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Abstract 
Historical estimates for emissions of greenhouse gases, anthropogenic aerosol (BC, OC) and 

aerosol and ozone precursor compounds (SO2, NOx, NH3, CH4, CO, NMVOC) are key data needed 
for Earth System Models, Integrated Assessment Models and research more generally on aerosols, 
air pollution, and atmospheric chemistry, air quality, related health impacts, and the design of emis-
sions control policies. Current global emissions data sets have a number of shortcomings, including 
timeliness and transparency. With the involvement of the global stakeholder community and build-
ing on current global efforts, we will implement a community emissions data system that will pro-
duce annually updated estimates of global emissions using a data-driven, open source framework. 
The basic methodologies to be used for this system have been documented in recent journal papers 
and are designed to complement and extend existing emission inventory efforts. Because energy 
and other driver data will be incorporated as part of the emissions data system, aggregate emissions 
factors can be estimated in order to examine consistency over time and space. Emissions estimates 
will be extended to one year before present, albeit with additional uncertainty. 

Current global emission estimates are generally not provided with uncertainty values. A central 
component of the proposed system will be uncertainty estimation at the country and sector levels. 
The data system will provide transparent, timely, and country-specific estimates that are consistent 
across species.  

The data system is constructed using the R open source platform. The use of an open source 
platform will enable the system to be released to researchers to perform their own research or de-
velop alternative scenarios. The data system will allow researchers, analysts, and policy-makers to 
access data by sector, fuel, and country, which will allow an unprecedented community involve-
ment in emissions research and data development.  

The emissions data and data system will be developed in close cooperation with national and in-
ternational emissions inventory teams and stakeholder groups. The project is guided by a steering 
committee, with international engagement also facilitated in cooperation with the Global Emissions 
Inventory Activity (GEIA). The community emissions data system project will provide global and 
regional pollutant emissions that are available up to the most recent full year with consistent uncer-
tainty estimates. The project timeline has been designed to provide an interim historical emissions 
dataset for use in the CMIP6 model inter-comparison suite of projects that provide foundational da-
ta for scientific advances and international assessments, including IPCC assessments. This wide-
spread use of the data produced by this project will result in model projections and analyses that are 
using up to date annual emission estimates, which will result in modeling results with greater scien-
tific value and policy relevance.   
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1. Introduction 

Historical estimates for emissions of greenhouse gases, anthropogenic aerosol (BC, OC) and 
aerosol and ozone precursor compounds (SO2, NOx, NH3, CH4, CO, NMVOC) are key data needed 
for Earth System Models, Integrated Assessment Models, and atmospheric chemistry and transport 
models, both for general analysis and for model validation through comparisons with observations. 
Such comparisons, however, are only as good as the quality of the emissions input data used to 
drive the models. Emissions data are also used for calibrating and improving future projections from 
integrated assessment models. While detailed historical data exist for GHG concentrations and (to a 
lesser extent) solar and volcanic forcings, data on aerosol and chemically reactive species are rela-
tively crude. Because of the short atmospheric lifetime of many of these species, spatial location 
matters, as do the large changes in emissions that have occurred in many regions over decadal or 
shorter timescales. 

Satellite and other Earth-system data are increasingly available in near real-time, but global 
emission estimates lag by 5-10 years. While satellite data products show promise for a variety of 
uses, these products cannot currently replace bottom-up emission inventories. Indeed, inversion 
studies have found that the choice of default emission dataset influences inversion results (Huneeus 
et al. 2013). Improved inventory estimates will, therefore, enhance the use of satellite data. Inverse-
ly, satellite data can potentially be used to improve inventory estimates. 

We will implement an open-source data system that will allow the production of global and re-
gional emission datasets with improved temporal and spatial resolution. Seasonality of anthropo-
genic emissions will be included as well as other characteristics as deemed important by the user 
community. The data will be policy-relevant (e.g., using country-level inventories where these are 
complete), consistent over time, as up to date as possible, and will include uncertainty. These data 
will enable improved validation and assessment of aerosol and cloud model components, improve 
the emission data needed for both historical attribution and near-term climate predictions, provide 
uncertainty estimates needed for uncertainty quantification (UQ) research, and allow enhanced use 
of satellite data products. The goal is to produce annual emission estimates, focusing on aerosol and 
ozone precursor compounds over the entire industrial era, by country, sector, and fuel (plus spatial 
emission grids), with uncertainty analysis, as diagrammed in Figure 1 below. 

The following sections provide background information, a description of the proposed data sys-
tem, and overall project timeline.  

 
Figure 1. This project will provide emissions data more frequently, extending to more recent years (starting from 

1750), and with uncertainty estimates. Emissions for the most recent years will be subject to additional uncertainties. 

Current ! ! ! ! ! !         Proposed!
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2. Background 

2.1 Need for and use of emissions data  
Emissions estimates for anthropogenic aerosol and chemically active compounds are used for a 

variety of purposes. Simulations of climate and atmospheric chemistry require gridded inputs of 
emissions of these compounds. Model performance in areas such as aerosol formation, transport, 
cloud interactions and deposition, and ozone concentrations can be evaluated by comparing to sur-
face, air, and satellite observations. Such comparisons, however, are only as good as the quality of 
the emissions input data used to drive the models. Many other modeling efforts use the outputs of 
such analysis, thus indirectly making use of emission data. Examples include ozone and oxidant 
fields used in climate models lacking an atmospheric chemistry component and nitrogen and sulfur 
deposition fields used by ecological and agricultural models. 

Uncertainty quantification, as related to Earth System Models, requires estimates of uncertain-
ties in both input data and observational quantities. At this point, however, uncertainty information 
for emissions data is lacking and supplying such information is one goal of the current project. 

Emissions data are also used as a starting point for future projections from integrated assessment 
models. Longer time series of emissions data can be used to examine the relationship between emis-
sions trends, driving forces such as fuel use, and socio-economic variables such as income. These 
relationships then inform the development of future projections.  

