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Abstract

International policy-makers and climate researders use greenhouse
gas emissions inventory estimates in a variety of ways. Because of the
varied usesof the inventory data, as well as the high uncertainty sur-
rounding some of the source category estimates, considerable e ort has
been devoted to understanding the causesand magnitude of uncertainty
in national emission inventories. In this paper we focus on two aspects
of the rationale for quantifying uncertainty: (a) the direct bene ts of the
processof investigating uncertainty in terms of improvemerts in inven-
tory methods and quality, and (b) the usesof the quantied uncertainty
estimates in policy as a means of adjusting inventories usedto determine
compliance. We nd that it is dicult to develop uncertainty estimates
for a national inventory that account for signi cant typesof uncertainty,
are objective, and will be comparable acrosscountries. Consequerly, the
quality of quantitativ e uncertainty data assaiated with national invento-
riesisinsu cien t to warrant its usefor policy purp oses.While statistically
valid methods for adjusting inventories to accourt for uncertainty exist,
there is no unique method for adjusting inventory estimatesto accourt for
uncertainty, further complicating the issue of adjustments, and of reach-
ing consensuson a method. The best use of uncertainty analysis may be
in extracting lessonsfor improving the quality of inventory methods and
data. In other words, the richest use of uncertainty estimates may come
from the processof investigating data quality, which is instructiv e con-
cerning the sourcesof uncertainty and means by which uncertainty can
be reduced.

1 Intro duction

Policy-makers and climate researders use greenhousegas emissionsinventory
information in a variety of ways. Internationally, national invertory estimates
provide a basis for gauging global progressin meeting emissionstargets and,
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more speci cally, measuringcompliancewith commitments to reduceemissions
under the Kyoto Protocol. Emissioninventories can also assistnational or sub-
national policy makersto assesshe needfor, and track the succes®f, measures
or policies to reduce greenhousegas emissions. In the researt arena, inven-
tory estimatesare oneinput into global models projecting atmospheric levels of

greenhousegasesand consequeh warming and other climatic changes. Inverto-

ries are also a componert of simpli ed decision-analytic models and integrated

assessmets that combine seweral types of models and help evaluate the im-

pacts of alternativ e policies or emissionpaths. In all these contexts, inventory

estimates are used to identify di erences or changesacross courntries, source
categories,regions,time, or other dimensions. In other words, the fundamertal

useof inventory data is for comparisonpurposes.

In nancial accourting, it is standard practice to report individual point
estimates (i.e., single value versus a range of possible values). In contrast,
the standard practice for most sciertic studies of greenhousegas and other
emissionsis to report their quartitativ e data with estimated error bounds or
in terms of signi cant digits, both of which are simply quartitativ e ways of
expressinguncertainty in an estimate. In general, emissioninventories under
the United Nations Framework Convention on Climate Change(UNF CCC) have
beentreated more asaccourting reports than scierti ¢ studies, with a focuson
point estimatesand changesin those point estimates. However, it is impossible
to escapethe fact that preparing an emissioninventory is alsoa scieri ¢ exercise
that involvesreal uncertainty. The question is then how and whether to bring
information regarding uncertainty into the policy process.

In this paper we will examine some of the reasonsfor investigating uncer-
tainty, the limitations in using uncertainty estimates,and the potential bene ts
from the processof estimating uncertainty on the scaleof a national greenhouse
gasinvertory.

2 The Uncertain ty in Uncertain ty Estimates

In the context of national greenhousegas inventories, it is safe to say that
"the uncertainty in national uncertainty estimatesis likely to be far greater
than the uncertainty in the emission estimate itself.” This statemernt can be
supported through a careful examination of the typesof uncertainty assaiated
with greenhousegasinvertories and the options available to estimate ead type
of uncertainty.

Uncertainties assaiated with greenhousegasinventories can be broadly cat-
egorizedinto scierti ¢ uncertainty and estimation uncertainty. Sciertic uncer-
tainty ariseswhen the scienceof the actual emissionand/or remaval processis
not completely understood. For example, the processof indirect N,O emissions
assaiated with nitrogen corntaining compoundsthat are rst emitted to the at-
mosphereand then deposited on soils involvessigni cant scierti ¢ uncertainty.
Evaluating and quartifying sud scierti ¢ uncertainty is extremely problematic.

Estimation uncertainty arisesany time greenhousegasemissionsare quarti-
ed. Therefore all emissionor removal estimatesare assaiated with estimation
uncertainty. Estimation uncertainty can be further classi ed into two types:
model uncertainty and parameter uncertainty.

