of country energy totals by aggregate fuel (oil, gas and coal). BP trends for aggregate fuel
consumption from 2013 to 2014 were applied to all CEDS sectors in the corresponding CEDS fuel estimates to
extrapolate to 2014 energy estimates by sector and fuel from 2012 IEA values.
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In a few cases, IEA energy data were adjusted to either smooth over discontinuities or to better match newer
information. For international shipping, where a number of studies have concluded that IEA reported consumption is
incomplete (Corbett et al., 1999; Endresen et al., 2007; Eyring et al., 2010), we have added additional fuel
consumption so that total consumption matches bottom-up estimates from International Maritime Organization
(IMO) (2014). For China, fuel consumption appears to be underestimated in national statistics (Guan et al., 2012;
Liu et al., 2015b), so coal and petroleum consumption were adjusted to match the sum of provincial estimates as
used in the MEIC inventory (Multi-resolution Emissions Inventory for China) used to calibrate CEDS emission
estimates. Several other changes were made, such as what appears to be spurious brown coal consumption over
1971-1984 in the IEA Other Asia region and a spike in agricultural diesel consumption in Canada in 1984.

Residential biomass was estimated by merging IEA energy statistics and Fernandes et al. (2007) to produce
residential biomass estimates by country and fuel type over 1850 - 2013. Residential biomass data was reconstructed
with the assumption that sudden drops in biomass consumption going back in time are due to data gaps, rather than
sudden energy consumption changes. Both IEA and Fernades et al. values were reconstructed to maintain smooth
per capita (based on rural population) residential biomass use over time.

Detail on methods and assumption for energy consumption estimates are available in the Data and Assumption
Supplement (SI-Text) Sect. 3.

2.2.2  Population and other data

Consistent historical time trends are prioritized for activity driver data. For non-combustion sectors population is
generally used as an activity driver. United Nations (UN) Population data (UN, 2014, 2015) is used for 1950 — 2014,
supplemented from 1960 — 2014 with World Bank population statistics (The World Bank, 2016). This series was
merged with HYDE historical population data (Klein Goldewijk et al., 2010). More detail is available in SI-Text
Sect. 2.1. As described below, although we formally use population as an emissions driver, in practice emissions
trends from 1970 forward are generally determined by a combination of EDGAR and country level inventories.

In this data version, population is used as the non-combustion emissions driver for all but three sectors. 5C_Waste-
combustion, which includes industrial, municipal, and open waste burning, is driven by pulp and paper
consumption, derived from Food and Agriculture Organization of the UN (FAO) Forestry Statistics (FAOSTAT,
2015). FAO statistics converted to per capita values were smoothed and linearly extrapolated backward in time.
1B2_Fugitive-petr-and-gas, which are fugitive and flaring emissions from production of liquid and gaseous fuels
together with oil refining, is driven by a composite variable that combines domestic oil and gas production with
refinery inputs, derived from IEA Energy Statistics. This same driver is also used for 1B2d_Fugitive-other-energy.
More detail is available in SI-Text Sect. 2.5.

2.3 Default estimates

Significant effort is devoted to creating reliable default emissions estimates, including abatement measures, to serve
as a starting point for scaling to match country-level inventories (Sect. 2.4) and historical extension back to 1750
(Sect. 2.5). While most default estimates do not explicitly appear in the final data set as they are altered to match
inventories (Sect. 2.4), some are not altered because inventories are not available for all regions, sectors, and
species. The method for calculating default emission factors varies by sectors and regions depending on available
data.

Default emissions estimates (box 2 in Figure 1), are calculated using 3 types of data (box 1 in Figure 1): activity data
(usually energy consumption or population), emissions inventories, and emissions factors, according to Eq. (1).

Eecx,:,f,t = ACSEt » EFe‘;;,S’f't
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Where E is total emissions, A is activity or driver, EF is emissions factor, em is emission species, ¢ is country, s is
sector, f is fuel (where applicable), and t is year.