Emissions data are also used directly for policy purposes. Because of their adverse impact on 
human health, and natural and managed ecosystems, pollutant emission amounts are estimated by 
environmental agencies in nearly every high-income country, and an increasing number of develop-
ing countries. Information on emissions at various levels (sector, fuel, technology, and region) is 
used to evaluate pollution and greenhouse gas mitigation strategies. Greenhouse gas and pollution 
policies overlap in analysis of Short-Lived Climate Forcing (SLCF) agents. The output of Earth sys-
tem and atmospheric chemistry/transport models are also regularly used in the policy process to 
guide decision-making, making indirect use of emission datasets. 

2.2 Current Global Historical Emissions Data 
There are various sources of pollutant and greenhouse gas emission estimates. Environmental 

agencies in many countries conduct detailed assessments of air pollutant emissions for regulatory 
purposes, and many of these are available in a common format through UNFCCC (United Nations 
Framework Convention on Climate Change) reporting. Estimates are generally made available 2-3 
years before the present, although with varying levels of detail. Comprehensive estimates for pollu-
tant emissions in the United States, for example, are conducted every few years as the National 
Emissions Inventory (NEI). Trends for intermediate years are interpolated using a combination of 
methods, including continuous emission monitoring data available from most electric power plants, 
detailed modeling for mobile sources, and simple trend estimates. 

One of the most important global emission data efforts is the EDGAR (Emissions Database for 
Global Atmospheric Research) project, which produces comprehensive estimates of air pollutant 
and greenhouse gas emissions, currently available from 1970 to 2008 (version 4.2) for pollutant 
emissions. EDGAR estimates annual emissions by substance, detailed sector and country. EDGAR 
produces emissions estimates that are independent of official national statistics. While this provides 
a useful check on emissions estimates, trends are not necessarily consistent with country-level data, 
resulting in significant differences in magnitude and trend in some cases (Figure 2), differences that 
provide insights into uncertainty in emission estimates.  
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Figure 2. Comparison of emission estimates from EDGAR with emissions from country-level inventories for de-

veloped countries (e.g. largely countries that were members of the Organization for Economic Cooperation and Devel-
opment as of 1990 including all of the current European Union). This figure shows that, even at this aggregate level, 
there are important differences in trends between the EDGAR emission estimates and country-level data.  

The GAINS (Greenhouse Gas and Air Pollution Interactions and Synergies) model, while fo-
cusing on Europe and Asia, also produces estimates of global emissions in roughly five-year incre-
ments. GAINS estimates are available by sector and fuel for most medium to large countries of the 
world and some sub-country regions. GAINS estimates are informed by country-level data where 
those are considered reliable. There are also a number of recent studies focused on emissions from 
Asia such as the REAS (Regional Emission inventory in ASia) project (Kurokawa et al. 2013) and 
global estimates from the Peking University emissions group (Wang et al. 2013, Huang et al. 2014). 

The current historical global emissions dataset used by the global atmospheric modeling com-
munity (Lamarque et al. 2010) was produced by combining data from a number of sources. For 
most anthropogenic emissions, country-level estimates since about 1990, including data reported to 
the UNFCCC and from the REAS project, were used with default emissions from EDGAR for other 
countries. Extrapolation back in time was based on a combination of the EDGAR-HYDE (van 
Aardenne et al., 2001) and RETRO (REanalysis of the TROpospheric chemical composition, 
Schultz et al., 2010) estimates. Estimates for sulfur dioxide (SO2) emissions for all years were from 
Smith et al. (2011), who calibrated estimates to country-level inventories using methodologies that 
will be adapted in this project. Estimates of BC and OC emissions for all years were updated from 
Bond et al. (2007). Emissions from shipping and aircraft were drawn from bottom-up estimates 
(Erying et al. 2010, Lee et al. 2010). Emissions gridded to 0.5° by sector were provided at ten-year 
intervals from 1850-2000, with the emissions distribution based primarily on year 2000 emissions 
grids from EDGAR. Emissions from grassland and forest fires (Schultz et al. 2008, Mieville et al., 
2010, van der Werf et al., 2006) were added to form a complete dataset of emissions to the atmos-
phere. 

The Lamarque et al. (2010) dataset was a compilation of a set of “best available” estimates from 
a variety of sources. As with emissions data used for the Hemispheric Transport of Air Pollutants 
(HTAP) assessment (Janssens-Maenhout et al. 2012), it was judged to be important to use country-
level emission estimates where these were found to be reliable and complete so that the resulting 
analysis was policy-relevant. While this effort was a major advance in terms of consistency and 
completeness, these data, however, have a number of shortcomings including limited temporal reso-
lution, different methodologies between gases, lack of comprehensive uncertainty analysis, a most 
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recent data point of year 2000, and a methodology that was not designed to be easily replicated. The 
current project stems from experience producing these previous datasets and, as described below, is 
designed to provide the comprehensive emissions data needed for Earth System Modeling in a 
manner that is readily updatable over time. 

2.3 Emission Data Needs  
While no one product or data system can meet all the needs of the global modeling community, 

drawing from discussions at a recent workshop (Granier et al. 2014), we aim here to develop a sys-
tem that meets the following key criteria (discussed in more detail in following text): 

• Annual temporal resolution with seasonal cycles (& diurnal cycle parameterizations) 
• Resolution by broad sector and fuel 
• Consistency between emissions species 
• Facilitate improved VOC speciation 
• Annual updates 
• Uncertainty estimates 
• Transparent assumptions 
• Policy relevance 

These criteria are inter-related, such as the requirements for more recent data (& therefore annu-
al resolution) and estimates of uncertainty. Information on emissions controls, emission factors, and 
driver data (e.g. fuel use) takes time to collect, analyze, and validate. Even in the well-developed 
emissions data systems in the United States, for example, estimates do not stabilize for several years 
as data revisions take place (e.g. Table S-7 in Smith et al. 2011). Further, we will estimate emis-
sions beyond the point in time where detailed country-level estimates are available. Emissions esti-
mates for the most recent few years will, therefore, be more uncertain in general, meaning that it is 
important that uncertainty information be provided along with the emissions estimates (as detailed 
below). 

