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BACKGROUND 

Developing scientifically defensible quantitative estimates of the uncertainty of 
atmospheric emissions inventories has been a “gleam in researchers’ eyes” since atmospheric 
chemical transport and transformation models (CTMs) started to be used to study “air pollution”. 
Originally, the compilation of these inventories was done as part of the development and 
application of the models by researchers whose expertise usually did not include the “art” of 
emissions estimations. In general, the smaller the effort spent on compiling the inventories the 
more effort could be placed on the model development, application and analysis. Yet model 
results are intimately tied to the accuracy of the emissions data; no model, however accurately 
the atmospheric physical and chemical processes are represented, will give reliable 
representation of air concentrations if the emissions data are flawed. 

In parallel with these scientific studies governments started to be concerned with the effects 
of anthropogenic emissions to the atmosphere on air quality and human health. Organizations 
such as the United States Environmental Protection Agency (USEPA) were given the power to 
collect information on these anthropogenic emissions. This information was collected in 
“emissions inventories”, and was used to draft and enforce legislation to limit the amounts 
emitted and thus protect both human health and environmental resources. Initial efforts were 
made to develop quantitative estimates of the uncertainty of emissions data; a few examples are 
the sensitivity analysis work of Ditto et al. [ 19731, and the work of PEDco Environmental Inc. 
[1978; 19741. These and other initial efforts were of limited scope and the methodologies used 
were not entirely suitable. 

In the 1970s large, multi organization scientific programs were started to rigorously study 
the effects of anthropogenic emissions on air quality. One example (and only one, there are 
many others) was the MultiState Atmospheric Power Production Pollution Study (MAP3S), 
funded by the U.S. Department of Energy, which brought together researchers from different 
National Laboratories and universities. The objective of this program was to study the impact of 
emissions from power generation in the United States. With this and other programs researchers 
stated to realize that the compilation of regional detailed emissions inventories is resource 
intensive, and realized that cooperation with those compiling inventories for legislative and 
enforcement purposes was not only desirable but necessary. Within the MAP3S program, we at 
Brookhaven National Laboratory (BNL) took this route, and started obtaining emissions data 
from the USEPA and processing it for input to the atmospheric models used by MAP3S 
researchers. 

By the late 1970s researchers realized that: a) transport of emissions in the atmosphere does 
not recognize national borders, and b) research into the effects of atmospheric emissions requires 
a wide range of scientific expertise and adequate resources. Thus in 1980 legislation creating the 
National Acid Precipitation Assessment Program (NAPAP) was passed by the U.S. Congress. 
This program was to last ten years and was to be carried out as a collaboration of multiple 
agencies within the government.. Within this program cooperation with Canadian research 
efforts were also established, and so NAPAP became not only a multi agency but a multinational 
program. NAPAP research was coordinated by approximately ten Task Groups; each group 
addressed different aspects of the problem and was composed of experts from several 
organizations. 
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NAPAP formalized the use of emissions inventories compiled for legislative mandate in 
scientific research. Task Group I, Emissions and Controls, brought together the USEPA and the 
US Department of Energy (USDOE), two agencies in charge of compiling emissions data in the 
US. This group directed the research to prepare emissions inventories for use with the Regional 
Acid Deposition Model (RADM), which was developed by other Task Groups within NAPAP. 
NAPAP attempted to generate quantitative estimates of the uncertainty of emissions, but the 
emphasis placed and the resources available for this task were not sufficient to allow the detail 
studies needed to develop scientifically defensive estimates. 

The European community was also addressing the problems of compiling emissions 
inventories. In comparison with the U.S. and Canada, two large bordering countries with federal 
governments and a common language, the work in Europe involved a multiplicity of nations, 
languages and governing philosophies. Initial estimates of emissions in Europe were developed 
within each country, but researchers quickly came to realize that a common approach was 
necessary if the issues of transboundary air pollution were to be properly addressed. As with the 
US and Canada, the immediate problem was to develop the emissions estimates, and evaluation 
of the uncertainty of this information was not of primary importance. The initial program to 
develop harmonized inventories in Europe was CORINAIR, which developed inventories for 
western European countries for 1985 base year. Some work on the estimation of the uncertainty 
of national inventories has been done, but the methodologies used were not applicable to all 
inventories. The compilation of harmonized inventories for Europe has been further formalized 
under the European Environment Agency, and the scope of the inventories expanded to include 
most European nations so that inventories for the 1990 base year are much more complete. 