In general, default emissions for fuel combustion (sectors 1A in Table 1) are estimated from emission factors and
activity drivers (energy consumption), while estimates of non-combustion emissions (sectors 1B — 7A and 1A1bc)
are taken from a relevant inventory and the “implied emissions factor” is inferred from total emissions and activity
drivers.

2.3.1 Default fuel combustion emissions

Combustion sector emissions are estimated from energy consumption estimates (Sect. 2.2), and emissions factors
according to Eq. (1). Default emission factors for the combustion of fuels are derived from existing global data sets
that detail emissions and energy consumption by sector and fuel, using Eq. (2):

c,s.fit

csfit _ Hem
EFem™ = Acsft

(2)

Where EF is default emission factor, E is total emissions as reported by other inventories, A is activity data,
measured in energy consumption as reported by inventories, em is emission species, ¢ is country, s is sector, f is fuel
(where applicable), and t is year.

The main data sets used to derive emission factors are shown in Table 2. Default emission factors for NOx,
NMVOC and CO are estimated from the global implementation of the GAINS model as released for the Energy
Modeling Forum 30 project (https://emf.stanford.edu/projects/emf-30-short-lived-climate-forcers-air-quality)
(Klimont et al., 2016, 2017; Stohl et al., 2015). BC and OC emission factors from 1850 — 2000 are estimated from
the latest version of the Speciated Pollutant Emission Wizard (SPEW) (Bond et al., 2007).

Emission factors for CO, emissions for coal and natural gas combustion are taken from the Carbon Dioxide
Information Analysis Center (CDIAC) (Andres et al., 2012; Boden et al., 1995), and further described in SI-Text
Sect. 5.4. The only exception was for coal in China, where a lower oxidation fraction of 0.96 was assumed (Liu et
al., 2015b). Because CEDS models liquid fuel emissions by fuel grade (light, medium, heavy), we use fuel-specific
emission factors for liquid fuels also described in SI-Text Sect. 5.4.

Emission data are aggregated by sector and fuel to match CEDS sectors, while calculated emission factors from
more aggregate data sets are applied to multiple CEDS sectors, fuels, or countries. When incomplete time series are
available, emission factors are generally assumed constant back to 1970 linearly interpolated between data points,
and extended forward to 2014 using trends from GAINS to produce a complete times series of default emission
factors. Many of these interpolated and extended values are later scaled to match county inventories (Sect. 2.4).

Most of the default emission factors are derived from sources that account for technology efficiencies and mitigation
controls over time, but some are estimated directly from fuel properties (e.g., fuel sulfur content for SO, emissions).
A control percentage is used to adjust the emission factor in these cases. In the data reported here the control
percentage is primarily used in SO, calculations (see SI-Text Sect. 5.1) where the base emission factor is derived
directly from fuel properties; however, this functionality is available when needed for other emission species. In
most of these cases emissions are later scaled to match inventory data.
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Table 2 Data Sources used to estimate default emissions factors for fuel combustion and default emissions from non-
combustion sectors

Source Sector Emission
: Data Source

Species

NOx, NMVOC, GAINS energy use and emissions (Klimont et al., 2016; Stohl et

CO al., 2015).

BC, OC SPEW energy use and emissions (Bond et al., 2007)
Fuel Combustion (Europe) GAINS sulfur content and ash retention (Amann et al.,
(1A) SO, 2015; IIASA, 2014a, 2014b). Smith et al. (2011) and additional

sources for other regions (Sl-Text 5.1)

NH3 US NEI energy use and emissions (US EPA, 2013)

CO; CDIAC (Boden et al., 2016)
Fugitive EDGAR emissions(EC-JRC/PBL, 2016), ECLIPSE V5a (Stohl et
Petroleum and All al., 2015) ) ’ ’
Gas (1B) N
Cement (2A1) CO2 CDIAC (Boden et al., 2016)
Agriculture Al EDGAR emissions (EC-JRC/PBL, 2016)
Sectors (3)
Waste Al (Akagi et al., 2011; Andreae and Merlet, 2001; Wiedinmyer et al.,
Combustion (5C) 2014) (SI-Text Sect. 6.3)
Waste Water .
Treatment (5D) NH3 CEDS estimate of NH3 from human waste (SI-Text Sect. 6.4)
Other Non- S0, (Smith et al., 2011) and other sources (SI-Text Sect. 6.5)
Combustion
(2A-TA) Other EDGAR emissions (EC-JRC/PBL, 2016)