The level of sectoral detail in the data system will be determined, in large part, by the need to 
meet the above criteria. The need for seasonal emissions estimates, for example, points to a need to 
consider building heating fuels separately (particularly biomass such as wood fuels, a major source 
of pollutant emissions in this sector). Not all needs can be met with one system. The need for VOC 
speciation points to at least a broad breakdown of emission by sector (transportation, industry, fos-
sil-fuel tanker loading, etc.). However, more complex schemes for VOC speciation might require a 
more detailed breakdown. The EDGAR emissions estimates, for example, contain a very high de-
gree of sectoral detail and could always be used for this purpose by potential users: there is no need 
to duplicate that higher level of detail in this work. We will also consider adding “additional 
PM2.5” as a category to represent PM2.5 emissions that are not already included in the BC and OC 
categories. 

3. Proposed Community Emissions Data System 

3.1 Overview 
Bottom-up emissions estimates are obtained by multiplying a driver magnitude (fuel consump-

tion, smelter output, number of cattle, etc.) by an emissions factor. The emissions factor can also 
incorporate the presence of emission control technology that reduces emissions of one or more sub-
stances. Accurate estimates of emissions require detailed data on technology shares, operating char-
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acteristics, and application of emission controls. Bottom-up estimates at varying levels of detail are 
regularly conducted in many countries by environmental agencies.  

In some cases emissions are measured using Continuous Emissions Monitoring (CEM) systems, 
such as CO2, SO2 and NOx emissions from most large electric power plants in the United States.1 
Bottom-up and CEM emission estimates have been found to disagree (Ackerman & Sundquist 
2008), which is useful information to inform uncertainty analysis. 

 The goal of the CEDS system is to combine existing emissions estimates with driver data to be 
able to produce consistent estimates of emissions over time. The system will focus on emissions of 
anthropogenic aerosol (BC, OC) and aerosol and ozone precursor compounds (SO2, NOx, NH3, CH4, 
CO, NMVOC) over the entire industrial period (1750 – present). Emissions for CO2, consistent with 
CDIAC assumptions, will also be provided as reference emissions.  

 
Figure 3. Simplified diagram of the emissions data system. 

An overview of the system is given in Figure 3. Note that the proposed system focuses on an-
thropogenic sources and is not envisioned to cover forest and grassland fires, for which different 
methodologies are appropriate. The system is designed as follows: 

• Where detailed emissions information is available and judged to be reliable (e.g. US EPA 
National Emission Inventory and US CEM measurement data, and data from most OECD 
countries), estimates from the data system will be calibrated to match this information. 
Emissions data from a variety of other sources such as (but not limited to) EDGAR 
(http://edgar.jrc.ec.europa.eu), GAINS (http://www.iiasa.ac.at), and REAS (Kurokawa et al 
2013) will be used where country-level data is not available.  

• Driver data, such as fuel use, will be collected and processed so that aggregate sector-level 
emissions factor trends can be estimated. 

                                                
1 http://www.epa.gov/airmarkets/emissions/continuous-factsheet.html 
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• Emissions estimates will be extended to recent years using trends in driver data (such as fuel 
use) and trends in emission factors at the sectoral level. 

• Emissions estimates will be extended back in time using similar principles, with emissions 
factor trends set as appropriate for each sector and gas.  

• Uncertainty will be estimated for all emissions as part of the output of the system. 
The initial development of this data system will be conducted at JGCRI, but will be performed 

within a context of involvement by emissions experts from around the world as well as stakeholder 
groups (such as the CMIP community). 

The stakeholder community will be closely involved in the design and deployment of the emis-
sions data system as described further below. The data system will be released as open-source soft-
ware, which will allow researchers, analysts, and policy-makers to access data by sector, fuel, and 
country that will allow an unprecedented community involvement in emissions research and data 
development (Frost et al. 2012). Unlike previous work where only emissions data are released, the 
data system will link emissions data and the associated driver data (such as energy consumption), 
which will facilitate research not only on trends of emissions, but also on the relationships between 
emissions and drivers across time, countries, and sectors. The data system may also be particularly 
valuable for decision-makers in developing countries where emissions estimation and analysis in-
frastructure may not otherwise exist. 

3.2 Methodology 
Central to this project is the calibration of emissions estimates to data from sources judged to be 

authoritative. This can be described as a “mosaic” approach, where we produce a “best estimate”.2 
The first implementation of this system will use updated versions of data sources similar to those 
used in Lamarque et al. (2010) in order to produce an interim data product in time for use in the 
CMIP6 exercise, although new data sources will be used as needed and appropriate. 

In order to accurately extrapolate to other time periods, and also to provide emission estimates 
at the level of fuel and sector, the system will require a set of default emissions factors (or, equiva-
lently, emissions) at the level of fuel and sector. Because emissions data are commonly provided 
only at the sector level, we will, in essence, be downscaling the estimates to the level of fuel and 
sector by using the default emissions factor data. This methodology has been demonstrated by 
Smith et al (2011). There are a number of sources for the default emissions factor data. For Europe, 
China and India, the GAINS project, for example, supplies a publicly accessible database of de-
tailed information on emission factors and emission control levels. These and other sources, such as 
Pulles et al. (2007), will be used to build up a default emissions factor database for key years (for 
example, at least each decade from 1960 through 2010). While in general, it may only be necessary 
to compile default emission factors for selected key years, it would require little additional effort to 
use annual estimates in the data system if these are readily available. The data system is flexible, 
allowing additional temporal or sectoral detail wherever needed. 

The accuracy of this step to downscale emissions to the level of fuel and sector depends on hav-
ing a reasonable set of default emissions factors. Based on our previous experience, we expect that 
we will have errors for this step that are well within the overall uncertainty of the emissions esti-
mates. We will, however, estimate the errors involved as the analysis proceeds. For areas with high 
quality emissions data in the first place (e.g. United States, Europe, etc.), emissions factors con-
                                                
2 The use of the indefinite article is deliberate. There are multiple possible “best” estimates, and this flexible data system will facili-

tate the examination of the implications of using alternative data sources and assumptions.  
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sistent with these emissions will generally also be available. This also will allow us to test the accu-
racy of this approach by comparing the “downscaled” emissions data using default emissions fac-
tors with the more detailed inventory information. In areas where emissions are more uncertain, 
such as developing countries, there will be larger uncertainty in this step; however, this is expected 
since emissions in these areas are also more uncertain in general. 