In this article I will briefly summarize some of the work done to develop quantitative 
estimates of the uncertainty of emissions inventories. The summary is not meant to be extensive; 
my aim is to acquaint the reader with some of the previous work and some of the strengths and 
weaknesses. Based on our experiences at BNL in the development and use of emissions 
inventories, I will then present what we currently believe is needed if we are to develop 
scientifically defensible quantitative estimates of the uncertainties of emissions data. 

REVIEW 

Here I will review the general methodology used to develop estimates of atmospheric 
emissions. 

Emissions from a source are estimated as: 

Ei =(m) xA, X <  xp2 x ..... 

Where: 

Ei = emissions from source i of category c, (m) emission factor for category c 
Ai = activity rate( ex: fuel use), and 
P,, Pz,  = additional parameters needed (ex: % S in fuel). 



I To calculate total emissions by source type, by country, etc.: 

The most important characteristics of emissions parameters pertinent to uncertainty 
estimation are: 

Probability distribution of parameters is not known. 
Parameters may not be independent (ex: same emission factor used within each source 
in category). 
Measurement data used to evaluate parameters are usually not available. 

These characteristics must be taken into account when selecting the statistical methodologies to 
be used in estimating emissions uncertainty. 

WHAT HAS BEEN DONE 

To date projects compiling inventories of atmospheric emissions of trace gases have spent 
from 99.9% to 100% of their resources in developing better methodologies and data to estimate 
emissions. The uncertainties associated with these estimates have either been ignored altogether 
or have been addressed in a cursory manner. The latter generally used existing statistical 
methodologies even if the emissions parameters did not fit the criteria for the use of such 
methodologies. Thus no scientifically defendable quantitative estimates of the uncertainty of 
emissions inventories are currently available. 

The following is a list of the major methodologies that have been used to estimate the 
“uncertainty” of emissions inventories. This is not an all inclusive list but it gives a “flavor” of 
the work to date. 

Qualitative methods 

Expert opinion determines the classification. Examples of this are the AP-42 
emission factor rating and the GEIA anthropogenic inventories of SO, and NO, for 
base year 1985. 

Semi-quantitative methods 

Data attribute rating. This technique is designed to rank inventories on the basis of 
attributes that affect the accuracy, appropriateness, and reliability of an estimate. 
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Expert opinion. An example of the use of expert opinion to obtain “quantitative” 
estimates of emissions uncertainty can be found in the paper by Dickson et al. [1991]. 
Delphi techniques were used to gather subjective estimates regarding the uncertainty 
of emissions data; these subjective estimates were then translated to quantitative 
estimates of uncertainty using several methodologies such as the Lognormal Method, 
the Probability Method, Error Propagation Method. In general, these methods do not 
account for covariance between emissions estimation parameters, use of averaged 
parameters, etc. 

Quantitative methods 

Standard statistical methods for error propagation. These methods will not give 
reliable estimates of the uncertainty of emissions because the parameters used to 
calculate emissions fail several points of the criteria for applying these methods 
(normal distribution, independence of parameters). 

Numerical simulations. Numerical simulations are now within easy reach due to the 
increase in power and decrease in price of personal computers. Monte Carlo 
simulations and bootstrap simulations are two numerical simulation techniques. 
Examples of these studies are given in the work of Frey and Rhodes [1998] and Frey 
[ 19961. However, these techniques are not directly applicable to estimate the 
uncertainty of emissions inventories because: 

Most require that the probability distribution of parameters be known. 
Many require independence between parameters. 
Some require point estimates for certain inputs. 

Methodology Studies 

Here I will summarize two studies conducted at BNL mainly because I participated in this 
work so I am familiar with the methods and results. There are probably similar studies in the 
published literature which should come to the forefront of any intensive literature search. I 
would appreciate being referred to any past or current studies of this type (e-mail: 
cmb@ bnl-gov). 

The BNL studies started to test the impact of a few of the characteristics of emissions 
parameters in the estimation of the uncertainty of the emissions. Mathematical statistics were 
used to: 

Study the statistical implications of the autocorrelation and covariance of emissions 
parameters. This study addressed the impact of the autoconelation and the 
covariance of emissions parameters on the calculation of the uncertainty of emissions 
estimates. Conclusions state: 

Autocorrelation of parameters has little effect on average bias but covariance of 
parameters has large effects on average bias. 
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The Mean Square Error (MSE) is dominated by the bias when covariance of the 
parameters is > 0.2. 