2.3.2  Default non-combustion emissions

Default non-combustion emissions, are generally taken from existing emissions inventories, primarily EDGAR (EC-
JRC/PBL, 2016) and some additional sources for specific sectors detailed in Table 2. Default emissions from sectors
not specifically called out in Table 2 or the text below are taken from EDGAR (EC-JRC/PBL, 2016). Other data
sources and detailed methods are explained in the SI-Text Sect. 6. For detailed sector definitions refer to Sect. A2.

When complete trends of emissions estimates are not available, they are extended in a similar manner as combustion
emissions: emission factors are inferred using Eq. (2) and (with few exceptions) using population as an activity
driver; emission factors (e.g. per-capita emissions) are linearly interpolated between data points and extended
forward and back to 1970 and 2014 to create a complete trend of default emission factors; and default emissions
estimates are calculated using Eq. (1).

For this data set, all non-combustion sectors (except for SC_Waste-combustion) use population as the activity driver
since this provides for continuous historical time series where interpolations were needed. In practice, since
EDGAR is generally used for default non-combustion data source, we are relying on EDGAR trends by country to
extend emissions data beyond years where additional inventory information does not exist (with exceptions as noted
in Table 2). Sector uses pulp and paper consumption, detailed in Sect. 2.2; while the waste combustion sector, which
incorporates solid waste disposal (incineration) and residential waste combustion, and is the product of combustion,
in this system it is methodologically treated as a non-combustion sector.
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We note that, while emissions from sector 1A1bc_Other_tranformation are also due to fuel combustion, due to the
complexity of the processes included, this sector is treated as a non-combustion sector in CEDS in terms of
methodology. This means that fuel is not used as an activity driver and that default emissions for this sector are
taken from SPEW for BC and OC and EDGAR for other emissions. The major emission processes in this sector
include coal coke production, oil refining, and charcoal production. A mass balance calculation for SO, and CO,
focusing on coal transformation was also conducted to assure that these specific emissions were not underestimated,
particularly for periods up to the mid 20" century (SI-Text Sect. 5.4, 6.5.2, and 8.3.2).

During the process of emissions scaling we found that default emissions were sometimes 1-2 orders of magnitude
different from emissions reported in national inventories. This is not surprising, since non-combustion emissions can
be highly dependent on local conditions, technology performance, and there are also often issues of incompleteness
of inventories. In these cases, we implemented a process whereby default non-combustion emissions were taken
directly from national inventories, and gap-filled and trended over time using EDGAR estimates. These were largely
fugitive and flaring emissions (1B) for SO,; soil(3D), manure(3B), and waste water(5D) emissions for NH3; and
non-combustion emissions for NMVOCs, typically associated with solvent use.

2.4  Scaling emissions

CEDS uses a “mosaic” strategy to scale default emissions estimates to authoritative country-level inventories when
available. The goal of the scaling process is to match CEDS emissions estimates to comparable inventories while
retaining the fuel and sector detail of the CEDS estimates. The scaling process modifies CEDS default emissions
and emission factors, but activity estimates remain the same.

A set of scaling sectors is defined for each inventory so that CEDS and inventory sectors overlap. These sectors are
chosen to be broad, even when more inventory detail is available, because it is often unclear if sector definitions and
boundaries are comparable between data sets. For example, many inventories do not consistently break out Industry
auto-producer electricity from other industrial combustion, so they are combined together for scaling. Additionally,
underlying driver data in inventories and CEDS may not match. Scaling detailed sectors that were calculated using
different energy consumption estimates would yield unrealistic scaled emission factors at a detailed sector level.
One example is off-road emissions; while often estimated in country inventories, energy consumption data at this
level is not consistently available from the IEA energy statistics, so these emissions are combined into broader
sector groupings, depending on the sector categories available in a specific inventory.

