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Abstract 

Our study is a preparato1y exercise. We focus on the analysis of uncertainty in 

greenhouse gas emission inventories. Inventory uncertainty is monitored, but not 

regulated, under the Kyoto Protocol to the United Nations Framework Convention on 

C\i111ate Change. Under the Convention, countries publish annual or periodic national 

inventories of greenhouse gas emissions and removals. Policymakers use these 

inventories to deve\op strategies and policies for emission reductions and to track the 

progress of these policies. However, greenhouse gas inventories contain unce1iainty for a 

variety of reasons, and these uncertainties have important scientific and policy 

implications. For 111ost countries under the Protocol the agreed emission changes are of 
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However, GHG inventories (whether at the global, national, corporate, or other level) 

co11tai11 uncertainty for a variety of reasons - for example, the lack of avai!ability of 

suflicient and appropriate data and the techniques to process them. Uncertainty has 

i111porta11t scientific and policy implications. Until recently, relatively little attention has 

been devoted to how uncertainty in emissions estimates is dealt with and how it might be 

recluced. Now this situation is changing, with uncertainty analysis increasingly being 

recognized as an important tool for improving inventories of GHG emissions and 

t·ernovals (e.g., !PIECA, 2007; Lieberman el al., 2007). 

At present, Parties to the UNFCCC are encouraged, but not obliged, to include with their 

periodic reports of in-country GHG emissions and removals, estimates of the uncertainty 

associatecl with these emissions and removals; consistent with the Intergovemmental 

Panel on Climate Change's ([PCC) good practice guidance reports (Penman et al., 2000, 

2003). Yet, it makes a big difference in the framing ofpolicies whether or not uncertainty 

is considered: reactively, because there is a need to do so; or proactively, because 

clifficulties are anticipated. 

Our tenet is that uncertainty estimates are not intended to dispute the validity of national 

GI-IG invenlories. Although the uncertainty of emissions estimates unclerscores the !ack 

of accuracy that characterizes many source and sink categories, its consideration can help 

to establish a more robust foundation on which to base policy. According to the IPCC 

good practice guidance reports (notably, Penman et al., 2000: p. 6.5), uncertainty analysis 

is intended to help "improve the accuracy of inventories in the future and guide decisions 

011 methodological choice". Uncertainty analyses function as indicators of opportunities 
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for improvement in data measurement, data collection, and calculation methodology. 

Only by identifying elements of high uncertainty can methodological changes be 

introduced to address them. Cunently, most countries that perfonn uncertainty analyses 

do so for the express purpose of improving their future estimates; and the rationale is 

genera!ly the same at the corporate and other levels. Estimating uncertainty helps to 

prioritize resources and to take precautions against undesirable consequences. 

Our rationale for perfonning unce11ainty analysis is to provide a policy tool, a means to 

adjust inventories or analyze and compare emission changes in order to determine 

compliance or the value of a transaction. The aim of our study is to pro vide a preparatory 

guide for dealing with uncertainty in the (post-) Kyoto policy process. We apply and 

compare six available techniques to analyze uncertain emission changes (also called 

emission signals) that countries agreed to realize by the end of the Protocol 's first 

cmmnitment period 2008-2012. A thorough comparison of the techniques has not yet 

been made available. Even mare unsatisfying, although highly needed, techniques to 

analyze uncertain emission signals from various points of view, ranging from signal 

quality (defined adjustments, statistical significance, detectability, etc.) to the way 

uncertainty is addressed (trend uncertainty or total uncertainty) are not in place. For most 

countries under the Protocol (Annex B countries) the agreed emission changes are of the 

same order ofmagnitude as the uncertainty that underlies their combined (carbon clioxide 

equivalent) emissions estimates (T~ble T: compare last column on the left with first 

column on the right). Any such technique, if implemented, could 'make or break' claims 
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recapitulates the relevant uncertainty terms and concepts thai we refer to and make use of 

in our study. 

Table 2 

Box 1 

Table 3 

Table 3 lists the six signal analysis techniques and summarizes their major characteristics 

which are explained in detail in ~ecrjo_I1_). These are (I) the critical relative uncertainty 

(CRU) concept; (2) the verification time (VT) concept; (3) the undershooting (Und) 

concept; (4) the undershooting and VT (Und&VT) concepts combined; (5) the 

adjustrnent of emissions (Gillenwater, Sussman and Cohen-GSC #1) concept; and (6) 

the adjustrnent of emission reductions (Gillenwater, Sussrnan and Cohen-GSC #2) 

concept. 

To ensure that all techniques can be compared to each other, they refer to GHG emissions 

at two points in time, base year and commitment year, of each country group (see Tablę_~ 

1, 2), and are operated under relative emission limitation or reduction (commitment) 

conclitions with uncertainty expressed in relative tenns. Relative uncertainty can range 

widely depending on the system of GHGs studied (see !30~.J and right sight of::[aj;Jie 1). 

The major difference between the techniques is whether they follow the concept of trend 

or total uncertainty (see first and second row in ,Tat,le) and BsixJ for explanations). This 

detennines whether we classify a technique capable of pursuing an "intra-systems view" 

or even an "intra-systerns view that is suited to support an inter-systems (top-down) 
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Approach: 

Answer: 

Result: 

Deterministic (see EIW.t !)-

The answer is given by Eq. A-6 in $OM_M_ath: Appendix A 

(A-6) 

where Pcr;, is the CRU; and ÓKr the nonnalized emissions change 

committed under the KP between t1 and t2 ( ÓKr >O: emission reduction; 

ÓKr :::; O: emission limitation). 

The numerical result is given by :rą~le ., 4 (see also Table A-I in 

.S.Q~2.tJ1_~h and worksheet Cri! Rei Une 1 in ~OM_Num). 

1.:~fil{:i lists ÓKP and P,n, for all Annex B countries under the KP. A country of group I, 

e.g., has committed itself to reduce its net emissiol\5 by 8% (2nd column). In the case of 

compliance and under the condition of constant relative uncertainty, the count1y's net 

emissions in the commitment year (t2) only satisfy this concept favorably if they are 

estimated with a relative uncertainty smaller than 8.7% (3'" column). With reference to 

the total uncertainty estimates that are reported annually by the EU Member States for all 

Kyoto gases (most recently: EEA, 2009), it must be expected that these countries exhibit 

in the commitment year relative uncertainties in the range of 5- 10% and above rather 

than below (excluding land use, land-use change, and forestry (LULUCF) and Kyoto 

IO 
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mechanisms). Thus, achieving a relative uncertainty smaller than 8. 7% appears difficult 

for quite a few, especially data poor, Annex B countries. 

The CRU concept exhibits a dissimilarity between emission limitation ( 6Kr <O) and 

reduction ( 6K,. >O). This can be immediately seen when comparing the CRUs that 

belong to 6,,. values that are equal in absolute terms (see, e.g., country groups I and 7: ± 

8.0%). This has consequences when defining stricter or more lenient Kyoto emission 

targets. For instance, in the case of increasingly stricter Kyoto emission targets (!et 

c\ 1, < O increase), Annex B countries committed to emission limitation musi decrease 

their uncertainties according to this concept; their CRUs decrease. In contras!, countries 

co1111nitted to ernission reduction do not need to do so (]et 6Kr > O increase); their 

uncertainties can even increase because their CRUs also increase and can be met more 

easily. The opposite is true in the case of increasingly more lenient Kyoto emission 

targets. Annex B countries committed to emission reduction musi decrease their 

uncertainties in order to satisfy decreasing CRUs (le! 6,r > O decrease), while countries 

committed to emission limitation can even increase their unce11ainties because their 

CRUs also increase and can be met mare easily (let 6Kr < O decrease). 

According to this concept the stabilized emissions case ( c5KP = O ) should not be 

allowed-it presupposes zero uncertainty-unless it is ascertained beforehand thai 

relative uncertainties are, or can be expected to be, at least small. 

3.2 VT Concept 

li 
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The VT concept goes beyond the CRU concept. In its most simplified version (as 

employed here) it takes the linear dynamics of the emission si gna! between base year and 

commitment year into account and can thus be used to qualify in relative terms the degree 

of detectability achieved in the commitment year. 

Storting Point: Annex B countries comply with their emission limitation or reduction 

commitments under the KP. 

Assumptions: (I) The relative uncertainty (p) of a country ' s net emissions (x) shall be 

symmetrical and not change over time, i.e. , p, = p1 (:= p) . 

(2) The absolute change in net emissions shall outstrip absolute 

uncertainty at time t (which can be$ or > t2 ) , i.e., Jt.x ( t )J > t: ( t). 

Systems View: Intra-systems view suited to support inter-systems (top-down) view: Only 

our real diagnostic capabilities of grasping emissions at any point in time 

individually- reflected by absolute unceiiainty E ( t) -are of interest. 

Correlation of uncertainty over time does not matter. 

Question: 

Approach: 

Figurei 

Answer: 

What are the times (also called verification times; VTs) when the 

countries' emission signals outstrip uncertainty?7 

Detenninistic (see Figiire 2). 