For some countries, national emissions data will be sufficient to capture the key trends over re-
cent decades. SO2, NOx, PM, and CO emissions for the United States, for example, extend back to 
1970 before the imposition of emissions controls. This will enable us to capture the key trends in 
emissions factors over the time that when clean air regulations were implemented. For countries 
where such data do not exist we will use other data sources. For the road transportation sector, for 
example, estimates of fleet-average emissions factors of vehicles before emissions controls versus 
those in more recent years (e.g. Yan et al. 2011, Wang et al. 2011) could be used to guide trend es-
timates. There may, however, be trends over earlier periods that will need to be captured and litera-
ture reviews will be conducted to guide any needed adjustments in emission factor trends. In this 
project we will focus on capturing trends in the most important sectors with the anticipation that 
continued community involvement will result in future improvements. 

Because both reported emissions and emissions driver data will be consistently included within 
the same data system, we can evaluate the consistency of implied emissions factors at the broad sec-
toral level and assure that trends are consistent over time. This will be done both across time and 
across countries. This addresses one of the known issues with the current historical emissions da-
taset (Lamarque et al. 2010), where different datasets were combined to form historical time series 
by simply smoothing over discontinuities. This analysis will both inform uncertainty analysis and 
also allow us to produce more consistent estimates by correcting for discrepancies in the existing 
data. We will not be able to definitively resolve all discrepancies. However, by documenting our 
findings, and by providing a community dataset and data system, we will provide tools for the emis-
sions community to make progress toward resolving such issues. 

The second set of data central for this system is the driver data. This includes fuel consumption 
and fuel production, as well as production data for various processes that generate emissions such as 
metal smelting, cement production, wood pulp production, and agricultural and livestock produc-
tion. The most central data are those for fuel consumption. For recent decades we will use Interna-
tional Energy Agency (IEA) energy statistics.3 This is the most authoritative global data, is updated 
annually, and has the necessary level of sectoral detail.  

We will extend this data to the most recent full year by using the annually released BP world 
energy statistics for relevant sectors as demonstrated in Klimont et al. (2013). The BP data provide 
only total energy consumption by fuel. The sectoral distribution of each fuel will likely be assumed 
equal to the most recent historical year available in the IEA dataset. This adds additional uncertainty 
to emissions estimates for more recent years, which will be taken into account when uncertainties 
are estimated, as described below. 

IEA energy data is generally available from 1960 for OECD countries and from 1971 for other 
countries and three composite regions. Total fuel consumption by country can be obtained back to 
1950 using UN data, and from 1750-1950 using Andres et al. (1999). These are the same data used 
to produce the CDIAC historical CO2 estimates. A disaggregation of fuel consumption by sector has 
been estimated by Bond et al. (2007), with historical biomass consumption estimated by Fernandes 

                                                
3 Energy Statistics of OECD Countries and Energy Statistics of non-OECD Countries (http://www.iea.org). We will explore op-

tions with the IEA of making these data available for users in developing countries. 
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et al. (2007). We will use these and additional sources as historical driver data. Consistent with the 
open-source nature of this system we will use data that either 1) can be distributed with the data sys-
tem or 2) can be obtained and inserted into the data system by the user. 

Once driver data over the relevant years has been compiled, emissions will be consistently ex-
tended both forward and backward in time. In order to extend emissions to more recent years, trends 
in emission factors by fuel and sector will be used. For OECD regions, country-level inventory data 
are generally available with about a 2-3 year lag. Emissions in these cases will, therefore, only be 
extrapolated over an additional 1-2 years. For developing countries, emission estimates can lag 
much further, so the extrapolation will be over a longer period. For countries where emission con-
trol technologies are not being widely adopted, emission factors are not likely to change dramatical-
ly so additional errors are likely to be relatively low. The most difficult cases are the generally mid-
dle-income countries where emissions controls and/or combustion technologies are changing more 
rapidly. One particularly important example is China. Literature results and an international net-
work of emissions stakeholders will be used to the guide assumptions for these cases, including as-
sumptions for uncertainty. In the case of China specifically there is an increasing body of literature 
addressing pollution trends that can be used for this work (Lu & Streets 2011, Wang et al 2012, 
Zhao et al. 2013).  

The stakeholder community (Granier et al. 2014) has indicated that CO2 emissions consistent 
with the spatial and sectoral resolution provided in this project are also needed as CO2 emissions are 
used as a reference emission in many applications (Pollack et al. 2012, Brioude et al. 2013, Peischl 
et al., 2013). Measurements of regional and also plant-specific emissions of aerosol and ozone pre-
cursors, for example, rely on ratios of the target pollutant to CO2 emissions. We will collaborate 
with CDIAC to apply assumptions consistent with those used at CDIAC to produce CO2 emissions 
at the same resolution (country, sector, fuel) as the other emissions in this project. 

Emissions seasonality is an important feature that is needed in an updated data set (Granier et al. 
2014). In at least one case, model experiments indicate that the largest gain through incorporating 
seasonality into emissions data is on the monthly level (Stohl et al 2013), with a much smaller gain 
due to the incorporation of daily emissions variations. Our initial approach will therefore be to use 
globally applicable methods to estimate emissions seasonality at the monthly level, while allowing 
for region-specific parameterizations in the future as such information becomes available. As men-
tioned above, data characteristics such as the choice of sectors and fuels, will be guided, in part, by 
the need to estimate the seasonal distribution of emissions. Drawing from current 
(http://aerocom.met.no) and past efforts (Bolscher et. al 2007), we will also provide parameteriza-
tions that can be used to produce diurnal variations. 

Emissions from non-combustion processes are important for many species and these will also be 
included in the data system. Extrapolation of emissions estimates for these processes will generally 
be simpler than for combustion emissions, with emissions scaled with trends in the appropriate driv-
ing variables. For some specific emissions, such as SO2 from metal smelting, specific bottom-up 
mass balance estimates are available (Smith et al. 2011) and will be incorporated into the data sys-
tem. 

We note that this scaling procedure can result in errors at levels of aggregation finer than in the 
supplied inventory. One of the tasks in the project will be to evaluate and document the magnitude 
of the errors in this step, which we will aim to minimize. Note that, because we are also estimating 
overall emissions uncertainty, we will have a natural metric to quantify if any errors in such extrap-
olation or estimation steps are important. If uncertainty and errors introduced by these extrapola-
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tions are much smaller than the overall uncertainty in emissions from a particular sector then we 
would consider this acceptable. 