Model uncertainty refersto the uncertainty assaiated with the mathemati-
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cal equations (i.e., models) usedto characterize the relationships betweenvar-
ious parameters and emissionprocesses.For example, model uncertainty may
arise either due to the useof an incorrect mathematical model or inappropriate
input in the model. Like sciertic uncertainty, model uncertainty is problem-
atic to quartify becauseit requiresknowing exactly how the formulation of the
relationships in the model biasesthe resulting estimate.

Parameter uncertainty refersto the uncertainty assaiated with quantifying
the parametersused as inputs (e.g., activity data and emissionfactors) to es-
timation models. Parameter uncertainties can be evaluated through statistical
analysis, measuremeh equipmert precision determinations, and expert judg-
ment. Quantifying parameter uncertainties and then estimating sourcecategory
uncertainties basedon these parameter uncertainties is typically the primary fo-
cus of most national invertory agencies.

Given that the only type of uncertainty that it is practical for an invertory
agencyto attempt to quartify in a comprehensiv manner, uncertainty estimates
for national greenhouseggasinventories will in all casesbe sewerely limited. In an
attempt to addressthis limitation, it is often assumedthat sciertic and model
uncertainties are constart acrossall national inventories by nature of the use of
the Intergovernmertal Panel on Climate Change (IPCC) inventory guidelines.
Howevwer, this assumption ignoresthe actual exibilit y givento Parties by the
UNFCCC in their selectionof methods and the ability of the methodsthemselves
to be equally applicable to all national circumstances. Clearly, this assumption
that sciertic and model uncertainties are identical acrosscourtries and across
time is one of convenienceand not empirical fact.

While for many sciertic exercises|t is possibleto collect rigorous statisti-
cal data that can be usedto estimate statistical uncertainty® in a parameter,
it is often not possibleto collect similar sample data for many of the national
statistics usedin inventories. Often only a single data point will be available for
most parameters(e.g., tons of coal purchased). It is not practical to repeatedly
collect independert setsof national statistics. On a smaller than national scale,
information on the precisionand calibration error of measuremen instrumenta-
tion can be usedan objective estimate of statistical uncertainty. How one could
practically collect and aggregatesuch data on a national scaleis unclear.

However, assumingthat objective statistical uncertainty estimates for the
parameters usedin a courtry's inventory could be obtained, there is still the
problem of identifying and quantifying systematic uncertainties?>. For many
sourceor sink categories,systematic biasesmay be the primary causeof uncer-
tainty (e.g., under reporting by companiesor black market activities) . There-

statistical uncertainty results from natural variations (e.g. random human errors in the
measuremert processand uctuations in measurement equipment). Statistical uncertainty
can be detected through repeated experiments or sampling of data.

2systematic parameter uncertain ty occurs if data are systematically biased. In other words,
the average of the measured or estimated value is always less or greater than the true value.
Biases arise, for example, because emission factors are constructed from non-representativ e
samples, all relevant source activities or categories have not been identi ed, or incorrect or
incomplete estimation methods or faulty measurement equipment have been used. Because
the true value is unknown, such systematic biases cannot be detected through repeated ex-
periments and, therefore, cannot be quantied through statistical analysis. However, it is
possible to identify biasesand, sometimes, quantify them through data quality investigations
and expert judgments.

3There are caseswhere cause and direction of a specic systematic biases may be known
for a national statistical dataset, but for reasons of resource and time limitations or political
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fore, courtries will usually have to rely on expert judgment for the majority
of their parameter uncertainty estimatest. The problem with expert judgmert,
howewer, is that even with the most rigorous expert elicitation protocol, it is
dicult to obtain judgments in a comparable (i.e., unbiased) and consisten
manner acrossparameters, source categories, courtries, and inventory report-
ing years. Someexperts will inherertly tend to be optimistic about the quality
of data and others will tend to be pessimistic.

For these reasons, almost all comprehensie estimates of uncertainty for
national greenhousegas inventories will be not only be limited to addressing
parameter uncertainty but also have a subjective componert. In other words,
national invertory uncertainty estimates cannot be interpreted as an objective
measureof the inventory's quality. Nor canthey be usedto comparethe quality
of emission estimates between source categories, countries, or even reporting
yearsin many cases.

If uncertainty estimatesfor national invertories are not comparablethen, as
argued below, it is highly questionablewhether they should be used as a basis
for adjusting inventory estimatesfor compliance purposes. Moreover, because
of opportunities for gaming the systemthat subjective uncertainty assessmen
would provide, an extensive systemfor policing uncertainty estimateswould be
required internationally. Sud a system would signi cantly add to the burden
on the UNFCCC review process.