The answer is given by Ineq. B-7a in SOM_Math: Appendix B 

12 
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Result: 

Table 5 

6t p 
--->--~--' 
t,-t, lóKPl+óKPp 

(B-7a) 

where L'it is the VT; and t2 - t 1 the time between base year and 

commitment year/period upon which the VT is normalized. 

The numerical result is given by 'fabie · 5 (see also Jable B-J m 

SOM_Math and worksheet Verification Time I in SOM_Num). 

Table 5 lists nonnalized VTs for all Annex B countries under the KP. The VT concept 

provides a more detailed detection perspective for negotiators of the Protocol than the 

CRU concept presented in Section 3.1. lt quantifies in detail what the consequences are in 

the fonn of normalized VTs if countries report emissions with relative uncertainties thai 

are ~ or> Pcc;,. Here we explore the range from 2.5 to 30% relative uncertainty, which is 

given by the medians of classes I and 4 (see Box I and right side ofTa_ble 1). 

Moreover, the VT concept corroborates the dissimilarity between emission limitation and 

reduction, which has already been found for the CRU concept and which is a direct 

consequence of not demanding a unifonu ÓKr for all countries under the Protocol. White 

both the YT concept and the CRU concept favor stricter over more lenient Kyoto 

ernission targets in the case of emission reduction ( ÓKP >O), this is not so in the case of 

ernission limitation ( ÓKr <O) where the two concepts favor more lenient over stricter 

13 
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Assu111ptio11s: (l) Uncertainties at t, and t, are given in the fonn of intervals, which 

take into account that a difference (€) might exist between the true (t) 

but unknown net emissions ( x,) and their best estimates (x). 

(2) The relative uncertainty (p) of a country's net emissions is 

symmetrical and does not change over time, i.e., p1 = p, (:= p). 

Syste111s View: Intra-systems view: Correlation of uncertainty over time matters. 

Question: 

Approach: 

Figure 3 

Ans111er: 

Taking into account the combined uncertainty at t2 and considering that 

the true emissions are not known, how much undershooting (Und) is 

required to limit the risk a that countries overshoot their true emission 

limitation or reduction conrn1itments? 

Quasi-statistical, based on interval calculus (see Figur~,'3). 

The answer is given by Eq. C-13 in combination with Eq. C-15 and Eq. 

C-18 in ~OM_Math: Appendix G 

x,., :2: (I - 6Kr )x,., with risk a <=> 

x, l-(l-2a)(l-v)p 
-<(l-6KI') ( )( ) ]-6,,.00 , x, - l+ l-2a 1-v p 

(C-13a,c) 

15 
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Result: 

:ra61e6 

where v approximates (first-order approach) the net (effective) correlation 

between E1 and E2 ; and 6'"°" is the countries' modified (mod) emission 

limitation or reduction targets defined by 

6mod = 6KP + U 

and U the undershooting given by 

U= 2(1-8Kr) (1-2a)(!-v)p 
1+(!-2a )(1-v)p 

(C-15) 

(C-18) 

The numerical result is given by Table 6 (see a!so Table C-1 in 

§oi-{_Math and worksheet Undershooting 4a in So:tv(Nmń). 

[Table q lists 8m,d values as a result of applying Eq. C-15 in combination with Eq. C-18. 

o KP , p and a are treated as parameters, while the c01Telation v is O. 75 (typical for 

currently reported uncertainties; most recently: EEA 2009: Table 1.20).8 Table 6 shows 

that the Und concept is difficult to justify politically in the context of the KP. Under the 

Protocol, nonunifom1 emission limitation or reduction commitments (see 8KP values in 

the second column) were detem1ined 'off the cuff, meaning that they were derived via 

horse-trading and not resulting from rigorous scientific considerations. The outcome is 

discouraging. Varying 8KP while keeping the relative uncertainty p and the risk a 

constant exhibits that Annex B countries that must comply with a smaller c\1, (they 

exhibit a small 8m,d) are better off than countries that musi comply with a greater 8K„ 

16 
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(they exhibit a greató,,,0 _, ). (See, e.g., ó,,,"" values in red for p = 7.5% and a= 0.3.) The 

choice of BKr dominates Eq. C-15, while the influence of BK, on U (see Eq. C-18: Ui 

for li,,, .j, and vice versa) is negligible and does not compensate for agreed deviations in 

the BK„ values. Such a situation is not in line with the spirit of the KP. 

This situation would be different if the nonunifo1111ity of the emission limitation or 

reduction commitments were the outcome of a rigorously based process resulting in a 

straightforward rule that applies equally to all countries, as it would be the case, for 

instance, under the widely discussed contraction and convergence (C&C) approach; e.g., 

WBGU, 2003: Section 2.3; Pearce, 2003). Under such conditions, it would be the 

undershooting U that matters, not the modified emission limitation or reduction target 

3.4 Und&VT Concepts Combined 

The Und&VT concept seeks to combine the strengths of both the introduction of risk by 

the Und concept and the explicit consideration of time by the VT concept in detecting an 

emission signal. That is, the Und&VT concept also allows undershooting to limit, or even 

reduce, the risk that true emissions are greater than those estimated and reported; and it 

addresses the degree of detectability achieved in the commitment year. The Und&VT 

concept accounts, like the VT concept, for the linem· dynamics of the emission signal 

between base year and commitment year, and uncertainty at the latter. In contras! to the 

Und concept, it thus follows the footsteps of signal detection in quantifying the 

17 
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aforementioned risk. Concomitantly, the Und& VT seeks to overcome same of the 

undesirable properties of both the VT concept ( countries committed to equal emission 

limitation and reduction targets in absolute tenns are treated dissimilar) and the Und 

concept ( countries committed to different emission changes und er the KP are assigned 

different modified emission limitation or reduction targets) 

Storting Point: Annex B countries comply with their emission limitation or reduction 

commitments under the KP. 

Assumptions: (I) Uncertainties at t, and t, are given in the fonn of intervals, which 

take into account that a difference (E) might exist between the true (t) 

but unknown net emissions ( x,) and their best estimates (x). 

(2) The relative uncertainty (p) of a coun!ty's net emissions is 

symmetrical and does not change over time, i.e., p, = p, (:= p) . 9 

(3) The absolute change in net emissions shall outstrip uncertainty at time 

t $ t,, i.e., the VT shall be equal to, or smaller than, the maxima! 

allowable VT ( L'>t $ t, - t1 ). 

Systems View: Intra-systems view suited to support inter-systems (top-down) view: Only 

our real diagnostic capabilities of grasping emissions at any point in time 

individually-reflected by absolute uncertainty E ( t) -are of interest. 

Correlation ofuncertainty over time does not matter. 

18 



Preparatory Signal Anillysis Techniques Jonas et al. 

Questio11: 

Approach: 

Figure 4 

Answer: 

Referring to risk as the strength of the Und concept and to time in 

detecting an emission signal as the strength of the VT concept, can these 

concepts be combined (Und&VT) to take advantage of the two? 

Quasi-statistical, based on interval calculus (see figurę 4). 

The answer comprises four cases depending on how <\,;, , the critical 

emission limitation or reduction, and oKP relate to each other (see F_~~r~ 

4). 8,6, allows distinguishing between detectable and nondetectable 

emission changes. 10 The complete answer is given by (see SOM_l'vf,a!hi 

AppendiJ< D for the equations mentioned below) 

Case i: ÓKP > O: r5,.,.;, ~p: 

x,.,2(1-óKP)x,. 1 withrisku ~ 

X 2 < (1 - ÓKP) ( I ) j - Ómod , 
x, - l+ l-2a: p 

(D-3), (C-13c) 

where Ó"'00 is defined as before (see Eq. C-15) and U is given by 

ó (1-2a:)p 
u = ( I - KP )-1 +~(,_,l --~2a:--c)-p (D-5) 

x,., 2 (1- Ó"'') x,., with risk u ~ 
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~ < (! - 8 . ) l = I - 8 
XI - cni 1+(1-20-)p mod' 

(D-6), (C- I 3c) 

where 8'""" is defined as before (see Eq. C-15) and U is given by 

(1-2a)p 
U=Ua,r+(l-8,n,) ( ) 

I+ l-2a p 
(D-8) 

with 

(D-9) 

Case 3: ÓKP <O: ócr;, < ÓKP~ 

x,., :C,: (1 + 8";') x,., with risk a <=:> 

x, < (l+ 8 . ) I I 8 
X 1 - "" J+(J-2a)p - moa, 

(D-10), (C-13c) 

where 8moo is defined as before (see Eq. C-15) and U is given by 

(!-2a)p 
U= UG,p +(1+8";,) ( ) 

l+ l-2a p 
(D-12) 

with 

(D- I 3) 

Case 4: óKf <O: óc,-;, > óKp: 
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Result: 

Table 7 

X2<(!+8') I =1-8 
XI - crit 1+(1-2a)p mod' 

(D-14), (C-13c) 

where 8,,,"" is defined as before (see Eq. C-15) and U is given by 

- 1 I (l-2a:)p 
U- UG«p +( +8"'') ( ) I+ l-2a: p 

(D-16) 

with 

(D-17) 

(D-18) 

U 0 ,,, in Cases 2-4 is an initial obliga tory undershooting, which is 

introduced to ensure that detectability is achieved before Annex B 

countries are permitted to make economic use of potentia! excess 

emission reductions. 