Note that for some countries, such as the USA, we can derive highly specific emission factors 
by sector and fuel from the US National Emission Inventory (NEI) data (and we will likely use the-
se as default values for Canada, where technologies and procedures are broadly similar). For Euro-
pean and most Asian countries we will use country-specific default emissions factors from the 
GAINS project.  

In general, where emissions data are of high quality, more detail will be available, minimizing 
errors in this extrapolation step. Where this detail is not available, emissions estimates are generally 
more fundamentally uncertain, which means that extrapolation errors of this type are unlikely to be 
a dominant cause of errors in the results. As noted, we will be able to evaluate if whether this hy-
pothesis is correct by evaluating the uncertainty induced by sector scaling as compared to the over-
all uncertainty estimates. 

3.3 Emissions Uncertainty 
Few or no existing comprehensive global emissions datasets are produced with uncertainty es-

timates. Where uncertainty estimates are produced, they are often time-invariant and only general 
estimates by emission species (e.g. see assessment in Blanco et al. 2014 §5.2.3). In this work, it is 
particularly critical that time-dependent uncertainty estimates be produced given that the extrapola-
tion procedures described above will produce greater uncertainty in the most recent years in both 
driver data and emission factors (see also Smith et al. 2011, §S.14 for an example). 

Estimation of uncertainty for emissions is difficult because traditional approaches are generally 
not feasible at a global level due to the lack of well-defined statistical sampling for all the necessary 
variables, although Monte-Carlo uncertainty analysis has been applied at the country level (Wini-
warter and Rypdal 2001, Lu et al. 2011, Joerss 2013). In all current approaches a substantial ele-
ment of expert judgment is present, although as demonstrated in Smith et al. (2011), comparisons of 
different emissions estimates can be helpful to inform estimates of emissions uncertainty.  

The uncertainty analysis for this project will start with a “tiered” approach (Smith et al. 2011, 
Andres et al. 2014), whereby a relatively small number of tiers of uncertainty for drivers and emis-
sion factors are defined, and these are applied by sector and fuel to determine country level uncer-
tainty. The mapping between uncertainty levels and country and/or sectors is a judgment call, but 
this procedure is transparent and allows easy experimentation with different assumptions. While 
mathematically more sophisticated methods such as Monte-Carlo techniques can be used to gener-
ate uncertainty estimates, given the lack of the fundamental data (such as statistical distributions) to 
provide inputs to such methods, we feel a simpler and more transparent approach is more appropri-
ate for long-term, global emissions data. The exact methodology for the uncertainty analysis will be 
determined after a literature review and consultation with our steering committee. We note, for ex-
ample, that Bond et al. (2004) make a case for use of lognormal distributions for such estimates.  

Comparisons among existing inventory datasets can be quite helpful in this regard. We will ex-
pand the uncertainty analysis by examining literature sources and emission factor databases (e.g., 
EPA’s AP-52 series) to assign uncertainties by sector and emission (Bond et al. 2004). In most 
work to date, while uncertainty assumptions are stated, the basis for these assumptions is often not 
well described. In this work we will focus on collating and documenting the data used to assess un-
certainty values so that these results are accessible to users and other researchers, and can be used as 
a basis of future research and refinement. We will consider correlation in uncertainties across sec-
tors (e.g. Bond et al. 2007), although we note that we will be conducting analysis at a moderate lev-
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el of sectoral disaggregation which means that the cross-sectoral correlation between uncertainties 
will often be low (e.g. uncertainties in agricultural sector emissions will not be strongly correlated 
with uncertainties in the power sector). 

We will take care to assign consistent relative uncertainties across emission species (within a 
given region or group of countries) within the same source category in order to provide consistent 
uncertainty estimates across emissions. In general, for example, we expect combustion sector uncer-
tainties to be ordered approximately as CO2 < SO2 < CO, as CO2 & SO2 emissions depend largely 
on fuel properties while emissions from incomplete combustion (NOx, CO, NMVOC, BC, OC) can 
have a strong dependence on combustion conditions and are more uncertain in general. 

One particularly difficult issue is uncertainty correlations across different countries. We will ex-
periment with methodologies based on spatial, sectoral, and other metrics (e.g. economic metrics) in 
order to develop realistic methodologies for representing correlations in uncertainty between coun-
tries. Similar issues may also apply spatially within countries, although we do not anticipate being 
able to examine uncertainty at the sub-country level in this project.  

We also will estimate the additional uncertainty associated with extending emissions to more re-
cent years (e.g. Figure 1). This uncertainty arises from several sources. First is the preliminary na-
ture and lack of sectoral detail for energy and other driver data. Second, there is also a lack of de-
tailed emissions factor, technology, and emissions control information for recent years, which 
means that emissions factor trends need to be used for estimation in many cases. This additional un-
certainty for recent years is also reflected in country-level inventories (e.g. Smith et al. 2011). Both 
of these uncertainty components can be rigorously assessed by applying the data estimation meth-
odologies to data released in previous years and comparing the resulting estimates with emissions 
estimates released at later dates.  

Once uncertainty is estimated, ensembles of historical emission estimates can be produced. The-
se can either be used in conjunction with simple models to evaluate, for example, historical forcing 
uncertainties (e.g. Smith and Bond 2014, who examined forcing but not emission uncertainty) or 
used in more complex models. One possible future experiment might evaluate the impact of emis-
sions uncertainty by examining a large number of historical emission ensembles using an atmos-
phere and chemistry model coupled to a slab ocean.   

The result of the uncertainty portion of the project will be uncertainty estimates that are con-
sistent across emissions and countries. Uncertainties assigned to driver data, such as fossil fuel con-
sumption, will consistently flow through to emissions uncertainty. The same methodologies and 
analysis will be used to assign uncertainty to emission factors, including uncertainty in emission 
control application/effectiveness.  

3.4 System Architecture 
The emissions data processing system is being built using the R open-source analysis platform 

(http://www.r-project.org/). R is a widely used platform for statistical analysis, data processing, and 
graphics with a rich set of available packages to extend the functionality of the application. Our 
choice of this platform is informed by our group’s experience in using R for data processing, includ-
ing the development of a comprehensive data processing system for producing input data files for 
the GCAM integrated assessment model. In preliminary work to date, we re-purposed some of the 
code from the GCAM data system for use in the emissions data system. 