The first step in this process is to aggregate CEDS emissions and inventory emissions to common scaling sectors,
then scaling factors are calculated with Eq. (3). Scaling factors represent the ratio between CEDS default estimates
and scaling inventory estimates by scaling sector and provide a means for matching CEDS default estimates to
scaling inventories.

c,ss,t
Inven,

CEDSSSSt

css,t _
SFern =

3

Where SF is scaling factor, Inv is the inventory emissions estimate, CEDS is the CEDS emissions estimate, em is
emission species, ¢ is country, ss is aggregate scaling sector (unique to inventory), and t is year.

For each inventory, scaling factors are calculated for years when inventory data is available. Calculated scaling
factors are limited to a factor of 100. Scaling factors more than 100 or less than 1/100 may result from
discontinuities or misreporting in inventory data; imperfect scaling maps between CEDS sectors, inventory sectors,
and scaling sectors; or default CEDS emissions estimates that are drastically different than reported inventories.
Many of these cases were resolved by using the detailed inventory data as default emissions data, as noted above in
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Sect 2.3.2. Where inventory data is not available over a portion of the specified scaling timeframe, remaining scaling
factors are extended, interpolated between, and smoothed over to provide a continuous trend. Scaling factors are
applied to corresponding CEDS default emissions estimates and default emission factors to produce a set of scaled
emissions components (total emissions and emission factors, together with activity drivers, which are not changed),
which are used in the historical extension (Sect. 2.5). Using scaling factors retains the sector and fuel level detail of
CEDS default emissions estimates, while matching total values to authoritative emissions inventories.

We use a sequential methodology in which CEDS values are generally first scaled to EDGAR (EC-JRC/PBL, 2016),
then national inventories, where available. Final CEDS results, over the period these inventories were available,
match the last inventory scaled. SO,, BC, and OC are not scaled to EDGAR values. For all pollutant species other
than BC and OC, estimates are then scaled to match country-level emissions estimates. These are available for most
of Europe through European Monitoring and Evaluation Programme (EMEP) for European countries post 1980
(EMEP, 2016); the United Nations Framework Convention on Climate Change (UNFCCC) GHG data for Belarus,
Greece and New Zealand (UNFCCC, 2015) post 1990; an updated version of Regional Emissions Inventory in Asia
(REAS) for Japan (Kurokawa et al., 2013a); Multi-resolution Emissions Inventory for China (MEIC) for China (Li
et al., 2017); and others detailed in Table 3. BC and OC emissions estimates are entirely from default estimates
calculated using predominantly SPEW data. While BC inventory estimates were available in a few cases, OC
estimates were less available, so we have retained the consistent BC and OC estimates from SPEW for all countries.

The scaling process was designed to allow for exceptions when there are known discontinuities in inventory data or
when the default scaling options resulted in large discontinuities. For example, Former Soviet Union countries were
only scaled to match EDGAR and other inventories after 1992 (where energy data becomes more consistent).
Romania, for example, was only scaled to match EDGAR in 1992, 2000, and 2010 to avoid discontinuities. For the
most part, these exceptions occur for countries with rather limited penetration of control measures or only low
efficiency controls as regions with stringent emission standards requiring extensive application of high efficiency
controls have typically high quality national inventories, e.g., European Union, North America, and parts of Asia.

Description of the exceptions and assumptions for all scaling inventories, as well as a detailed example of the
scaling process is available in SI-Text Sect. 7.

Table 3 Data Sources for Inventory Scaling. All countries scaled to EDGAR, then individual estimates.