3 Lessons from the Pro cess of Estimating Un-
certain ty

In the context of national greenhousegasinvertories, the processof producing
an uncertainty analysis can be divided into two parts: (1) the investigation
of data uncertainty and quality and the collection of quantitativ e uncertainty
inputs and (2) the mathematical combination of these inputs through the use
of some statistical model (e.g., rst order error propagation or Monte Carlo
method). There hasbeena tendencyin much uncertainty work assaiated with
greenhousegasinventories to focus excessiely on the secondpart. Such a focus
can be distraction-or worsebe a replacemen for-e orts to sincerelyinvestigate
data quality and the causesof uncertainty.

Giventhe limitations discussedabove, the processof estimating uncertainty
can still be, in and of itself, instructiv e. If the medanics of combining quan-
titativ e parameter uncertainty estimates can be kept in perspective, then the

constraints it cannot be quantied or corrected for in the o cial national statitics. Therefore,
arguing that known systematic biases can be corrected for ignores the real complexities of
collecting national statistical data.

4The role of expert judgment can be twofold: Firstly , expert judgment can be the source of
the data that are necessaryto estimate the parameter. Secondly, expert judgment can help (in
combination with data quality investigations) identify , explain, and quantify both statistical
and systematic uncertain ties. It is also imp ortant to recognize that it is dicult for experts to
distinguish between statistical uncertainty and systematic biases. Therfore, elicited estimates
of uncertinty tend to incorp orate both.

5For example, in the United States an early estimate of the uncertainty in CH4 emissions
from manure managment based on expert judgment was 15%. The following year, improve-
ments were made to the methdology to account for more regional dierences and corrections
were made to some activit y data. The resulting change in the overall emission estimate was
60%.
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processof estimating uncertainty can provide a systematic approac and impe-
tus for thorough investigation of the data underlying the inventory and a basis
for a deeper understanding of data quality. Inventory practitioners and data
collection agenciescan then in turn facilitate the generation of "p olitical will"

to push for speci ¢ and well-argued investmerts in data quality improvemerts
(e.g., data collection).

This processof implemerting an uncertainty analysis e ort that is inves-
tigation focusedhas beenfound to be helpful to the authors in the processof
preparing invertories at an individual facility (i.e., project), and at the corporate
and national levels. One of the key conclusionsfrom this experienceis that it is
not necessaryto investin the full processof actually quartifying the uncertainty
in all parameters or mathematically combining those uncertainties in order to
reap most of the bene ts of the process.Thesebene ts can be summarizedas:

Promoting a broader learning and quality feedba& processwithin the
national inventory process.

Supporting e orts to qualitativ ely understand and documert the causes
of uncertainty and help identify ways of improving inventory quality. For
example, collecting the information neededto determine the statistical
properties of activity data and emissionfactors forcesresearhersto ask
hard questions,and to carefully and systematically investigate data qual-

ity.
Establishing lines of communication and feedbad with national statistical

agenciesyesearters,and other data suppliers, in order to identify specic
opportunities to improve the quality of the data and methods used.

Providing valuableinformation to reviewers, stakeholders,and policy mak-
ers for setting priorities for investmerts into improving data sourcesand
methodologies.

4 Inventory Uncertain ty and Climate Policy

National emissioninventories are the yardsticks by which progressin reducing
national greenhousegas emissionsand compliance with international commit-
ments (such asthe requiremerts of the Ky oto Proto col) are measured. Emission
invertories have levels of uncertainty that vary signi cantly by source, sub-
source, and country, and uncertainty in inventory estimates has been used to
justify a number of adjustments or approaches. For example, some analysts
have proposedadjusting emissioninventories upwards for courtries that have
lesscertain invertories, or that do not use best practice methods®. Somehave
also proposedadijusting trading ratios between courtries to re ect inventories
that have dierent levels of uncertainty, or even excluding highly uncertain
sourcesfrom trading regimes.