The overall data system architecture is illustrated in Figure 3 and data modules will mirror this 
overall structure. The system is designed to be data-driven, with code modules processing data at 
each step and producing output data that feeds into the next module. A makefile system is used to 
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efficiently re-calculate only data that depends on input data, assumptions, or code that have 
changed. With this data-driven system, a variety of data sources and calculations can be accommo-
dated with custom pre-processing modules as needed. Emission factors, for example, can be used 
either as aggregate emission factors, uncontrolled emission factors in conjunction with abatement 
efficiency, or gas or sector-specific emission factors (e.g. sulfur content, ash retention percentage, 
and control efficiency for SO2 from coal-fired technologies). Alternatively, sector and fuel-specific 
base-year emissions can be used. Each input format is translated by specific modules into a com-
mon aggregate emissions factor format used in the core calculation modules. 

A comprehensive, cumulative meta-data system is built into the data system. The meta-data al-
lows specification of the geographical region/country, time period, and source for each input data 
file. This will include, for example, energy data (IEA, BP, or other by year), calibrated emissions, 
and default emission factors. Meta-data for each file read into the system is collected and accumu-
lated along the calculation chain so that each final output file has an associated meta-data document. 
In this way the source of driver data and emissions assumptions will be automatically generated and 
archived along with the output data.  

One issue associated with this “mosaic” approach for emissions calculation is that there could 
be temporal or spatial inconsistencies in emissions data. Data analysis modules will be constructed 
to examine breaks in temporal trends that will be flagged for further examination and possible reso-
lution. Note that we have found such trend breaks even in ostensibly consistent emissions data, such 
as EPA emissions trends data, some of which are likely due to changing emission estimation meth-
odologies over time. While we cannot resolve all such issues within this project, we can identify 
places where more work is needed. A second set of analysis will be to examine how emissions fac-
tors compare across countries. In some cases, different technology mixes or other local circum-
stances would be expected to produce different emission factors, while in other cases we might ex-
pect more similarity. In some cases, historical trends may be adjusted where existing data show 
large inconsistencies. Again, this analysis will also help identify where current data sets may not be 
consistent and where more work may be needed to improve historical emissions estimates. In both 
of these cases, these analyses will provide valuable data to inform emission factor uncertainty as-
sumptions. 

3.5 Emissions Gridding 
The fundamental output of the data system is emissions by country, sector, and fuel. These 

emissions will be downscaled to a spatial grid, also referred to as “gridding” (Figure 4). The prima-
ry data source for the present-day distribution of emissions is likely to be existing high-resolution 
emission grids (such as those from EDGAR and EDGAR-HTAP), although other proxy data may be 
used for specific sectors (e.g. gas flaring, agricultural waste burning on fields, etc.). 

The target resolution for the gridded emissions data will be 0.1° (Granier et al. 2014). There are 
two general approaches to global emissions gridding. The first is to use globally consistent sets of 
spatial data (power plant locations, road networks, etc.) to downscale emissions for all countries and 
regions. This is the approach used by EDGAR and Lamarque et al. (2010). A second approach is to 
combine default global gridded emissions (e.g. EDGAR) with regional high resolution emissions 
grids developed by regional air pollution regulators or research groups (e.g. TNO, Environment Eu-
rope, US EPA, REAS, etc.), an approach has been taken for the most recent round of TF HTAP ex-
periments (HTAP_v2).  
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Both approaches have their strengths and weaknesses. Consistent global datasets hold more po-
tential for consistent scaling over time and have fewer issues with data continuity and consistency at 
geo-political borders. Regionally de-
veloped emissions grids often can 
make use of more detailed spatial in-
formation collected at the country lev-
el. These gridded emission data are 
often used for detailed regional model-
ing work. Use of such grids would lead 
to a global dataset with regional grid-
ded emissions that will tend to be more 
compatible with regional analyses, but 
will not necessarily be consistent 
across regions. We will examine expe-
rience with both methods and consult 
with stakeholder groups before decid-
ing which approach to use. 

Note that in either case, we will 
use emissions grids and other spatial proxy information that are publically available. 

In either method, additional assumptions and methodologies will need to be used to downscale 
emissions to the grid level for past years. In general, the necessary proxy data do not exist for much 
of the historical period examined here. The simplest approach is to use the emissions grids that were 
used for recent years for the recent past, scaling within each country and sector to match estimated 
emissions. This will map emissions generally to the correct geographic location. One potential ad-
vantage of the mosaic grid approach is that detailed historical emissions grids may be available for 
some regions that could be used directly (although experience to date indicates that this involves 
some additional work to resolve boundary issues).  

In Lamarque et al. (2010) the year 2000 emissions grid was used for the most recent few dec-
ades, with the spatial distribution for most emissions sectors transitioning to a population-based grid 
by 1900. The use of a population-based emission distribution for periods before 1900 is also envi-
sioned in the current project. We will explore available data sources for gridding the intermediate 
period.  

As indicated in Figure 4, we will also examine methodologies for capturing changes in urbani-
zation level at all spatial scales by splitting emissions into urban and rural components. One consid-
eration in the development of the gridding algorithms within the data system is a design that allows 
community members to produce (and contribute to) enhanced emissions grids for specific regions. 

3.5.1 Sub-Country Emissions Detail 
For large countries, downscaling emissions using the same spatial grid over the last several dec-

ades could lead to substantial errors in the location of emissions, even when used by global models. 
This would introduce errors in any comparison between modeled and observed data that can be 
avoided by capturing the spatial shifts of emissions at a sub-country level.  

In this task we will augment the data system to downscale emissions at the sub-country level, 
that is, by state or province. This task will entail the collection of driver and emissions information 
at the sub-national level, and the development of appropriate downscaling methodologies. We will 
first focus on the United States, where substantial historical data exists, to develop and implement 

 
Figure 4. Schematic description of emissions downscaling.  
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state-level emissions downscaling methodologies. We will then apply these methodologies to other 
countries, focusing on Canada (in order to have consistent data over North America) and China, a 
country with a large geographic extent and large emissions changes over the last few decades. There 
is a substantial initial data collection effort necessary for this task, including digitizing historical 
data series (e.g. Smith et al. 2011), however once this data is collected, updates in subsequent years 
can be implemented with much less effort. 