Region/ Country Years Data Source

All, where available | 1970 - 2008 EDGAR 4.3 (EC-JRC/PBL, 2016)

Europe 1980 - 2012 (EMEP, 2016)

Greece, New

Zealand, Belarus 1990 - 2012 (UNFCCC, 2015)

Other Asia 2000 - 2008 REAS 2.1 (Kurokawa et al., 2013a)

. 1990 - 1999, 2001 - . -

Argentina 2009, 2011 (Argentina UNFCCC Submission, 2016)

Australia 2000, 2006, 2012 (zglflz'c)ralian Department of the Environment,

China 2008, 2010, 2012 (Lietal., 2017)
(Environment and Climate Change Canada,

Canada 1985 - 2011 2016; Environment Canada, 2013)

Japan 1960 - 2010 Preliminary version of Kurokawa et al., (2013b)
(South Korea National Institute of

South Korea 1999 - 2012 Environmental Research, 2016)

10
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Taiwan 2003, 2006, 2010 (TEPA, 2016)
1970,1975,1980,1985,
USA 1990 - 2014 (US EPA, 2016)

2.5  Pre-1970 emissions extension

Historical emissions and energy data before 1970 generally does not have the same detail as more modern data. In
general we extend activity and emission factors back in time separately, with a time and sector specific options to
capture changes in technologies, fuel mixes, and activity. This allows for consistent methods across time and
sectors, rather than piecing together different sources and smoothing over discontinuities, which was done in
previous work (Lamarque et al., 2010). For most emission species and sectors the assumed historical trend in
activity data has a large impact on emission trends. Activity for many sectors and fuels, such as fossil liquid and gas
fuels, are small or zero by 1900. Some cases where emission factors are known to have changed over time have also
been incorporated.

2.5.1 Pre-1970 activity drivers

IEA Energy Statistics, which are the foundation for energy estimates in this data set, go back to 1960 at the earliest.
Fossil fuels are extended using CDIAC emissions, SPEW energy data, and assumptions about fuel type and sector
splits in 1750, 1850, and 1900, detailed in the SI-Text Sect. 8.1. First total fuel use for three aggregate fossil fuel
types, coal, oil, and gas, are estimated over 1750 - 1960/1970 for each country using historical national CO,
estimates from the Carbon Dioxide Information Analysis Center (CDIAC) (Andres et al., 1999; Boden et al., 2016).

For coal only, these extended trends were matched with SPEW estimates of total coal use, which are a composite of
UN data (UN, 2016) and Andres et al., (1999). This resulted in a more accurate extension for a number of key
countries. SPEW estimates at every 5 years were interpolated to annual values using CDIAC CO2 time series,
resulting in an annual time series. For coal, petroleum and natural gas, aggregate fuel use was disaggregated into
specific fuel types (e.g., brown coal, hard coal and coal coke; light, medium, and heavy oil) by smoothly
transitioning between fuel splits by aggregate sector from the IEA data to SPEW fuel type splits in earlier time
periods. Finally fuel use was disaggregated into sectors in a similar manner, smoothly transitioning between CEDS
sectoral splits in either 1970 or 1960 to SPEW sectoral splits by 1850. A number of exogenous assumptions about
fuel and sector splits over time were also needed in this process. More detail on this method can be found in
supplement SI-Text Sect. 8.1.1.

While most biomass fuels are consumed in the residential sector, whose estimation was described above (Sect.
2.2.1), biomass consumed in other sectors are extended using SPEW energy data and population. 1970 CEDS
estimates of biomass used in industrial sectors are merged to SPEW values by 1920. Biomass estimates from 1750 —
1850 are estimated by assuming constant per-capita values.

Activity drivers for non-combustion sectors in modern years are primarily population estimates. Most historical
drivers for non-combustion sectors are also population, while some, shown in Table 4, are extended with other data.
These are mostly sectors related to chemicals and solvents that are extended with CO, trends from liquid fuel use.
Waste combustion is estimated by historical trends for pulp and paper consumption. The driver for sectors 1B2 and
1B2d, refinery and natural gas production, is extended using CDIAC CO, emissions for liquid and gas fuels.