The numerical is given by Table 7 (see also T_ąble _D-3 in SQM_Matb: and 

worksheet U11d&VT 2a in SOM_Num). 

Table 7 lists 8,,,_.1 values as a result of applying Eq. C-15 in combination with: Eq. D-5 

(Case l), Eq. D-8 to D-9 (Case 2), Eq. 0-12 to D-13 (Case 3), and Eq. D-16 to D-18 

(Case 4). 8Kr, p and a are treated as parameters. By employing 8"'' as a unifonu 

detectability criterion, the Und&VT concept overcomes the dissimilarity of both the VT 

concept and the CRU concept between countries committed to emission reduction 
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( ÓKP >O) and emission limitation ( ÓKr $O), which arises if more lenient or stricter 

Kyoto emission targets are introduced (cf. with Tables 4 and 5). Moreover, the Und&VT 

concept also rectifies Cases 2 and 3, the cases of nondetectability (before correction), that 

is, the politically unfavourable situation under the Und concept under which countries 

complying with a small li" exhibit a small li,...,, while countries complying with a great 

li„ exhibit a great li,.,., ( cf. with ri'able ·6). 

However, this concept reveals a crucial difficulty from a political perspective. The 

Und&VT concept requires the Protocol's Kyoto emission targets to be corrected through 

the introduction of an initial obligatory undershooting ( U0 , 0 ) so that the countries' 

emission reductions, not limitations, become detectable (i.e., meet the maxima! allowable 

VT) before the countries are pennitted to make economic use of their excess emission 

reductions. (See, e.g., group I countries in Tabie 7 ( 8Kr = 8%) under Case 2 conditions: 

the Ó„0 , value for p = 15% and a.= 0.5 is ó,,,00 = ÓKr + Ua,p = 13% (U= Ua,,, ); that is, 

the initial obligatory undershooting is U0 , 0 = 13%-8% = 5% .) It remains to be seen 

whether this strict interpretation of signal detection will be accepted by Annex B 

countries as it forces them to strive for detectability, i.e. , to make initial investments 

before they can profit from their economic actions. Notwithstanding, opponents to this 

concept musi realize that the countries' detectability, i.e.: the ' X1.2 -greater-than-

(1- ÓKr )x,.,' risk (Case I), the 'x,., -greater-than-(1- Ó";i) x,., ' risk (Case 2), the 'x,., -

greater-than-(1 + Ó";' )x,.,' risk (Case 3), and the 'x,., -greater-than-(1-( 6Kr - 26";' )) x,., ' 
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risk (Case 4) of their emission signals can be grasped - and thus be priced - although the 

countries' true net emissions at t, and 12 are unknown! 

3.5 GSC #1 Concept 

GSC #I refers to the first of the two concepts thai Gillenwater et al. presented in 2007, 

following the notion of adjusting the countries' national emissions in response, and 

nccording, to the estimated uncertainties and a statistically valid method. The GSC #I 

concept centers on the conunitment year and requires confidence thai, when countries 

report emissions inventories that nominally are in agreement with their commitments 

under the Protocol, the countries truły are, if not in compliance, at least within a given 

tolerance of cornplying with their commitrnents. Thai is, the GSC #I concept considers a 

relative upward adjustment that seeks to attain a reasonable level of confidence thai 

countries have actually achieved their target emissions stated in their conunitments under 

the KP and are in compliance. Ultimately, countries musi reduce their emissions in the 

cornmitment year by the amount oftheir upward adjustment to remain in compliance. 

Srorli11g Point: Annex B countries comply with their emission limitation or reduction 

commitments under the K.P. 11 

Ass11111ptio11s: (I) lt is accepted a priori thai the true, but unknown, net emissions at t 2 

(x,.2 ) can exceed (overshoot) the target emissions commitment (x 2 ) 

by some fractional or percentage amount (por p%, respectively). 
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(2) The relative uncertainty (p) of a country's net emissions is 

symmetrical and does not change over time, i.e., p, = p2 (:= p) .12 

(3) The probability distributions for estimated emissions are nom,al and 

the shape of the emissions probability distribution for each country 

does not change significantly as emissions change. 

Systems View: Intra-systems view suited to support inter-systems (top-down) view: Only 

our real diagnostic capabilities of grasping emissions at any point in time 

individually-reflected by absolute uncertainty E( t) -are of interest. 

Correlation ofuncertainty over time does not matter. 

Question: 

Approach: 

Answer: 

Can we attain a reasonable level of confidence that countries will have 

actually achieved the target emissions levels stated in their commitments 

under the KP and are in compliance? That is: I) Would we consider it 

acceptable if true emissions will exceed ( overshoot) the target emissions 

commitment by some fractional or percentage amount? 2) How much is 

that amount? 3) How confident do we want to be in our result? 

Statistical (see ;F'igure 5). 

Depending on whether or not excess emissions are accepted and 

favorable compliance conditions exist a priori, the modified GSC # I 

concept of Gillenwater et al. comprises three cases (see Fi.gure 5). The 
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complete answer is given by (see ~QM_l'v1~l11~ ApP.~ndix ~ for the 

equations mentioned below) 

Coses i and 2: ÓKP > O: p = Ó<L!J.,: 

I+ z,., (FN) l .~6 5 I+ Pe,;, 

( excess emissions accepted) 

Adj= for (E-7,8) 

I+ z,,' (F:N )__E_ 
·- 1.96 I+ z,.2 (FN) ].~6 >I+ Pa;, 

l+pcril ( excess emissions accepted) 

Case 3: ÓKP <O: p = O: 

Adj = l +z .. ' (F:N )-p-
"•- 1.96 

( excess emissions not accepted), (E-9) 

where p specifies the accepted (fractional) amount by which true 

emissions can exceed target emissions commitments; p/1.96 is the 

standard deviation; FN the standardized cumulative nonnal distribution; 

z ... , the standardized accepted upper (u) emissions limit at t,; P,,;, the 

CRU introduced in S~ction3J_; and Adj the resulting upward adjustment 

of the counl!y's emissions estimate relative to its KT (i.e., de facto an 

emissions reduction by this amount more than the country's commitment 

to remain in compliance). 
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Result: 

;raBie.s 

The numerical result is given by 'rabie 8 (see also Table E-1 in 

SOM_Math and worksheet GSC_J la in SOM.:_N11m). 

Tab1"e)l' lists adjustment ( Adj) va lues as a result of applying Eq. E-7 (Case I), Eq. E-8 

(Case 2) and Eq. E-9 (Case 3). They specify the required upward adjustment of the 

country's emissions estimate or, equivalently, the de facto emissions reduction by this 

amount more than the country's commitment to remain in compliance with commitments. 

For any given 8KP value (thus, P,,;, value; see Eq. A-6 in 'se-~iion 3.1), inventory 

uncertainty (p) is treated as parameter as well as the confidence ( I - a) that true 

emissions do not exceed (overshoot) target emissions by more than p = 1\,;, (Cases I and 

2: this value for p ensures that, relative to committed target emissions, base year 

emissions are not exceeded) and p = O (Case 3: excess emissions are not accepted in the 

case of emission limitation). The confidence (!-a) is specified to be 0.9, O. 7 and 0.5. 

The table shows that the GSC #1 concept is not easy to handle because it requires strict 

enforcement under the KP. Emission reduction (oKr > O) under the GSC #I concept 

behaves mirror-inverted to the Und concept as a consequence of nonunifom1 emission 

reduction commitments: Varying 8Kr while keeping the relative unce1iainty p and the 

confidence (!-a) constant exhibits that Annex B countries that must comply with a 

great 8Kr (they exhibit a small Adj) are better off !han countries that must comply with a 

small 6Kr (they exhibit a great Adj). (See, e.g., Adj values in red for p = 15% and 
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I - a= 0.9 .) However, this is only true if adjustments musi be compensated for by 

additional emission reductions (undershooting mode) and are not misused by policy and 

clecision-makers to only establish a country comparison in tenns of confidence 

(confidence mode) not resulting in a compulso1y undershooting. In the latter case, 

countries that must comply with a small <\r (they exhibit a great Adj) are better off than 

countries thai musi comply with a great ÓKr (they exhibit a small Adj). This situation 

would not be in line with the spirit of the KP. 

3.6 CSC #2 Concept 

GSC #2 refers to the second of the two concepts that Gillenwater et al. presented in 2007. 

Jn contrast to GSC # 1, their second concept accounts also for the uncertainty in the 

emissions estimates in the base year when assessing compliance with the countries' 

commitments in the commitment year. The GSC #2 concept requires confidence that, 

when countries report emissions inventories that nominally are in agreement with their 

commitments uncler the Protocol, emissions have actually been reduced by an amount 

equal to the emissions difference between base-year and commitment year, i.e., esti.mated 

emission reductions should not be "off' by more than a ce11ain amount. That is, the GSC 

#2 concept consiclers a relative upward adjustment thai seeks to attain a reasonable level 

of confidence that countries have actually achieved the emission reductions, measured 

relative to base-year emissions, stated in their commitments under the KP and are in 

compliance. Ultimately, countries musi reduce their emissions in the commitment year by 

the amount of their upward adjustment to remain in compliance. 
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Storting Point: Annex B countries comply with their emission limitation or reduction 

c01mnitments under the KP. 11 

Assumptions: (I) It is accepted a priori that true emission reductions (increases) fali 

below (above) the committed level of reductions (increases) by some 

fractional or percentage amount (por p¾, respectively). 