The focus here is to build on existing datasets to allow a more accurate downscaling of emis-
sions trends. The level of detail will depend on data availability and the importance of each source 
to overall emissions. The first focus will be on fossil fuel emissions in general, where consumption 
data for the United States, for example, is available starting in 1960 from the EIA state energy data 
system. We will research historical data sources to examine if, at least for the largest sources and 
regions, some of this data can be extended further back in time. We expect that, at some point, we 
will follow the procedures used in previous work and transition to a population-based distribution 
by state (for example by 1900, as in Smith et al. 2011). We will use spatially detailed emissions data 
available from the US EPA and EIA for recent years. For some sources, for example metal smelters 
or other specific process-level emissions, it may not be feasible to extend the data in detail at the 
state level in the initial construction of the dataset, particularly for earlier years, and we will use ap-
propriate proxies, such as industrial energy consumption, to extend these data to earlier years.4 Note 
that, in all cases, we will assure that emissions match total US emissions estimates. We also will 
focus on provincial level detail for China. The community review and input process within this pro-
ject may allow sub-national detail to be added for additional countries. 

Note that the focus of this effort is “getting emissions in the correct sub-region” to improve 
global and regional atmospheric chemistry and climate modeling efforts by using data that are 
readily available. We are not proposing to develop new high-resolution emission and proxy datasets 
(e.g. Gurney et al. 2009), which requires a more substantial effort to collect high-resolution proxy 
data that are continuous across jurisdictional boundaries. As new higher resolution emissions data 
and data proxies are developed these could be incorporated in the future. 

3.6 Comparison to Satellite Datasets 
In this portion of the project, we will conduct a third level of evaluation: comparison with satel-

lite data. We will use gridded emissions that capture changes at the sub-country level for large 
countries described above). These data will be used to compare aerosol trends over recent years as 
modeled in the Community Atmosphere Model version 5 (CAM5) in off-line mode, with satellite 
aerosol measurements. This will provide additional testing for the emissions dataset and better con-
strain emission uncertainties. 

3.6.1 Comparison Methodology 
Satellite data have begun to show promise in examining regional trends in air pollutant concen-

trations and as a method of validating emission inventories for recent years (Chin et al. 2014). 
Itahashi et al. (2012), for example, compare MODIS trends in aerosol optical depth (AOD) over 
China to model simulations over 2000-2005. Using relationships between modeled and observed 
AOD over this period, they inferred trends for SO2 emissions over 2006-2010. While this work 
demonstrates the potential for use of satellite data, this also shows the limits of current approach: 
the simulations were limited to this time period because more up to date emission inventories at the 
                                                
4 As with the historical data system in general, we expect that data coverage will expand over time as researchers contribute to the 

open-source effort. There is also substantial potential for improvement over time through undergraduate research projects.  
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necessary level of detail were not available. The impacts of inter-annual variability in meteorology 
on emissions for 2006-2010 (estimated 3-10% of AOD) could not be directly simulated in that pro-
ject, nor could any nonlinearities in emission-to-concentration relationships (for example, due to 
oxidant limitations). Another limitation of using satellite-observed total AOD to constrain anthro-
pogenic emissions is the interference of natural aerosols (such as dust, sea-salt), which could be 
substantial in some regions. In this project, we will utilize satellite observed total AOD and particle 
properties. 

We will focus on this portion of the project to determine if satellite data can be used to constrain 
trends in emission estimates over the most recent years in the dataset (where emissions are more 
uncertain), focusing on trends in aerosol and aerosol precursor compounds. Our goal is to research 
and test methodologies that could be used on a more regular basis in the future to validate emission 
inventories and/or better quantify emissions uncertainty. 

Our procedure will be to conduct simulations using the CAM5, the atmospheric component of 
the Community Earth System Model (CESM), in offline mode (Ma et al., 2013; also called speci-
fied-dynamics mode), driven with MERRA reanalysis data, along with some recent improvements 
on global aerosol simulations (H. Wang et al., 2013) and a unique aerosol source tagging capability 
recently developed for the model (Wang et al., 2014). We will conduct CAM5 simulations from 
about year 2000 through to the most recent year available from the emissions dataset. This allows 
overlap with current studies in the literature for comparison, but also extending the evaluation to the 
most recent full year. We will determine the extent to which we can constrain emission trends using 
satellite data by (a) comparing model simulated SO2 and CO with corresponding dataset from satel-
lite observations, and (b) comparing modeled total and component AOD with satellite observed to-
tal AOD and particle properties (e.g. particle size and shape, which can be used to derive compo-
nent AOD for specific aerosol types, such as dust and combustion aerosol). 

The emissions project will produce uncertainty estimates for all emissions. Given this infor-
mation, and the emission-AOD comparisons and relationships conducted by the modeling work in 
this project, we can explicitly examine how uncertainties in emissions could impact the model-
observation comparison. A central outcome of this work is to determine if satellite observations can 
better constrain emission estimates. We first will examine if it is possible to improve the emission 
uncertainty estimates, and, if differences between model and observed trends are sufficiently large, 
we will investigate potential changes to the underlying inventory assumptions.  

3.7 Data System Release 
The emission data system will be released by JGCRI as open-source software. Included in the 

system release will be system code, documentation, tutorials, and all input data that is publically 
available. Some data, such as the IEA energy data are copyrighted and cannot be distributed with 
the data system. However, once the IEA energy data is purchased by a data system user, it is rela-
tively simple to process the IEA data into a form that can be used by the data system and those in-
structions will be distributed with the system. Other than this key dataset, we will aim to use only 
data that are either currently publicly available, or for which we can obtain permission for public 
release for the portions of data used for this project, so that input data can be released along with the 
data system as open source software. 

The satellite AOD trend data analyzed for this project will be processed into the same spatial 
units (e.g. countries) as used by the emission data system and will be released along with the emis-
sions data. We will consult with our stakeholder network the exact format that would be most useful 
(e.g. annual average AOD, monthly average, population weighted). This step will make satellite 
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AOD data accessible to a wide range of potential users that might otherwise not have ready access 
to this information.  