Table 4 Historical Driver Extensions for Non-Combustion Sectors

Non-Combustion Sector Modern Activity Driver Historical Extension Trend

Refinery and natural gas
production

1B2_Fugitive-petr-and-gas CDIAC - liquid and gas fuels CO;

11
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1B2d_Fugitive-other-energy E;f(iﬂirgoind natural gas CDIAC - liquid and gas fuels CO;
2B_Chemical-industry population CDIAC - liquid fuels CO2
2D_Degreasing-Cleaning population CDIAC - liquid fuels CO>
2D_Paint-application population CDIAC - liquid fuels CO2
ZmZiG%r:;?mieﬁi)l;géZg:gz- population CDIAC - liquid fuels CO2
2D3_Other-product-use population CDIAC - liquid fuels CO;
2L_Other-process-emissions | population CDIAC - liquid fuels CO;
5C_Waste-combustion Pulp and paper consumption

7A_Fossil-fuel-fires population CDIAC — cumulative solid fuels CO2
All Other Process Sectors population

2.5.2  Pre-1970 emission factors

In 1850, the only fuels are coal and biomass used in residential, industrial, rail, and international shipping sectors, and
many non-combustion emissions are assumed to be zero. Emission factors are extended back in time by converging to
a value in a specified year (often 0 in 1850 or 1900), remaining constant, or following a trend. For some non-
combustion emissions we use an emission trend instead of an emission factor trend. Ideally, sector-specific activity
drivers would extend to zero, rather than emissions factors; however, we often use population as the activity driver,
because of the lack of complete, historical trends. Extending the emissions factor (e.g., the per capita value) to zero
approximates the decrease to zero in the actual activity.

BC and OC emission factors for combustion sectors were extended back to 1850 by sector and fuel using the SPEW
database and held constant before 1850. Combustion emission factors for NOx, NMVOC, and CO in 1900 are drawn
from a literature review, primarily Winijkul et al (2016). These emission factors were held constant before 1900 and
linearly interpolated between 1900 and 1970. Additional data sources and details are available in the SI-Text Sect. 8.2.

Many non-combustion emissions were trended back with existing data from the literature. These include trends from
SPEW (Bond et al., 2007), CDIAC (Boden et al., 2016), sector specific sources such as SO, smelting and pig iron
production, and others, detailed in Table 5. Emissions factors for remaining sectors were linearly interpolated to zero
in specified years based on a literature review ((Bond et al., 2007; Davidson, 2009; Holland et al., 2005;
Smith et al., 2011)). Further methods and data sources are found in SI-Text Sect. 8.3.

Emissions from mineral and manure emissions are often inconsistently reported; 3B_Manure-
management and 3D_Soil-emissions together, so CEDS total estimates should be reliable. However, there
might be inconsistencies going back in time. We assume that the dominant trend from 1960 onward is
mineral fertilizer, then scaled it globally using Davidson et al. (2009) going back in time.

Table 5 Historical Extension Method and Data Sources for Emission Factors

Sector Emission | Extension Method Data Source
Species

All Combustion Sectors NMVOC, Interpolate to value Detailed in SI-Text (Sect. 8.2.1)
CO, NOx | in 1900

All Combustion Sectors BC, OC EF trend SPEW

2Ax_Other-minerals, All Interpolate to zero in | Detailed in SI-Text (Sect. 8.3.1)

2D_Degreasing-Cleaning, specified year [EFs

2D_Paint-application, are emissions per

2D3_Chemical-products- capita values]

manufacture-processing,

2D3_Other-product-use,

12



Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-43, 2017
Manuscript under review for journal Geosci. Model Dev.
Discussion started: 21 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

405

410

415

420

2H_Pulp-and-paper-food-

beverage-wood,

2L_Other-process-emissions,

5A_Solid-waste-disposal,

5C_Waste-combustion,

5E_Other-waste-handling,

7A_Fossil-fuel-fires

5D_Wastewater-handling, NH3 Interpolate to value

in specified year
3B_Manure-management NH3, EF trend Manure Nitrogen per capita (Holland et
NOx Emissions trend al., 2005)

See Sl-Text (Sect. 8.3.1)

3D_Soil-emissions NH3, EF trend 1961-1970: Emissions trend using total

NOx Emissions trend nitrogen (N) fertilizer by country

1860-1960: per-capita emissions scaled
by global N fertilizer (Davidson, 2009)
See Supplemental Information (Sect.
8.3.1)

1A1a_Electricity-public, S0O2 EF trend (Gschwandtner et al., 1986)