6The current adjustment approach under the Kyoto Proto col is based on the judgments
of an expert review team and default uncertainty estimates (i.e., conservativ e factors). These
default uncertainty estimates are based on expert judgement and are not specic to a Party's
inventory or related to the actual quality of a Party's inventory. They are instead used as
a justi cation for a conservativ e (i.e., punitiv e) adjustment to a Party's inventory estimate.
Expert review teams are also given exibilit y to apply adjustments and conservativ e factors.
(See FCCC/SBST A/2003/L.6/Add.3)
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In this sectionwe explore how statistically valid adjustments might be made
to invertory estimates,taking into accourt uncertainty. We do not advocate any
of the approadceshere, or claim to have presened all reasonableapproacdies,
but rather proposetwo approadces as examplesof how uncertainty could be
usedconcretely to adjust invertory estimates. This exploration has seweral im-
plications. First, more than onetype of adjustment canbe analytically justi ed,
and sothere is no unique, statistically valid, approac to adjusting emissionin-
ventories. Second,the magnitude of the adjustment will be very sensitive to
the magnitude of the uncertainty estimate. Third, becauseof the sensitivity of
the adjustment to the magnitude of the uncertainty estimate, the uncertainty
surrounding the uncertainty estimatesthemselhes will make it problematic to
use the uncertainty estimates, and further politicize the processof adjusting
invertories basedon country-lev el uncertainty estimates.

4.1 Potential Adjustmen ts Based on the Uncertain ty of
Emissions

We start from the premise that any adjustments to inventory estimates that
are made (or other actions that are taken) should be designedto maintain the
ervironmental integrity of the system. In the current cortext, ervironmental
integrity can be broadly interpreted to meanensuringthat actions-including the
estimation processfor national emissioninvertories, the level of emissioncom-
mitments, compliancerequiremerts, and any adjustments made or enforcemer
actions-tend to further, and not erode, the goals of the UNFCCC and Kyoto
Protocol in protecting the ervironment. We might chooseto de ne ervironmen-
tal integrity broadly asfollows: we want to be con dent that our policies have
met our global climate changegoals(i.e., that when we say that emissionshave
fallen globally, we can have con dence in that statemert). Put dierently, we
care about increasingthe con dence that we can have in our global emissions
estimatesand the con dence that we have met our goalsor are in compliance’

This type of de nition is consistert with the views of a number of courtries
that are Parties to the Kyoto Protocol, and who have stressedthat maintaining
ervironmental integrity requires a consenative approac®.In turn, they oer a
number of di erent interpretations of adopting a consenative approac (e.g.,
that commitment period emissionestimatesshould be consenatively high rather
than too low and that estimatesand any adjustments overestimate rather than
underestimate emissions),or that the emissionsbaselineestimate should be con-
senatively low®. By extension, another interpretation could be that estimated
reductions should be consenatively lesserrather than too great.

To dewvelop an adjustment factor we must, however, develop a more speci ¢
de nition of environmental integrity. A reasonableplace to start the analysis

“ Additional discussion of potential adjustments, particularly under a trading regime, can
be found in [1].

8See, for example, submissions from Canada, Australia, New Zealand, China, Portugal,
and the United States to the UNF CCC. Views from Parties on national systems, adjustments
and guidelines under Atrticles 5, 7 and 8 of the Ky oto Proto col. FCCC/SBST A/2000/MISC.1,
24 February 2000.

9For easein exposition, in this paper we sometimes refer to commitment years and some-
times to commitment periods. The analysis is appropriate for either, but is easierto concep-
tualize in terms of years. The Kyoto Proto col usescommitment periods, which are summed
over 5 years.
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is the targets set by the Kyoto Protocol (Annex B of the Protocol) for eat
participating developed country for the rst commitment period. Supposewe
start by de ning a goalthat we want to be con dent that, when courtries report
emissionsinventories that nominally are in agreemem with their commitments
under the Protocol, the countries are truly-if not in compliance-atleastwithin a
given tolerance of complying with their commitments. Thus, we might consider
an adjustment basedon uncertainty as described in De nition 1.

De nition 1 Compliance with Emissions Targets: Attain a reasonablelevel of
con dence that countries have actually achievel the emissions levels stated in
their commitments under the Kyoto Protocol and are in compliance.

To implement this de nition we ask three questions: (a) would we consider
it acceptableif actual emissionsexceededthe target emissionscommitment by
somefractional or percertage amount; (b) how much is that amount; and (c)
how con dent do we want to be in our result? If we assumethat we know the
magnitude of uncertainty surrounding the invertory estimate, this de nition
suggeststhat inventory emissionestimates would be adjusted upward to take
into accourt the uncertainty of the estimate. In particular, the assumption
would be that we want to ensurethat, given a reasonablelevel of con dence,
actual emissionsdo not exceedestimated emissionsby more than a speci ed
amount (which could be zero)*.