Study the statistical implications of using averaged parameters (ex: emission factors) 
for emissions calculations. This study addressed the impact of using averaged 
parameters on the calculation of the uncertainty of emissions estimates. Conclusions 
state: 

If sources in a category are homogeneous, using average emission factors may result 
in slightly better estimate of emissions from individual source than using source- 
specific emission factors. 

Errors in individual source estimates using average emissions factors cumulate in the 
sum of emissions. 

This study also developed an analytical expression to estimate MSE of emissions sums 
when the individual emissions are the product of two parameters. 

At the conclusion of this work our project was redirected to other tasks. 

Model Runs to Evaluate Inventories 

In these studies monitored air concentrations are used in conjunction with inverse modeling 
techniques to estimate emissions. These emissions are then compared with the emissions given 
by the inventory under evaluation. An example of these studies is the work of Veltkamp et al. 
119951; there are several other examples in the literature. The reasons for the differences of the 
emissions estimated by these models and the emissions in the inventories used can be tricky to 
elucidate. Are the differences caused by the inappropriateness of the parameterizations in the 
inverse models? because the monitoring data are not truly representative of the time and 
locations being modeled? because of the errors in the emissions inventories used? In any case, 
results of these studies do not generally provide quantitative evaluations of the uncertainty of the 
emissions data. 

WHAT NEEDS TO BE DONE 

The importance of having scientifically defensible quantitative estimates of the uncertainty 
of emissions inventories has now become critical. International treaties call for emissions 
reductions of a certain magnitude, and enforcement of such treaties, possible emissions trading, 
etc. need to be based on inventories of known and accepted quality. Most of the stipulations of 
these treaties will be phased in over a period of time, so is time to bite the bullet; i.e., the 
estimation of the uncertainty of emissions inventories needs to be SERIOUSLY addressed 
NOW. 
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My recommendation is that i 

The estimation of the uncertainty of 
emissions inventories should be defined 
and funded as an independent research 
twoiect. 

This project must be implemented as a collaboration between emissions inventory experts and 
statisticians. Main responsibility for the development of the project should fall on a “core” 
emissions expert/s and a “core” statisticiads. The emissions expert/s would serve as link to and 
synthesize the opinions of the larger community of emissions experts, and with the help of the 
larger community of statisticians the core statisticiards would be responsible for the selection 
and/or development of the appropriate methodologies to be used in estimating the uncertainty of 
emissions inventories. Collaborators in this project must come from the international 
community . 

Next I present some VERY PRELIMINARY thoughts and some of the tasks I envision 
for this proposed project. The first issue to be addressed is the development of strict definitions 
of terms: uncertainty, variability, etc. There are several sources for definitions of these and other 
key terms, for example the International Organization of Standardization, IPCC, and USEPA; 
these would serve as a starting point or selected if appropriate. 

The next few tasks would be iterative. One task would address the development of 
minimum criteria for emissions parameters that a) are followed by or could be followed by 
existing or new data, and b) allow calculation of emissions uncertainty. This work would 
proceed in parallel with another task addressing the selection and/or development of statistical 
methodology that, when combined with the developed criteria, would allow quantitative 
estimation the uncertainty of emissions inventories. The next task would address the selection of 
an existing or the development of a subset of emissions estimation parameters to be used as 
testbed for the developing methodologies, to be followed by the estimation of the uncertainty of 
the testbed cases. Iterations would continue until an applicable set of criteria and methodologies 
is developed. 

After this initial phase the uncertainty calculations would be extended to other emissions 
data that satisfy the defined criteria. Results here might indicate that the criteria and /or the 
methodologies developed need modification; if so, the iterative process would continue. 
Recommendations for the work needed to bring emissions data that do not follow the establish 
criteria to “qualifying” status would be developed, and the uncertainty calculations extended to 
these new data. 

It would be naive to expect that scientifically defensible, quantitative estimates of the 
uncertainties of all emissions data can be obtained with information currently available. 
However, it behooves us to make a commitment to develop a program which can address this 
problem directly and to provide needed resources on a long-term basis so that a) quantitative 
uncertainty estimates of current inventories are developed whenever possible and b) criteria are 
established to insure that the continuing development of emissions inventories includes the 
acquisition of the information needed for quantitative estimates of the uncertainties associated 
with these inventories. 
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