1A1a_Heat-production,

1A2g_Ind-Comb-other,

1A3c_Rail,

1A4a_Commercial-institutional,

1A4b_Residential

1A1bc_Other-transformation BC, OC Emissions Trend Pig iron production (SPEW, USGS,
other)

1A1bc_Other-transformation others Emissions Trend Total fossil fuel CO2 (CDIAC)

2A1_Cement-production, - Emissions Trend CDIAC Cement CO2

2A2_Lime-production

2C_Metal-production S02 Emissions Trend Smith et al. (2011) Emissions

2C_Metal-production CO Emissions Trend Pig iron production

2C_Metal-production others Emissions Trend CDIAC solid fuel CO2

2.6 Gridded emissions

Final emissions are gridded to facilitate use in Earth system, climate, and atmospheric chemistry models. Gridded
outputs are generated as CF-compliant NetCDF files (http://cfconventions.org/). Final emissions are aggregated to
16 intermediate sectors (Table 6) and downscaled to a 0.5 x 0.5 degree grid. Country-aggregate emissions by sector
are spatially distributed using normalized spatial proxy distributions for each country, plus global spatial proxies for
shipping and aircraft, then combined into global maps. For grid cells that contain more than one country, the proxy
spatial distributions are adjusted to be proportional to area fractions of each country occupying that cell. Gridded
emissions are aggregated to 9 sectors for final distribution: agriculture, energy, industrial, transportation,
residential/commercial/other, solvents, waste, international shipping, and aircraft (more detail in SI-Text Sect 9.1).
Emissions are distributed over 12 months using spatially-explicit, sector-specific, monthly fractions, largely from
the ECLIPSE project, and converted from mass units (kt) to flux (kg m_zs'l).

Proxy data used for gridding in most CEDS sectors are primarily gridded emissions from EDGAR v4.2(EC-
JRC/PBL, 2012) and HYDE population (Goldewijk et al., 2011). Flaring emissions use a blend of grids from
EDGAR and ECLIPSE (Klimont et al., 2016). Road transportation uses the EDGAR 4.3 road transportation grid,
which is significantly improved over previous versions (EC-JRC/PBL, 2016), but was only available for 2010, so
this is used for all years. When the primary proxy for a specific country/region, sector, and year combination is not
available, CEDS uses gridded population from Gridded Population of the World (GPW) (Doxsey-Whitfield et al.,
2015) and HYDE as backup proxy. Whenever available, proxy data is from annual gridded data, however proxy
grids for sectors other than RCO (residential, commercial, other) and waste are held constant before 1970 and after
2008. Specific proxy data sources are detailed in Table 6. As noted above, these proxy data were used to distribute

13
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emissions spatially within each country such that country totals match the CEDS inventory estimates. More detail on
gridding can be found in the SI-Text Sect. 9.

The gridded emissions data were assigned seasonal patterns by month and sector, as further described in the SI-

425 Text Section 9.4. For most sectors emissions seasonality was derived from seasonality profiles developed for the
ECLIPSE project, except for international shipping (from EDGAR) and aircraft (from Lee et al. (2009), as used in
Larmarque et al. 2010).

Table 6 Proxy Data used for Gridding

CEDS intermediate gridding sector | Proxy Data Source Years

definition
_HYDE Population (Decadal values, 1750 - 1899
interpolated annually)

Residential, Commercial, Other EDGAR v4.2 (1970) blended with

(Residential and Commercial) HYDE Population 1900 - 1969
EDGAR v4.2 RCORC 1970 — 2008
_HYDE Population (Decadal values, 1750 - 1899
interpolated annually)