Table 1 illustrates the typesof adjustments that this de nition might imply,
basedon the quanti ed level of uncertainty of the inventory estimate, on the
amount of con dence we want to have in our results, and on the percertage
amount by which actual emissionscould exceedthe emissioncommitment (i.e.,
the target level of emissions)before we were uncomfortable with the result*!.
Thus, for example, if emissionestimatesare 50% uncertain, and we want to be
90% certain we have not exceededour emissiontarget by more than 10%, we
needto adjust the emissioninventory estimate upward by 20%, and compare
the adjusted emissionestimated with the target level to determine compliance.
This adjustment provides a margin of safety, i.e., a country would e ectiv ely
needto reduceemissionsby that much more than its commitment in the Kyoto
Protocol to remain in compliance with commitments'?. The higher the level
of uncertainty surrounding the emissionsinventory, the greater the increasein

10Throughout this discussion we assumethat probabilit y distributions for estimated emis-
sions or emission reductions are normal, and that the shape of the probabilit y distribution of
emissions for each country or source does not change signi can tly as emissions are reduced.
This entire analysis also ignores the possibility that we might underestimate actual emission
reductions, i.e., that is, this analysis assumesthat the purp ose of investigating uncertainty is
to ensure that we do not overestimate actual emission reductions.

11Given the uncertainty (u%) range (assumed to be the end points of a 95% con dence
interval) around estimated emissions (E), and assuming a normal distribution, the standard
deviation of the distribution equals approximately: u% E / (1.96). If we are willing to accept
that our emissionsthat could be up to p% higher than the nominal emissions commitment or,
then the probabilit y that the actual value lies below an upper bound of [E (100 + p)] can be
calculated from the table for a normal error integral found in standard statistics textb ooks or
using standard statistical software (including Excel). See,for example, App endix A of Taylor
[6].
12 onother way of thinking about this is what the estimated emissionsinventory would need
to beto in order to ensurethat commitmen ts were lik ely met by actual emissions, i.e., how the
emission targets would needto be adjusted downward in order to ensure that we are con dent
that we meet the emissions limits in the Ky oto Proto col
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Uncertainty of Emissionsinverntory
Con dence* | 20% 60% 80%
95% 1.06 1.30 1.52
90% 1.03 1.20 1.39
85% 1.01 1.15 1.30
80% n/a 1.10 1.22

*Con dence that actual emissionswill not exceedemission
estimate by more than 10%. Source: [4] and [5].

Table 1: Ratio of Adjusted Emissionsto Estimated Emissions

estimated emissionsthat would be required. Similarly, the greater the degree
of con dence we require, the greater the adjustment.

The de nition of ervironmental integrity proposed above focuseson only
one aspect of emissionsuncertainty: the uncertainty of current year emission
estimatesasthey are reported for compliance purposes.Howewer, the emissions
estimate for the baseyearfrom which the commitment level for a country is
calculated under the Ky oto Protocolis subject to uncertainty that is likely to be
similar or greaterin magnitude to the uncertainty of the emissionsestimate for a
commitment period!®. Thus, we can broadenthe de nition to takeinto accourt
the in uence of uncertainty in both the baseyear and the current invertory
year, by focusing on estimated emissionreductions. In particular, we can argue
that it is more important to ask whether or not we have reduced emissions
(and in the caseof the Kyoto Protocol achieved the emissionsreductions to
which countries have committed) than to ask whether emissionsare actually
what we think they are. Moreover, sincethe uncertainty surrounding the level
of emissionsis not identical to the uncertainty surrounding the absolute (or
relative) level of emissionreductions, we can develop a secondde nition.

Supposethat a country has agreedto reduce emissionsto a target level in
a given year (or set of years). If estimated emissionsin that year(s) equal the
target level, how con dent canwe be that emissionshave actually beenreduced
by an amourt equalto the di erence betweenbaseyear emissionsand estimated
emissionsin the target year? Put another way, how con dent can we be that
estimated emission reductions are not smaller than we think they are or, at
least, that they are not "o" by more than a certain amount. Following this
line of reasoning,we might chooseto de ne ervironmental integrity along the
lines of De nition 2.

De nition 2 Achieving Emission Reductions: Achieve a reasonablelevel of
con dence that countries have actually achieval the emission reductions, mea-
sured relative to base year emissions, stated in their commitments under the
Kyoto Protocol and are in compliance.

Toimplemert this de nition, we needto ask (a) would we considerit accept-
able if actual emissionreductions fall belon the committed level of reductions
by somefractional or percertage amourt; (b) how much is that amount; and
(c) how con dent to we want to be in our result? If we assumethat we know

13The uncertainty in the base year emission estimates would be greater in caseswhere data
quality and methods have impro ved over time.
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Uncertainty of EmissionsReductions*
Con dence** | 20% 50% 80%
95% 1.01 1.04 1.15
90% 1.00 1.03 1.08
85% 1.00 1.02 1.04

*Emissions reductions for compliance assumedto be 7%
below baseline level.
**Con dence that actual emissionreductions
equal at least 90% of estimated reductions. Source: [5].