(2) The relative uncertainty (p) of a country's nel em1ss1ons 1s 

symmetrical and does not change over time, i.e., p, = p, (:= p). 

(3) The probability distributions for estimated emissions and emission 

changes are norma! and the shape of the emissions and emissions 

change probability distributions for each count1y do not change 

significantly as emissions change. 

Systems View: Intra-systems view: Con-elation of uncertainty over time matters. 

Question: 

Approach: 

Can we attain a reasonable level of confidence that countries will have 

actually achieved the emission changes, measured relative to base-year 

emissions, stated in their commitments under the KP and are in 

compliance? That is: I) Would we consider it acceptable if true emission 

reductions (increases) will faII below (above) the committed level of 

reductions (increases) by some fractional or percentage amount? 2) How 

much is that amount? 3) How confident do we want to be in aur result? 

Statistical (see f1gure 6). 
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Figure 6 

Answer: Depending on whether or not diminished reductions (additional 

increases) are accepted and favorable compliance conditions exist a 

priori, the modified GSC #2 concept of Gillenwater et al. comprises four 

cases (see Figw-e 6). The complete answer is given by (see SOM_Matb: 

Appendix F for the equations mentioned below) 

Case.i· I and 2: óKp > O: p = O.I: 

Adj= 

l-0.98KP 

Case 3: ÓKP = O: p = O: 

Adj=l 

Case 4: ÓKP < O: p = O: 

29 

for 

2(1-v) 2 "·'(FN)P ~0.1 
1.96 P";' 

dim inished reduction 

accepted 

2(1-v) 2"·'(FN)P >0.1 
l.96pc,;, 

dim inished reductio n 

accepted 

(F-7,8) 

(
additiona l increase) 

not accepted 
(F-9) 

(
additional increase), 

not accepted 
(F-1 O) 
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Result: 

Table 9. 

where p specifies the accepted (fractional) amount by which true 

emission reductions (increases) can fali below (above) the committed 

level of reductions (increases); v approximates the net (effective) 

correlation between the absolute uncertainties i::, and i:: 2 (cf. Section 3.3); 

and the other quantities are as explained above for the GSC #I concept. 

The numerical result is given by Table .9 (see also Table F-1 in 

SOMi Math and worksheet GSC_II 2a in SOM_Num). 

Tab.le 9 Iists adjustment (Adj) values as a result of applying Eq. F-7 (Case I) , Eq. F-8 

(Case 2), and Eq. F-9 and F-10 (Cases 3 and 4). They specify - based on the country's 

reported emissions change between base year and commitment year - the required 

adjustment of the country's emissions estimate in the commitment year or, equivalently, 

the de facto emissions reduction by this amount more than the country's commitment to 

remain in compliance with commitments. For any given 8<, value (thus, p"" value; see 

Eq. A-6 in 'secfióirj]\ inventory uncertainty (p) is treated as parameter as we!! as the 

confidence (1-a) that true emission reductions (increases) will not fali below (above) 

the committed !evel of reductions (increases) by more than p =O.I (Cases I and 2: 

arbitrary chcice of p) and p = O (Cases 3 and 4: additional emission increases are not 

accepted in the case of emission limitation). The confidence (I-a) is specified to be 0.9 , 
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0.7 and 0.5. The correlation (v) is 0.75 (as in Secti()n f3). The table shows that the GSC 

#2 concept is not easy to handle because il also requires strict enforcement under the KP. 

Elllission reduction (óKr > O) under the GSC #2 concept behaves, like under the GSC #1 

concept, mirror-inverted to the Und concept as a consequence of nonunifonn emission 

recluction collllllitlllents. That is, the GSC #2 concept would not run counter to the spirit 

of the KP if it were applied in the undershooting mode (adjustments must be 

colllpensated for by additional emission reductions). But it must be mentioned that, for 

the given set of parameters (notably, p =O.I and v = O. 75 ), the span between small est 

and greatest Adj values is negligible. 

4. Conclusions 

We scrutinized six preparatory signal analysis techniques in a comparative mode. The 

purpose of this exercise is to provide a basis for discussing on how to go about dealing 

with uncertainty under the KP and its successor, and which of the technique(s) to 

eventually select. lt was well-known that all techniques presented prior to and at the I st 

International Workshop on Uncertainty in GHG Inventories perfonn differently (see 

below and Table IO for a summaty) but a rigorous quantitative and qualitative 

colllparison was outstanding. In carrying out this comparative exercise, the aim was to 

understand the techniques holistically in the context of the KP, i.e., beyond their technical 

perforlllance against mere disciplinaty criteria. To this end we specified, e.g., the systems 

view adopted by a technique, the important assumptions that underlie a technique (and 

typically go unmentioned), and whether or not a technique contributes to the ultimate 
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objective of the KP of reducing anthropogenic GHG emissions to the atmosphere 

measurably, i.e., above and beyond uncertainty. 

The authors of these techniques all agree that uncertainty analysis is a key component of 

GHG emissions analysis although their perceptions range from using an investigation

focused approach to uncertainty analysis to only improve inventory quality to actually 

apply a technique, or a combination of techniques, to check compliance. All authors also 

agree that it makes a big difference in the framing of emission control policies whether or 

not uncertainty is considered. Of course, as a consequence of the techniques' different 

perfonnance, they can have a different impact on the design and execution of such 

policies. 

However, as it stands, a single best technique cannot yet be identified (and will , most 

likely, not exist); the main reason for this being that the techniques suffer from shortfall s 

that are not scientific but are related to the way the KP has been framed and implemented 

politically. As the two most important shortfalls on the side of policy-making can be 

identified (I) the overall neglect of unce11ainty confronting experts with the situation that 

for most Annex B countries the agreed emission changes are of the same order of 

magnitude as the uncertainty that underlies their combined C02 equivalent emissions; 

and (2) the introduction of nonunifonn emission reduction commitments. The techniques 

manifest these shortfalls differently: 

Tab1e·10 
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CRU and VT These two concepts exhibit a dissimilarity between countries committed to 

emission reduction (stricter over more lenient Kyoto emission targets are favored) and 

emission limitation (more lenient over stricter Kyoto emission targets are favored). 

Und and CSC #2. Vaiying ÓKr, the normalized emissions change committed under the 

KP, while keeping the relative uncertainty p and the risk u constant exhibits that under 

the Und concept countries thai musi comply with a small 6Kr (they exhibit a small 

modified emission limitation or reduction target 6,,,00 ) are better off than countries thai 

musi comply with a great óKP (they exhibit a great modified emission limitation or 

recluction target c5,,,0 J ). Such a situation is not in line with the spirit of the KP. Emission 

reduction under the GSC #2 concept attempt to avoid this situation if applied in the 

undershooting mode. Countries that musi comply with a great 6KP (they exhibit a small 

Adj) are better off than countries that musi comply with a small ÓKr (they exhibit a great 

Adj). But it musi be mentioned thai, for the given set of parameters (notably, p =O.I and 

v = 0.75 ), the span between smallest and greatest Adj values is negligible. So far, 

emission reduction and emission limitation under the GSC #2 are not treated unifonnly. 

The GSC #2 concept stili lacks elear guidelines as to whether or not, and to what extent, 

diminished (enhanced) emission reductions (increases) shall be accepted under these two 

regi1nes. 

Und&VT and CSC #1. The Und&VT overcomes situations thai nm (Und concept) or can 

run counter to the spirit of the KP (GSC #I and GSC #2 concepts if applied in the 
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confidence mode). By requiring a priori detectable emission reductions, not limitations 

(see Cases 2-4 in Figw'e 14'), the Und&VT concept corrects the Protocol's emission 

limitation or reduction targets through the introduction of an initial or obligatory 

undershooting so that the countries' emission signals become detectable before the 

countries are perrnitted to make economic use of their excess emission reductions. This, 

de facto, nullifies the politically agreed targets under the KP! However, we do not 

consider this a realistic scenario. By way of contrast, the GSC #I concept builds on the 

notion of confidence, not detectability. If applied in the undershooting mode it would not 

run counter to the spirit of the KP. Nonetheless, it would enforce additional emission 

reductions, which would be smaller than those under the Und&VT concept but still be 

considerable and thus also difficult to sell politically. So far, emission reduction and 

emission limitation under the GSC #I are not treated unifonnly. The GSC #I concept stili 

lacks elear guidelines as to whether or not, and to what extent, excess emissions shall be 

accepted under these two regimes. 

It appears very probable that the first shortfall (emission changes and uncertainty are of 

the same order of magnitude) will vanish soon with increasing political pressure to adopt 

a longer-lasting perspective and to realize greater emission reductions in the mid to long

tenn. However, we suggest that policy-makers revisit the second shortfall. lf nonunifonn, 

country-specific emission reduction commitments are favored, then these must be 

decided on the basis of a straightforward rule that applies equally and rigorously to all 

countries and should not be detennined ' off the cuff. Only then can scientists finalize 

their discussion and give meaningful feedback on which technique(s) to select for the 
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preparatory ana lysis of uncertainty in the countries' emission changes-not least, which 

nurnerical advantages and disadvantages between countries we then have to accept and 

tolerate. Such an unsatisfying situation should be overcome in the next round of political 

' post-Kyoto' negotiations. The knowledge to accomplish this is available. 