Residential, Commercial, Other EDGAR v4.2 (1970) blended with

(Other) HYDE Population 1900 - 1969
EDGAR v4.2 RCOO 1970 — 2008

Agriculture EDGAR v4.2 AGR 1970 — 2008

Electricity and heat production EDGAR v4.2 ELEC 1970 — 2008

Fossil Fuel Fires EDGAR v4.2 FFFI 1970 — 2008

Fuel Production and Transformation EDGAR v4.2 ETRN 1970 — 2008

Industrial Combustion EDGAR v4.2 INDC 1970 — 2008

Industrial process and product use EDGAR v4.2 INPU 1970 — 2008

Road Transportation EDGAR v4.3 ROAD (2010) 1750 — 2014

Non-road Transportation EDGAR v4.2 NRTR 1970 — 2008

International Shipping E&LE:';SE + additional data (1990 — | 4994 _ 5010

Interr_latlonal Shipping (Tanker ECLIPSE + additional data (1990 — 1990 - 2010

Loading) 2015)

Solvents production and application EDGAR v4.2 SLV 1970 — 2008

Waste HYDI_E‘PopuIatlon, GPW v3 1750 — 2014
(modified rural population)

. - . ECLIPSE FLR 1990, 2000, 2010
Oil and Gas Fugitive/Flaring EDGAR v4.2 ETRN (1970 - 2008) 1970 - 2010
. CMIP5 (Lamarque et al., 2010; Lee
Aircraft etal., 2009) 1850 - 2008

* Spatial proxy data within each country is held constant before and after the years shown. See Supplement for further details on
430 the gridding proxy data including definitions for the EDGAR gridding codes in this table.

2.7 Additional methodological detail

The above sections discuss the general approach to the methodology used in producing this data set, but there are a
number of exceptions, details on additional processing and analysis, and data sources that are provided in the
Supplemental files.
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3 Results and discussion

3.1 Emissions trends
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Figure 2: CEDS emissions estimates by aggregate sector compared to Lamarque et al. (2010) (dots) and CDIAC (line) for
CO;. For a like with like comparison, these figures do not include aviation or agricultural waste burning on fields. ‘RCO’

stands for residential, commercial, and other.

15



Geosci. Model Dev. Discuss., doi:10.5194/gmd-2017-43, 2017 Geoscientific
Manuscript under review for journal Geosci. Model Dev. Model Develo pment
Discussion started: 21 March 2017

(© Author(s) 2017. CC-BY 3.0 License.

Discussions

SO2 NOx
150~
= = —600-
I
[ [
2 00- > g
g 100 8 100- o)
@ z % 400-
(o2} o
E £ £
1] [
c 50- 2 . c
2 s % -2 200-
17} 7 ?
£ £
] i} w
0- 0- 0-
1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000
oC BC NH3
=
B 5 g
[ [ >
> 2 a3
o o I
o o z
= = >
2 2 =
S S 2
7] 7] il
8 @ »
£ £ @
i w £
[im]
| | ! | ! | | | | | | | | | | | ! |
1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000
NMVOC CcO2
— Region
8 150- 5 )
g g30,000- China
) 8 [T other AsiasPacitic
>
; 100- o 20,000 North America Inventory
20,000~
o E B Europe — CDIAC
— (2]
2 o g Latin America * CMIP5
S Y7 ‘% 10,000 -
S % 10, .
g é, . Africa
€ 1] Former Soviet Union
W o- | ! ! ! ! ! 0 I I I ! ! International
1750 1800 1850 1900 1950 2000 1750 1800 1850 1900 1950 2000

Figure 3: Emissions estimates by region compared to Lamarque et al. (2010) (dots) and CDIAC (line) for CO,. For a like
with like comparison, these figures do not include aviation or agricultural waste burning on fields.

445 Figure 2 and Figure 3 show global emissions over time by aggregate sector and region, respectively, from 1750 —
2014. Definitions of aggregate sectors and regions are shown in Supplemental Figure and Tables, Sect. A. The
supplement Sect. B contains line graph versions of these figures, emissions by fuel, and regional versions of Figure
2 and Figure 3.

In 1850, the earliest year in which most existing data sets provide estimates, most anthropogenic emissions are

450 dominated by residential sector (cooking and heating) and therefore products of incomplete combustion BC, OC,
CO, and NMVOC. In 1850, anthropogenic emissions, as shown in Figure 2 and Figure 3, make up approximately 20
—30% of total global emissions (grassland and forest burning, estimated by 