Table 2: Ratio of Adjusted Emissionsto Estimated Emissions

the magnitude of uncertainty surrounding the estimated emissionsreductions,
this de nition suggeststhat estimated emissionreductions would be adjusted
downward to take into accourt the uncertainty of the estimate. However, the
result can be compared more easily to the results in Table 1 if we ask how
the emissionsestimate for the commitment period would have to be adjusted
upward in order to ensurethat, given a reasonablelevel of con dence, actual
emissionsreductions do not fall below estimated reductions by more than a
speci ed amourt (which could be zero). Again, the conclusionis that emissions
estimateswould be more heavily increasedfor more uncertain invertories.

We can construct Table 2 in a manner analogousto Table 1, but this time
begin by looking at uncertainty in emissionreductions. Our goal is to provide
a level of con dence that our emissionreductions have actually beenachieved.
Given that goal, we can ask what adjustment should be made to the nominal
emissioninventory for the commitment period in order to compensate for the
uncertainty of emissionreductions. Supposethat emissionsin a commitment
year must be 7% below emissionsin the baseyear for compliance (a number
that translates into a target absolute quantity of emissionreductions). Then,
if quantied emissionreductions are 50% uncertain, and we want to be 90%
con dent that we have achieved at least 90% of the target quartity of emis-
sion reductions, the emissioninvertory estimate should be adjusted upward by
3%. The adjusted emissionestimate is then comparedwith the target level to
determine compliance'®.

4.2 A Comparison of the Alternativ e Adjustmen ts

In somerespects, the two approachesare similar'®. Both approachesfocus on
increasing the certainty with which we achieve externally de ned goals, i.e.,
guantied emissionsor emission reductions for a target year or period, suc
asthe rst commitment period under the Kyoto Protocol. By adjusting emis-
sions estimatesto accourt for uncertainty, both approacesprovide a concrete

14 Constructing Table 2 requires two steps: (a) making necessary assumptions (e.g., about
the uncertainty of emission reductions and required level of con dence) and calculating the
necessaryadjustment in emission reductions to provide that level of con dence; and (b) trans-
lating the adjustment to emission reductions into an adjustment to emissions.

15 Another, related approach would be to focus on the commitment level-i.e., what would
estimated emissions need to be in order to ensure that, given uncertainty, actual emissions do
not exceed commitmen ts.
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incertiv e for courtries to reduce estimated emissionsbelow nominal emissions
requiremens. Thus, both approachesincreasethe con dence that we can have
in our global emissionsestimates, by adjusting the estimated emissionsto ac-
court for uncertainty*®. They also provide an incertiv e for courtries to improve
the precision of their emissionestimatesover time, in order to reducethe mag-
nitude of the adjustment and so move estimated emissionscloserto the nominal
commitment level’.

Which approacd is more stringent? If the uncertainty surrounding the emis-
sions estimate is identical to that surrounding estimated emissionreductions,
then the secondde nition is lessonerous;i.e., a comparison of Tables1 and 2
suggeststhat requiring certainty in emissionreductions implies much lessof an
adjustmernt to the emissionsestimate than doesrequiring certainty in emissions.
But is this a reasonableassumption?

If we assumethat the emissionestimatesin two di erent years-year B (the
baseyear) and yeari (the commitment year) are normally distributed and in-
dependert, then the uncertainty of the di erence in the estimatesfor the two
yearsis implicitly given by the relationship:

(Es  Ejus i = g (ugEg)?+ (uiE)? 1)

In this equation, ug and u; represett the fractional (or percert) uncertainty
of the emission estimate (Eg and E;) in the baselineand compliance years,
respectively; ug ; is the uncertainty of the calculated di erence between Eg
and E;. Squaring both sides, it follows that

(Es Ei)ug | 6 ugEg + UE; (2

Put di erently, the standard deviation of the di erence in emissionsbetween
the two years(the fractional uncertainty times the di erence in emissions)is al-
ways lessthan or equalto the sum of the standard deviations in the two years'S.
In fact the sameinequality holds more generally, i.e. even if the emissionsin
the two yearsare not independert®.

16The upper bound on estimated emissions would be lower under a system where targets
were lessthan commitments. Note that this would actually give us a higher level of con dence
that we have met our goal than we currently have, i.e. we would be more condent that actual
emissions are equal to or lessthan our emissions goal than we currently have con dence that
actual emissionsare equal to or lessthan estimated emissions (as given by emissionsinventories
that are currently prepared).