1 For an ovcrview of IIASA 's emissions change-versus-uncertainty monitoring (reports and countries) see 

http://w\v\v.iinsa.:ic.:.it/Rcscarch/FOR/unc ovcrvicw. html. 

2 At wcbsite http://www.iiasa.ac.at/Rcscarch/FOR/unc prep.html click on mathemalical background 

(rcfcrrcd to in the tcxt as SOM_Math) and numerical results (referred to in the text as SOM_Num) to Jonas 

et ul. (2007) undcr 01•ervie1v over six preparato,y emissions change analysis tec/miques. 

3 ISO country codc: AT Austria; AU Australia; BE Belgium; BG Bułgaria; BY Belams; CA Canada; CH 

Switzerland; CY Cypms; CZ Czech Republic; DE Germany; DK Denmark; EC European Community; EE 

Estonia; ES Spain; FI Finland; FR France; GR Greece; HR Croatia; HU Hungary; IE lreland; IS Iceland; IT 

ltaly; JP Japan ; LI Liechtenstein; L T Lithuania; LU Luxembourg; LV Latvia; MA Malta; MC Monaco; NL 

Ncthcrlands; NO Norway; NZ New Zealand; PL Poland; PT Portugal; RO Romania; RU Russian 

Fcdcration; SE Swcden; SI Slovenia; SK Slovak Republic; TR Turkey; UA Ukraine; 

UK United Kingdom; US United States. 

' In their study Canadell et al. (2007: Table I) show that, making use of global carbon budget data between 

1959 and 2006, the efticiency of natura! carbon sinks to remove atmospheric CO, has declined by about 

2.5% per dccade. Although this decline may look modest, it represents a mean net "source" to the 

atmosphcrc of 0.13 PgC yr' 1 during 2000-2006. In comparison, a 5% reduction in the mean global fossil 

cmissions dming the same time period yiclds a net "sink" of 0.38 PgC yr" 1• Thus, deteriorating natura I 

carbon sinks as a result of climate change or man's direct impact exhibit the potentia! to offset efforts to 

reduce fossil fuel cmissions. This shows thai man's impact on nature is indeed not negligible and stresses 

the nced to look at the entire system, that is, to develop a full carbon systems view in which emissions and 

n:movals and thcir trcnds arc monitored in tolo. 
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5 The CRU concept only considers uncertainty in the commitment year/period, not in the base year (i.c., 

fonnally e, =O). However, for reasons of comparability, we continue to abide by the condition of constant 

relative uncertainty. 

6 The absolute change in emissions is given by lx, -x,l=ló"lx, (see Eq. A-2 in SOM_Math: Appendix 

A:). 

7 The term 'verification time' was first used by Jonas et al. (1999) and by other authors sincc thcn. A morc 

correct tem1 is 'detection time' as signal detection does not imply verification. However, we continue to 

use the originai term as we do not consider it inappropriate given that signai detection must, in the Iong

tenn, go hand-in-hand with bottom-up/top-down verification of emissions (sec Jonas and Nilsson, 2007: 

Section 4). 

'Applying Eq. C-7b in ~_eM).i'~~;..Ap~=~di~s with •., ""0.03 (typically reported), o., = 0.08 (va lid for 

many Annex B countries) and e, = e, ""0.075 (see right side of Table I) resuits in v ""0.79 . 

9 The Und&VT concept only considers uncertainty in the commitment year/period, not in the base year (i.e., 

fonnally x,, = x, and v = O ). However, for reasons of comparability, we continue to abide by the 

condition ofconstant relative uncertainty. 

1° Compliance with Ócn1 ensures detcctability in the commitment year. ó~.,. is givcn by Eq. D-1 in 

SC>ł'1~M;11it"Appendi~- b; it is p/(i + p) in the case o., > O (emission reduction) and -p/(1 -p) in the 
;;:-~;.i:..,ji.;.,,:l'!;-$.:'..'.'.~~•-G;.;_;_,,,.i.c·•.t:.l.;_;..! 

case OK.I'~ O (emission lirnitation). To overcome the dissimilarity between these two cases - 6cm is snrn.ller 

in absolute tenns for emission reduction than for emission limitation - it adjustcd by Eq. D-2 in 

.sof{:~lli:'f.pp~n"ci"iltj to p/(i+p) in the case o,,> O (emission reduction) and -p/(1 +p) in the case 
i. ..... 3> ""'··•!"- -~·, .. _ .. , .. ;..•: • .. ,. 

o.,,; O (emission limitation); i.e., detectability as under cmission reduction is declarcd as standard (in 

absolute tenns). 

11 The two emissions adjustmenl methods presented by Gillenwater, Sussman and Cohen (GSC #I and 

GSC #2) were meant to be applied in rctrospect (Gillenwater et al., 2007: Seetiell 2.1). However, their 
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methods can also be used to generate information thai one would like to discuss beforehand; thai is, they 

cnn nlso be perceived ns preparntory signal analysis techniques and thus be compared with the other four 

techniques discussed so far. 

1~ The GSC # I concept only considers uncertainty in the commitment year/period, not in the base year. 

Howcvcr, for reasons of comparability, we continue to abide by the condition of constant relative 

unccrtainty. 
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Acronyms and Nomenclature 

Adj 
C&C 
CH, 
crit 
CRU 
Cl 
co, 
FCCC 
FN 
Gap 
GHG 
GSC 
HFC 
IPCC 
KP 
KT 
LULUCF 
N,0 
p 
p 
PFC 
Re!Diff 
SA 
sd 
SF6 

u 
u 
UcAr 
UN 
Und 
VT 
X 

X 
z 
z 

a 

,',t 

adjustment 
contraction and convergence 
methane 
critical (index) 
critical relative uncertainty 
confidence interval 
carbon dioxide 
Framework Convention on Climate Change 
standardized cumulative norma! distribution 
gap (index) 
greenhouse gas 
Gillenwater, Sussman and Cohen 
hydrofluorocarbon 
lntergovemmental Panel on Climate Change 
Kyoto Protocol 
Kyoto (emissions) target 
land use, Iand-use change, and forestry 
nitrous oxide 
fractional amount 
probability 
perfluorocarbon 
relative difference 
signal analysis 
standard deviation (index) 
sulphur hexafluoride 
time ( t, S t S t, ) 

tme (index) 
upper (index) 
undershooting 
initial obligatory undershooting 
United Nations 
undershooting 
verification time 
emissions 
random variable 
standardized emissions 
standardized random variable 

risk (OS u S 0.5) 

critical emission limitation or reduction 
committed (normalized) emissions change under the KP 
modified emission limitation or reduction target 

auxiliary variable 

verification time 

absolute uncertainty 
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p relative uncertainty 

Pnii critical rclative uncertainty 

u uncertainty correlation cocfficient 
refcrring 10 base year (index) 

referring to commitment ycar (index) 

Jonas et al. 
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X 

. 
' 

'2 Time 

Figure I: Illustration of the CRU concept ( p, = p, ): The absolute change in cmissions 

(lx, - x,I = ló„ lx,) outslrips uncertainty at t,. 6 Kyoto (emissions) target (KT). Sourcc: Jonas 

et al. (2004a: Figure 8). 
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X 

a) 

VT Time 

I VT< t, I 

Time 

Jonas et al. 

Fig u re 2: lllustrnt ion of the VT concept ( p, = p, ): The absolute change in emissions ( ll>x ( t Jl) outstrips 

uncertainty at :i) VT > t,, b) VT = t, and c) VT < t, .6 Source: Jonas et al. (2007: Figure 7), 

moditied. 
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X 

x, -i--------;----+---"=..,,,..-"--++-
x, +----l--;::::-..,....,c..._----+S...-~-

Umlcrshooting U 

Jonas et al. 

Figure 3: Illustration of the Und concept ( p, = p, ) with the help of norma) probability density 

functions: Undershooting helps to limit the risk a that countries overshoot their truc emission 
limitation or reduction commitments. Source: Jonas el al. (2007: Figure 11 ); modificd. 
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Case 2: 6«ir > 6xP 

<li,;:p > o 
Óc,i '" 
Ói:p ,,. 