Emissions at the level of country and sector, and associated gridded emissions from this project 
will be publically available. Note that the IEA dataset is needed only if a user wants to conduct 
work directly using the CEDS system. We will investigate if emissions data can also be supplied, at 
some level, also by fuel and sector to the extent allowed by data agreement that we reach with IEA.  

4. Project Timeline 

The overall project is organized in three phases: I (initial system implementation and release of 
CMIP6 interim data product), II (data development and implementation for full system, data system 
“beta” release, including seasonality and emissions gridding), III (uncertainty analysis, final docu-
mentation, data system release). The timing of this project is strongly influenced by the need to pro-
duce emissions data for use in the CMIP6 model inter-comparison project. The three phases of the 
project will overlap in time, but are separately described below to provide a sense of the overall 
flow of the project. 

4.1 Phase I: CMIP6 Data Product (CEDS interim data product for CMIP6) 
The first data product from this project will be a historical emissions dataset to be used for his-

torical GCM model experiments as part of CMIP6 and as the starting point for the future emission 
scenarios from IAMs. The CMIP6 timeline calls for historical data to be available by fall 2015. At a 
planning meeting in 2014,5 CMIP6 researchers discussed options and determined that, given the 
short timeline by which this data is needed, the best path was to use much of the existing historical 
emissions inventory (Lamarque et al. 2010), while updating emissions for at least the last two dec-
ades (through the CEDS project). Emissions gridding for recent years would likely be performed 
using the same base-year grids and codes as used in the last round, eliminating one potential bottle-
neck for data production for this phase.  

This data product is referred to as the interim CEDS data product for CMIP6 to emphasize that 
this project will then proceed to produce an updated emissions dataset, as described in this proposal. 
The work needed to produce the interim CMIP6 data product is a sub-set of the work needed for the 
full CEDS emissions data, so this is a natural first step in the project. The work for this interim 
product will focus on gathering, processing, evaluating, and extending emissions data for recent 
decades. The last year in the RCP historical dataset (Lamarque et al. 2010) was 2000. Because 
much of this data was preliminary, we will collect and process data from 1990 to the most recent 
full year, with the aim of releasing a new dataset for the post-1990 period that is consistent with the 
RCP historical data (although earlier data will also be updated if this is feasible). This allows us to 
evaluate how well newer data compare with the previous dataset in 1990. If necessary the new data 
will be scaled to ensure consistent trends with the previous data, and any such scaling will be doc-
umented.  

The project timeline is aimed at producing a review release of the new emissions data in sum-
mer of 2015. With allowance for several months for community input and review, and modifica-
tions based on that review, the interim CEDS data product for CMIP6 would be released in fall 
2015 for use by chemistry models that will produce fields needed for CMIP6 beginning January 
2016. This allowance for testing and review is one of the “lessons learned” from the previous exer-

                                                
5 Experimental design for CIMP6: Aerosol, land-use, and future scenarios, August 3-8 2014, Aspen Global Change Institute 



2015 International Emission Inventory Conference, April 2015, San Diego, CA 
 

 16 

cise to construct historical emissions data as part of the RCP process (Lamarque et al. 2010). At 
least one journal paper will be published on the interim data product.  

One portion of the interim CEDS data product for CMIP6 will be a consistent base-year dataset 
(gridded and by country/sector/fuel) for use by the Integrated Assessment Models that will produce 
new future scenarios. It is essential to provide data that is identical to that used by GCM models at 
the grid scale for use in developing future gridded projections. Recent emissions trends are also 
necessary to assure that future scenarios are consistent with our current knowledge of these trends. 
Timing for this handoff will be coordinated with the Integrated Assessment Modeling Consortium 
(IAMC), which organizes the development of future IAM scenarios. Note that while it is critical 
that gridded emissions estimates for future scenarios are consistent at the grid cell level with histori-
cal data, harmonization procedures can be used to blend native IAM emissions with the historical 
inventory. We expect that the fuel and sector-level detail in the CEDS emission system will be use-
ful also for base-year calibration for IAMs.  

4.2 Phase II: Full CEDS Emissions Data Development 
Once the interim data product for CMIP6 is in production, the project will begin to shift to per-

forming the additional work needed to produce the full CEDS historical emissions product. Most of 
this work will be concentrated on developing emissions trends over the 20th century, where large 
changes in technologies and air pollution controls occurred. The project timeline is constructed to 
allow participation from the community. We will actively seek out feedback from emission invento-
ry scientists as well as atmospheric modelers through our stakeholders network. In addition to de-
veloping consistent emission trends over the 20th century, work in this phase will also address add-
ing additional emission detail such as seasonality and diurnal variation, adding any additional sec-
toral driver and emissions information, incorporating emissions gridding, and examining the con-
sistency of current data (both over time and between countries).  

We anticipate that it will be useful to identify “beta test” users for the data system in this phase 
of the project. These users can test the system and available documentation and suggest improve-
ments.   

4.3 Phase III: Emission Data System Development, Testing, and Release 
The major scientific focus of the phase III of the project is the development of emission uncer-

tainty estimates and releasing the first annual emissions update. Research in this phase will focus on 
assessment of emissions uncertainty as discussed above, including workshops (likely virtual) with 
emissions inventory experts around the world to discuss uncertainty assumptions. Given the time 
line for producing the interim CMIP6 data product, it will not be possible to produce comprehensive 
uncertainty estimates for all emissions at the time of the interim data release. However, the uncer-
tainty analysis will become available for use in interpreting the previously-released interim CMIP6 
data product. 

We will also release two annual emissions updates, which will use data released over the previ-
ous year and any updates to emissions factors or other information that has become available. This 
data release will also be useful as reference data for the calibration of integrated assessment model 
simulations. It may also be useful to construct a CMIP6 data continuity release, which is a data re-
lease that considers data updates over the previous few years but constructed “as if” all information 
for years before about 2010-2012 was frozen at the values used to produce the CMIP6 interim data 
release. This data continuity release can, therefore, be compared directly to the CIMP6 data release 
in terms of absolute and relative trends.  
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