17We may also want the emissions estimate to be precise becausewe want to have con dence
in our estimated emissions for purp osesof planning and forecasting future temperature rise.
In this case, the emissions estimate is simply that: an estimate of the emissions that have
occurred and a component of estimated global emissions, which are an input into models
projecting global concertrations of greenhouse gasesand the rate and extent of temperature
rise and asscciated climatic e ects. Hence, if we improve our estimates over time we can
impro ve our ability to model global GHG concentrations and forecast future warming. To
the extent that adjusting targets provides an incentiv e to impro ve emissions estimates, it will
ultimately provide better information on which to base global warming pro jections.

18gtrictly, uBEB and uiEi represent the respective standard deviations multiplied by a
scalar. The magnitude of the scalar (which may equal 1) depends on the width of the con-
dence interval for which the uncertainties are estimated. The scalar would equal 1.96 for a
95% con dence interval if emissions are normally distributed.

19This can be shown using the formula Var(X Y) = Var(X) + Var(Y) 2Cov(X;Y)
and the bound jCov(X;Y)j 6 SD(X)SD(Y), where X and Y are the emission estimates in
the two years, and Var;Cov and SD are the variance, covariance, and standard deviation,
respectively.
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What doesthis imply for the uncertainty of the estimated emissionreduc-
tions?°? Suppose that the uncertainty of annual estimated emissionsis the
same from year to year for this sourceor courtry, and equals "u,” and that
estimated emissionsare independert from year to year. Suppose,further, that
emissionsin the complianceyear fall to 10% below baselineemissions,i.e., that
Ei = (0:90 Eg). In this case,the uncertainty of the emissionreductions will be
given by the equality above. In particular, becauseof the assumption of inde-
pendence,the standard deviation of the di erence will be lessthan the sum of
the standard deviations of emissionsin the two years; becauseof the small size
of the emissionreductions, however, the fractional uncertainty of the estimated
emissionreduction may be very high, about 13 times the uncertainty for the
annual emissionsestimate. This result suggeststhat it is di cult to know how
to estimate the uncertainty of an emissionreduction and useit meaningfully;
nonethelessthis is the uncertainty that policy-makers may most care about.

Winiw arter and Rypdal [7] provide someevidenceof trend uncertainties for
the Austrian invertory 2. Trend uncertainties are calculated using Monte Carlo
analysis. Selectedresults, both for the uncertainty of the annual inventory and
for the uncertainty in the trend between1990and 1997 are reported in Table 3.
Mean annual emissionsand trend di erences are reported in Tg CO-equivalent
per year. Their uncertainty calculations for the inventory in 1997 are reported
in percertage terms. Two uncertainty calculations are reported for the trend:
(1) uncertainty as a percertage of the mean di erence betweenthe baseyear
and inventory year; and (2) uncertainty of trend (i.e., as percertage points o
mean base year emissions). The table reports their results only for random
uncertainty (i.e., does not include their estimates of systematic uncertainty),
and for the IPCC inventory (they also provide results for full inventory).

Note that, in Table 3, the uncertainty of the trendexpressedas percernage
points o the baseyearis generally smaller than the percernt uncertainty asso-
ciated with the inventory. However, uncertainty stated as a percertage of the
absolute di erence in emissionsbetween the two yearsis considerably higher-
ranging from 17%¢to over 137%than either uncertainty when expressedrelative
to baseyear emissions.

A cursory comparisonof Tables 1, 2, and 3 above suggeststhe highly ten-
tativ e conclusionthat adjustments basedon the goal of maintaining con dence
in emissionreductions rather than con dence in actual emissionsmay result in
larger adjustments. For example,comparethe adjustments that would be made
for N2O. In Table 3, the uncertainty around the emission estimate for N,O
is approximately 20%; at a 90% con dence limit, Table 1 indicates an adjust-
mernt of about 3%in the inventory. In Table 3 the uncertainty around the trend
estimate (which we take as a proxy for the emissionreduction estimate) is ap-
proximately 80%;at a 90% con dence limit, Table 2 indicates an adjustment of
about 8%. Considerably more researd, however, into the relationship between
trend and level uncertainties in the inventory would be neededto con rm this

201f emission reductions are measured directly , rather than calculated from emissions data,
this discussion does not hold. For the most part, however, emission reductions are likely to
be calculated in this fashion.