Cnse 3: 6"'1 < 6KP Case 4: 6m1 .?: 6KP 

ł '" ' 
, 

Lc,i ' s.,11 , 
Ói:p 

, 
' 

OKP~ o ' 

' 
• Ói.p ' ó,,:p-2Órn, 

' t .,,. ·Ócn1 

• Ói,:p 

Fig u re 4: Illustration of the Und& VT concept ( p, = p, ): It preserves risk as the strength of the Und 

concept and detectability as the strength of the VT concept. Depending on how 8 0 „ and 8„ 

relate to cach other, four cases can be distinguished (see text). These differ in terms of 
dctectability (Cases I and 4) versus nondetectability (Cases 2 and 3) and an initial obligatory 
undcrshooting U~P that is introduced (Cases 2-4) to ensure that detectability of emission 

reductions, not increases, is given before Annex B countries are permitted to make economic 
use of potentia I excess emission reductions. Emission reduction: 6"r >O; emission limitation: 

o .. $O. Source: Hama I and Jonas (2008b: Figure 4). 
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X 

Adjuslmcnt Adj 

(Case2) ~ 

x, +--~---""':::"..e'•:::•..eL•""""-' --'+, 

x, +-----i--~~~~~-+--• 

Figure S: lllustration of the GSC #I concept ( p, = p,) with the help of the standard norma! probabilily 

density function: lt allows specifying the confidence (1-a) via F, thai a counlry's lrue, bul 

unknown, emissions comply with its Kyoto emissions target. Depending on whcthcr or not 
excess emissions are accepted and favorable compliance conditions exist a priori, thrcc cascs 
are distinguished. Here, Case 2 is shown: Given an uncertainty of po/o, this case requircs 
adjusting a country's emissions estimate at t? upward if we want to be ( I - a)% conficlcnt 

that its true emissions do not exceed its Kyoto emissions target (here referred to as I) by more 
than Pm1 % . Emission reduction: ÓKr >O; emission limitation: Ó1::.r ::;; O. 
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X 

Confidmce 
1-n 

Adjuslmc:nl Adj 
(Casc2) 

Jonas el al. 

Fig u re 6: I1111s1rn1ion of the GSC #2 concepl ( p, = p,) with the help of the standard norma! probability 

density function: It allows specifying the confidence (1-a) via FN that a country's true, but 

unknown, emissions change complies with its committed change. Depending on whether or 
not diminishcd reductions (additional increases) are accepted and favorable compliance 
conditions exist a priori, four cases are distinguished. Here. Case 2 is shown: Given an 
uncertninty of p%, this case requires adjusting a country's emissions estimate at t2 upward if 

we want to be ( 1- a)% confidenl its lrue emission reduction equals at least (100 - p}¾ of the 

committcd reduction (herc referred to as I). Emission reduction: 61:.r >O; emission limitation: 

C\,P ~O. 
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Table I: Left: Countries included in Annex B to the Kyata Protocol (KP) and their emission limitation and reduction commitments..' Sources: FCCC 

(1996: Decision 9/CP.2; 1998: Article 3.8, Annex B; 1999: Decision 11/CP.4; 2009: National !nventory Submissions 2008); COM (2006: 

Section 2.b). Right: Emissions and/or removals of greenhouse gases (GHGs), or combinations of GHGs, classified according to their relative 

uncertainty ranges. The bars of the arrows indicate the dominant uncertainty range for these emissions and removals, while the tops of the 

arrows point at the neighboring uncertainty ranges, which cannot be excluded but appear less frequently. LULUCF stands for the direct 

human-induced land use, land-use change, and forestry activities stipulated by Articles 3.3 and 3.4 under the KP (FCCC, 1998). The arrows 

are based on the tata! uncertainties that are reported annually by the Member States of the EU-25 (most recently: EEA, 2009) and the 

expertise available at IIASA's Forestry Program (cf. http://www.iiasa.ac.at/ResearchlFOR/unc bonomup.html) and elsewhere (e.g., Watson 

el al. , 2000: Sections 2.3.7, 2.4.1; Penman el al. , 2003: Section 5.2). Source: Jonas and Nilsson (2007: Table I), modified. 
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C02nctterrestrial 

ł (>80%) 

I) Country Group la: BE, CZ, DE, DK, EC(= EU-15; the EU-27 does not have a common Kyoto target), EE, ES, FI, GR, IE, LT, LU, LV, MC, NL, 

PT, SE, UK. Member States of the EU-27 but without individual Kyoto targets: CY, ML. Listed in the Convention's Annex I but not included in 

the Protocol 's Annex B: BY and TR (BY and TR were not Parties to the Convention when the Protocol was adopted). BY requested becoming an 

Annex B country by amendment to the KP at CMP 2 in 2006. BY's base years and KP commitment are 1990 ( 1995) and 92%, respectively 

2) Country Group I a: AT, CH, FR, IT, LI, SK 

3) Country Group 2: The US has indicated its intention not to ratify the KP. The US reports all its emissions with reference to I 990. However, 

infonnation on 1990 in its national inventory submissions does not refl.ect or prejudge any decision that may be taken in relation to the use of 1995 

as base year for hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluoride (SF6) in accordance with Article 3.8 of the KP 
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Table 2: The spatio-temporal a~d thematic conditions under which the six preparato,y signal analysis 
techniques listed in if.J1b(e' 1 are applied and compared. 

Dimcnsion 
Methodological 

Focus in thls study on 
Restrlction 

Spatial nonc National: countrics as listcd in Anncx B to the KP (FCCC, 1998) 
The country scalc is the principal rcporting unit rcqucstcd for rcporting 
GHG cmissions and rcmovals undcr the KP. For convcnicncc, we group 
thcsc countrics according to thcir (i) cmission limitation or rcduction 
commitmcnts; and (ii) the base ycars for thcir cmissions of C02, CH4 and 
N2O, rcsulting in cight country gro ups (sec lcfi sidc of Table I). As the 
Anncx B countrics' cmissions of CO2, CH4 and N2O by for cxcccd thosc of 
the fluorinatcd (HCFs, PCFs, SFc,) gascs, we usc the combincd cmissions of 
C02, CH4 and N2O as rcfcrcncc. 

Tempora! nonc Two-points-in-timc approach; base ycar (t1)- commitmcnt ycar/pcriod (t2) 

We usc the ycar 2010 as commitmcnt ycar with t2 rcfcrring to the tempora! 
avcrngc in net cmissions over the commitmcnt period 2008-2012. 

Thcmatic nonc Annual CO2 or CO2 cquivalcnt cmissions: GHG cmissions and/or rcmovals 
of 1hc six Kyoto GHGs as lisJcd in Anncx A to Jhc KP (FCCC, 1998), 
individually or combincd 

Box 1: The relevant uncertainty tenns and concepts that we refcr to and make use ofin our sh1dy. 

Uncertainty (invento,y dejinilion): A generał and imprecise term which refers to the Jack of 
certainty (in inventory components) resulting from any causa) factor such as unidcntified sourccs 
and sinks, Iack oftransparency, etc. (Penman et al., 2000: A3. I 9). 

Total and trend uncertainty: The total (or level) uncertainty reflccts aur real diagnostic emissions 
accounting capabilities, that is, the uncertainty that underlies our past (base year) as well as our 
current accounting and that we will have to cope with in reality at some time in the future 
(commitment year/period). The trend uncertainty reflects the uncertainty of the difference in net 
emissions between two years (base year and/or commitment year/period) (Jonas and Nilsson, 2007: 
Section 4). 

Confidence interval: The true value of the quanti ty for which the interval is to be estimated is a 
fixed but unknown constant, such as the annual total emissions in a given year for a given country. 
The confidence interval (CI) is a range that encloses the true value of this unknown fixed quanti ty 
with a specified confidence (probability). Typically, a CI of 95% is uscd in GHG invcntorics 
(IPCC, 2006: Section 3. I .3). 

Relative uncertainty: To make all preparatory signal analysis techniques easily applicable, we build 
on relevant findings of earlier studies which suggest resolving relative uncertainty of invcntory 
sources and sinks only in terms of intervals or classes and referring to their medians. Our dcfinition 
ofrelative uncertainty classes (Class I: 0-5%; Class 2: 5-10%; Class 3: I 0-20%; Class 4: 20-40%; 
and Class 5: >40%) is arbitrary but appears robust. For further details we refer the reader to Jonas 
and Nilsson (2007: Section 2.4) and right side of Table I. 
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Tahlc 3: Major characteristics of the six preparatory signal analysis (SA) techniques compared in this 
sn1dy. I: critical relative uncertainty concept (Gusti and Jęda, 2002); 2: verification time 
concept (Jonas et al., 1999); 3: undershooting concept (Nahorski el al., 2003); 4: undershooting 
and vcritication time concepts combined (Jonas et al., 2004a); 5: Gillenwater, Sussman and 
Cohen #I concept (Gillenwater et al., 2007); 6: Gillenwater, Sussman and Cohen #2 concept 
(Gillenwater et al., 2007). Sources: Jonas et al. (2004a: Table 3), Bun (2008: Table 2); modified. 

Token inio account by the lechnique 
Preuaratory SA Technioue 

I 2 3 4 5 6 
Trend uncertainty ✓ ✓ 

Total uncertainty ✓ ✓ ✓ ✓ 

Intra-systems view ✓ ✓ 
lntra-systcms view but suited to support inter-systems (top-

✓ ✓ ✓ ✓ down) view 
Emiss ions differcnce (between t1 and t2 or at t2) ✓ ✓ ✓ ✓ 

Emissions grndient (between t1 and t2) ✓ ✓ 
Detectability ofwhcn an emission signal outstrips tata! 

✓ ✓ ✓ uncertainty 
Undershooting ✓ ✓ 

Upward adjustment of reported em issions ✓ ✓ 

Risk with refercncc 10 the concept of significance ✓ ✓ ✓ 

Risk with refcrencc to the concept of detcctability ✓ 
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Table 4: The CRU concept (Eq. A-6) applied to Annex B countries. In the last co lum n, we asscss the 
hypothetical siruation !hat the CRU concept had been applied prior to/in negotiating the KP. 
Note the dissimilarity between countries committed to emission reduction ( o,. > O ) and 

emission lirnitation ( 6r.r ~O) with the introduction of mare lenient or strictcr Kyata cmission 

targets. 

KP CRU 

Country Commitment 

Group 0Kr 
lf the CRU Concept had bcen npplicd 

Pelit 

% % 

la a) Comuliancc with the Kyoto cmission t.irgct: 
lb Jt must be cxpcctcd tlrnt Anncx B countrics cxhibit rclativc unccrtnintics 

8.0 8.7 in the range of 5-10% and abovc rathcr than be low ( cxcluding le 

Id 
cmissions/rcmovals duc to LULUCF and Kyoto mcclrnnisms). Thus, it is 
impossiblc for a number of countrics in groups l-4 to mcct the con<lition 

2 7.0 7.5 that thcir overall rclativc unccrtainty is smallcr tłum thcir CRU (p < Pu,1). 

3• b) Towards mare lcnicnt Kyoto cmission targcts; 

3b 6.0 6.4 To um:nnbiguously attcst a dccrcasc in cmissions, Anncx B countrics 

3c havc to ful fili increasingly smallcr CRUs. 

4 5.0 5.3 c) Towards strictcr Ky:oto cmission targcts; 

-- 4.0 4.2 CRUs incrcasc and can be met mare casily. 

-- 3.0 3.1 

-· 2.0 2.0 

-· I.O I.O 

5 o.o o.o a} ~QmQlinnce with th!;: Ky:QIQ !;:111i~siQn tnrg!;:t: 
6 -I.O I.O Same conclusion for countrics in groups 5-8 as for countrics comrnittcd 

·- -2.0 2.0 to cmission rcduction (sec a) abovc. 

-· -3.0 2.9 b) Towards mare lcnicnt Ky:oto cmission targcts: 
CRUs incrcasc and can be met morc casily. 

-- -4.0 3.8 

-5.0 4.8 
c) Towards strictcr Ky:oto cmission targcts: 

-· To unambiguously attcst a dccrcasc in cmissions Anncx B countrics havc 
·- -6.0 5.7 to fulfill incrcasingly smallcr CRUs. 

-· -7.0 6.5 

7 -8.0 7.4 

-· -9.0 8.3 

8 -JO.O 9.1 

• The countries' emission limitation and reduction commitments under the KP arc expresscd with the help 

of 6Kr, the normalized change in emissions between t1 and t1 : 6Kr > O - emission reduction; 6Kr ::; O -

emission limitation. 

Table 5: The VT concept (Ineq. B-7a) applied to Annex B countries. The table has to be rcad as follows: 
The maxima! allowable VT ( t, - t,) for an Annex B country is given for p = p_,,, (sce second 

column). For a country of group la the maxima! allowable VT is 20 years or I, if normalizcd. 
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Table 6: The Und concept (Eq. C-15 in combination with Eq. C-18 and a correlation of v ~ O. 75 typical 
for currently reported uncertainties) applied to Annex B countries. The table lists modified 
emission limitation or reduction targets 6"""' for all Annex B countries, wherc the • x ,.~ -greater-

than-(t -Óu) x 1., ' risk o is specified to be O, O. I, 0.3 and 0.5. lf an Annex B country complics 

with its emission limitation or reduction commitment ( x 2 = (1-ó._,.) x 1 ) , the risk that its truc , 

but unknown, emissions x1~ are equal to or greater than its true, but unknown, target 

(1-ó.,)x,., is 50%. Undershooting decreases this risk. For instance, a country of group I has 

committed itselfto reduce its net emissions by 8%. Reporting with a 7.5% relative uncertainty, 
it needs to reduce emissions by 11.4% to decrease the risk from 50% to 0%. In the last column, 
we assess the hypothetical situation that the Und concept had been applied prior to/ in 
negotiating the KP. Note the unfavorable sih1ation, which arises when 6"~ varics whilc pand a 

are kept constant. 
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KP Modificd Emission Limitation or 

Commit. Rcduction Target 6nu,d in % for 
Country 

u= p= If the Und Conccpt had bccn applicd 
Group 

cS..:1• 2.5 7.5 15 30 

¾ I % % % % 
l:1-tl 8.0 o.o 9.1 11.4 14.7 20.8 a) For given 6.K.f: and a: 

O.I 8.9 10.7 13.4 18.4 The greater p, the greater the modificd 

0.3 8.5 9.4 I0.7 13.4 cmission rcduction target ómoJ must be to 

0.5 8.0 8.0 8.0 8.0 keep the· x,,i -grcater-than-(l-óu)x •. 1 ' 

2 7.0 o.o 8.2 I0.4 13.7 20.0 risk a at a constant lcvcl (sec, c.g., country 
O.I 7.9 9.7 12.4 17.5 group I: third line: ó,noJ valucs for 

0.3 7.5 HA 9.7 12.4 a= 0.3 ). 

0.5 7.0 7.0 7.0 7.0 b) For givcn pand a: 
3:1--c 6.0 li.O 7.2 9.5 12.8 19.1 The smaller óK,, the smaller the modificd 

O.I 6.9 8.8 11.5 16.6 cmission reduction target ó,noJ can be to 
0.3 6.5 7.4 8.8 11.5 keep the' x,.1 -grcater-than-(1 - óK, )x 1.1 ' 

0.5 6.0 6.0 6.0 6.0 
risk a at a constant lcvcl (sec, c.g., ÓmoJ 

' 5.0 o.u 6.2 8.5 11.9 18.3 

U.I 5.9 7.8 10.5 15.8 
valucs for p = 7.5% and a= 0.3 ). As a 

0.3 5.5 (1..l 7.8 10.5 
consequcncc, countrics that must comply 

with a small ói:., (they cxhibit a small Ómo,J ) 
0.5 5.0 5.0 5.0 5.0 arc bcttcr off than countrics that must 

-·- 4.0 o.o 5.1 7.5 10.9 17.4 comply with a grcat ó" (thcy cxhibit a grcat 
O.I 5.0 6.8 9.6 14.9 6,.,.,). 
0.3 4.5 5.4 6.8 9.6 

0.5 4.0 4.0 4.0 4.0 

--- 3.0 O.O 4.2 6.6 IO.O 16.5 

O.I 4.0 5.9 8.7 14.0 

0.3 3.5 • •• 5.9 8.7 

0.5 3.0 3.0 3.0 3.0 

-·- 2.0 O.O 3.2 5.6 9.1 15.7 

O.I 3.0 4.9 7.7 13.1 

0.3 2.5 3.5 4.9 7.7 

0.5 2.0 1.0 2.0 2.0 

--- I.O o.o 2.2 4.6 8.2 14.8 

O.I 2.0 3.9 6.8 12.2 

0.3 1.5 ~.5 3.9 6.8 

0.5 I.O I.O I.O I.O 

;i The countries' emission limitation and reduction commitments tmder the KP are expressed with the help 
of ó.._1,, the normalizc<l change in emissions between t1 and t 2 : ór.J' > O - emission reduction; 6rJ' :$ O -

cmission limitation. 
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Table 6 continued: 

5 o.o o.o 1.2 3.7 7.2 14.0 a) For givcn 6.Kt and a: 
O.I I.O 3.0 S.8 11.3 Same conclusion for country groups 5-8 as 

0.3 0.5 1.5 3.11 5.8 for countrics committcd to cmission 

0.5 o.o o.o o.o o.o rcduction (sec a) abovc). 

6 -I.O o.o 0.3 2.7 6.3 13.1 
b) For givcn pand a: 
Same conclusion for country groups 5-8 as 

O.I o.o 2.0 4.9 10.4 for countrics committcd to cmiss ion 
0.3 -0.5 1).5 2.0 4.9 rcduction (sec b) abovc) . 
0.5 -I.O -I.O -I.O -I.O 