21They make two critical assumptions: (1) the uncertainty of an emission factor does not
change over time, (i.e., 100% covariance among emission factor uncertainty over time); and (2)
activit y data over time are fully independent (i.e., random uncertainty is the only imp ortant
uncertainty for known activit y data and so covariance = 0).
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| CO, | CHy4 | N.O | GHG-eq
Trend: 1990 - 1997
Di erence 451 -1.40 0.28 3.39
Uncertainty | 17.4 137.4 824 67.1
of dierence
(%)
Uncertainty | 1.2 16.8 11.4 3.0
of trend (%
points)
Ann ual Inventory: 1997
Emissions 68.05 10.02 2.27 80.34
Uncertainty | 1.0 28.5 23.9 3.8
(%)

Source: Tables3 and 4 in [7].

Table 3: . Uncertainties in 1997 Inventory and Trend Based on Di erences
between1990and 1997 for the Austrian Inventory

result.

4.3 Implications

The above discussionhasseeral implications. First, if we wereto undertake ad-
justments to inventory estimatesbasedon uncertainty, seeral di erent possible
adjustments could be reasonable,and no unique, statistically valid, adjustment
exists. The choice of approach makesa di erence in the magnitude of the ad-
justment, which itself is not small in magnitude. Thus, a rationale would be
required for choosing one method over another. It is likely that the discussion
would becomehighly politicized, sincethe relative impact on di erent courtries
is likely to vary with the adjustment mechanism.

Second,however, even given a consensusnethod for adjusting inventories, it
is unclearthat uncertainty estimatesare su cien tly comparableacrosscountries
and sourcesto warrant performing an adjustment in a practical and equitable
manner. As discussedabove, expert judgment is a signi cant componert of
uncertainty estimatesfor the inverntory, sincethe measuremeits neededto pro-
duce probability distributions rarely exist for the emissionfactors and activity
data used for greenhousegas emissionsinventories. In addition to the uncer-
tainties that reliance on experts produces, it also producesvariability in the
uncertainty estimatesacrosscourtries and sourcecategoriesusing di erent ex-
perts. Rypdal and Winiw arter [3] report that, for N,O, uncertainty estimates
range dramaticallyby two orders of magnitudeacrossexisting country estimates.
While di erences in data and methods accourt for a portion of the di erence,
a large part of the dierence is attributable to dierences in the subjective
assessmets provided by expert judgment [2].

As a result of these di culties with estimating uncertainty reliably across
sourcecategories(and sourcecategory experts) and courtries, there is consider-
able question about the reliabilit y of the uncertainty estimates,and there is also
likely to be considerablevariation in the estimates. Consequetly, it is ques-
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tionable whether the uncertainty estimatesare su cien tly objective or accurate
asto baseadjustments to inventory estimates(which could result in potentially
very costly incremertal reductions) on theseuncertainty estimates,for purposes
of compliance.

Moreover, becauseof opportunities for gaming the system that subjective
uncertainty assessmenwould provide, and becauseof the huge stakesinvolved
in terms of the cost implications for courtries if compliance requiremerts are
altered by adjustments to the inverntory, an extensive systemfor policing uncer-
tainty estimateswould be required internationally .

5 Conclusion

Becauseof concernsregarding the quality of national inventory data for com-
pliance and other purposes,as well as the likely high uncertainty surrounding
emissionsfrom somesourcecategories,researtersand policy makershave called
for more reporting of quantitativ e uncertainty estimates. However, a prerequi-
site to this e ort is understanding the usesof inventory data, and the reasons
for calculating and reducing uncertainty. In turn, the usesof inventory and
uncertainty data will suggesthow important it is to investigate the causesof
uncertainty in greenhousegas inverntories and to improve the quality of the
methodologiesand data usedto construct invertories.

All of the applications for quantitativ e uncertainty data in the context of
national greenhousegasemissioninventories submitted under the UNFCCC in-
volve the comparison of uncertainty estimates acrosscourtries, time, or source
categories. However, the inherent and practical limitations in quantitativ e un-
certainty estimatesin national invertories result in the uncertainty estimates
being of little usefor making objective comparisonsor adjusting inventories to
ensureenvironmental integrity of reduction commitments. Even in hypotheti-
cal caseswhere adequately objective uncertainty could be obtained, it would be
politically dicult to negotiate speci c approachesand con dence intervals to
apply adjustments to inventory emissionsestimatesthat are basedon quartita-
tive uncertainty estimatesreported by a country. The processof investigating
causesof uncertainty in an inventory, however, can have signi cant bene ts in
terms of the transparency and quality of the data usedto preparethe inventory.
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