-·- -2.0 o.o -0.7 1.8 5.4 12.2 

O.I -I.O I.O 3.9 9.5 

0.3 -1.5 -0.5 I.O 3.9 

0.5 -2.0 -2.0 -2 .0 -2.0 

--- -3.0 o.o -1.7 0.8 4.4 11.4 

O.I -2.0 o.o 3.0 8.7 

0.3 -2.5 -1.5 o.o 3.0 

0.5 -3.0 -3.0 -3.0 -3.0 

-·- -4.0 o.o -2.7 -0.2 3.5 10.5 

O.I -3.0 -0.9 2.1 7.8 

0.3 -3.5 -1.5 -0.9 2.1 

0.5 -4,0 -4,0 -4,0 -4,0 

--- -5.0 o.o -3.7 -I. I 2.6 9.7 

O.I -4.0 -1.9 I.I 6.9 

0.3 -4.5 -3.4 -1.9 I.I 

0.5 -5.0 -5.0 -5,0 -5.0 

--· -6,0 o.o -4.7 -2.1 1.7 8.8 

O. I -4.9 -2.9 0.2 6.0 

0.3 -5.5 -4,4 -2.9 0.2 

0.5 -6.0 -6.0 -6.0 -6.0 

--- -7,0 o.o -5.7 -3. 1 0.7 7.9 

O.I -5.9 -3.8 -0.8 5. 1 

0.3 -6.5 -5.4 -3.8 -0.8 

0.5 -7.0 -7.0 -7.0 -7.0 

7 -8.0 o.o -6.7 -4,0 -0.2 7.1 

O.I -6.9 -4.8 -1.7 4.2 

0.3 -7.5 . f, ,-1 -4.8 -1.7 

0.5 -8.0 -8.0 -8.0 -8.0 

... -9.0 o.o -7.6 -5.0 -I.I 6.2 

O.I -7.9 -5.8 -2.7 3.3 

0.3 -8.5 -7.4 -5.8 -2.7 

0.5 -9.0 -9.0 -9.0 -9.0 

8 -IO.O o.o -8.6 -6.0 -2.0 5.3 

O.I -8.9 -6.7 -3.6 2.5 

0.3 -9.5 -8 .4 -6.7 -3.6 

0.5 -IO.O -IO.O -IO.O -IO.O 
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Table 7: The Und&VT concept (Eq. C-15 in combination with: Eq. D-5 [Case I: green fields], Eq. D-8 
to D-9 [Case 2: red fields], Eq. D-12 to D-13 [Case 3: red fields], and Eq. D-16 to D-18 [Case 4: 
orange fields]) applied to Annex B countries. The table lists modified emission limitation or 

reduction targets 6moc1 for all Annex B countries, where the 'x,.1 -greater-than-(1 -ÓKJ' )x 1.1 • risk 

a (Case I), the 'x,., -greater-than- (1-6,,;,)x,.,' risk a (Case 2), the 'x,., -greater-than

( I+ 6,.) x,., ' risk a (Case 3), and the 'x,., -greater-than-( 1-(6" -26,., )) x,., ' risk a (Case 4), 

respectively, are specified to be O, 0.1, 0.3 and 0.5. In the last column, we assess the 
hypothetical situation that the Und&VT concept had been applied prior to/in negotiating the KP. 
The Und& VT concept rectifies Cases 2 and 3, the cases of nondetectability (before correction), 
that is, the unfavourable situation under the Und concept under which countries complying with 
a small ói,,:r exhibit a small 6......i, while countries complying with a great ó._r exhibit a great 

6,.., (cf. 'fabie•~) 
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Table 8: The GSC #I concept (Eq. E-7 [Case I: green fields ; here, the Adj < I values have not been set 

to I], Eq. E-8 [Case 2: orange fields] , and Eq. E-9 [Case 3: red fields]) applied to Anne, 8 
countries. The table lists the required adjustments Adj for all Annex 8 countries, wherc the 

confidence {I-a) that true emissions do not exceed (overshoot) target emissions by mare than 

p = 6'"' (Cases I and 2) and p = O (Case 3) is specified to be 0.9, 0.7 and 0.5. In the last column. 

we assess the hypothetical situation thai the GSC #I concept had been applied prior to/ in 
negotiating the KP. Note the potentially unfavorable situation in Case 2, which arises when b". 

varies while p and ( I - a) are kept constant. 
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T:1blc 9: The GSC #2 concept (Eq. F-7 [Case I: green fields; here, the Adj < I values have not been set 

to I], Eq. F-8 [Case 2: orange fields], and Eq. F-9 and F-10 [Cases 3 and 4: red fields]) applied 
to Annex B countries. The table lists the required adjustments Adj for all Annex B countries, 

where the confidence (1- a) that true emission reductions (increases) will not fali below 

(above) the committed level of reductions (increases) by mare than p =O.I (Cases I and 2) and 

p = O (Cases 3 and 4) is specified to be 0.9, 0.7 and 0.5. The correlation vis 0.75 (as in ~ic,Jfan 

3.3). In the last column, we assess the hypothetical situation thai the GSC #2 concept had been 
applicd prior to/in negotiating the KP. Note the potentially unfavorable situation in Case 2, 
which ariscs when 8Kr varies while p and {I - a) are kept constant. However, for the given set 

of paramctcrs (notably, p =O.I and v = O. 75) the span between the smallest and greatest Adj 

valucs is negligible. 
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KP 
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Case I (grccn-colorcd arca): p =O.I 
Adj< I: 
Fnvorablc compliancc conditions; no ncccl 
for an adjustmcnt (Adj can be set to I). 

Case 2 (orangc-colorcd nrca): p - 6J.!.!!~ 
Adj> I: 
The grcatcr p, the unccrtainty surrounding 
the cmissions invcntory cstimatc, or the 
grcatcr (I-a), the dcgrcc of confidcncc 
that is rcquircd, the grcatcr the .idjustmcnt 

Adj. Howcvcr, the snrnllcr ÓKr , the grcatcr 

the adjustmcnt Adj to keep the confidcncc 
( I - a) at a const,mt lcvcl (sec, c.g .• Adj 

valucs for p = 15% and 1-a:::; 0.9 ). As 

a conscqucncc, colmtrics that must comply 
with a grcat 6Kr (thcy c,~hibit a small Adj) 

arc bcttcr off than countrics that must 

comply with a small 6Kr (they exhibil a 

great Adj). This is only tnie if.idjustments 
must be eompensated for by additional 
cmission reductions (undcrshooting made). 
But it must be mentioned that, for the given 
set ofparamctcrs (not.ibly, p =O.I nnd 

v = 0.75 ), the span bctwccn smallcst and 
grcatcst Adj valucs is ncgligiblc. Howcvcr, 
the oppositc is tnie ifthis c;ompcnsation is 
not compulsory and adjl1stmc11ts arc only 
uscd to cstablish a country comparison in 
terms of confidencc (confidencc made) 
without compulsory undcrshooting. In the 
lattcr case countrics that must comply with 

a small 6Kr (they exhibit a grcat Adj) arc 

bcttcr offthan countrics thai must comply 

with a grcat 6Kr (they cxhibit n small Adj). 

• The countries' emission limitation and reduction commitments under the KP are exprcssed with the help 

of 6Kr , the nonnalized change in emissions between t 1 and ti : 6Kr > O - emission rcduction; 8Kr :5 O -

emission limitation. 

66 



OA 

-I.O LO 

'1.1 

U l 

O.<J 

0.7 

o.; 

0.7 

1).5 

"·' 

fn.1cti~m:.1ł fa:c.:ur p u-hidI ;:i,l!,;w.., tLit 

trt;.: 1.·m1:-!iivn HKX,ł:>c, \':t a> fali .1h~vc 

un,'.l'Udi:1oiw:Hy :-...::t :n O ~•) C:\t' t'-,!i 

ćH;.1~:;ii:m.,, l .\"., <l-.hhti;m;ll \·mi„si\rn 

i:Kr~·;i..¼'S, ar:: d,;_•t·cptc<l, :\ :> ;i <:Dn:--.:qo.:n:;;\\ 
.1!l ,:1.)wlt::-w~ cxluht i:k.n:t-.::1! rióju:ąm.:ms 



Preparatory Signal Analysis Techniques Jonas et al. 

Table I O: Summary overview: The six signal analysis techniques and the characteristics of their numerical 
responses. To facilitate easy comparison, the techniques are grouped in pairs of two. In the last 
column, we judge whether or not a technique is in line with the spirit of the KP, mainly 
determined by the shortfalls which the techniques have Io cope with and which are related to the 
way the KP has been framed and implemented politically (see texl). Kyoto (emissions) targe1 
(KTJ. 

Technique 

CRU, VT 

Und, 
GSC#2 

Und&VT, 
GSC#l 

Given Numerical Response 

Dissimilarity between countries committed to emission 
reduction (oK, > O) and limitation (8KP,;; O) depending on 
whether more lenient or stricter KTs arc introduced: 
OKP> O: Stricter over mare lenient KTs are favored 
OKP:$; O: More lenient over stricter KTs are favored 

risk a -1- • undershooting Und t 
confidence (1-a) t • adjustment Adj t 

______ f<_o_r_a_n}'. uncertainty 

Ót:..r 

pand a 
(or 1-a) 

pand a 
(or I-a) 

uncertainty pt • undershooting Und t 
uncertainty pt • adjustment Adj t 
for any risk a or confidence (1-a) ---···--·-- --- . __ _ 
8„ -1- • undershooting Und t but modified KT 8_, -1-

8„ -1- • adjustment Adj tor Adj =const (but 

relative to KT 

as under Und and GSC #2 

as under Und and GSC #2 

8., • modified KT 6_. is made 'detectable' 

(according to Cases 2-4 in Figure 4)' 
8„ -1- • adjustment Adj tor Adj =const (but relative 

toKT) 

In the Spirit of 
the KP?a 

No 

Yes 

Yes 

Und: No 
GSC #2: Yes" 

Yes 

Yes 

Und&VT: Yes' 
GSC#I: Yes' 

:a Under the assumption that accounting GHG emissions bottom-up and top-down do not cxhibit binscs. 

b If applied in the undershooting mode. 

c Statement docs not refer to the case of detectability under emission reduction ( 8-.:..r 2' bm, >O: Cnsc I) 

which has been left unaltered; it behaves like the Und concept from a numerical point of view. 
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