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Abstract

The Kyoto Protocol (KP) requires an accounting system that is meant to separate
anthropogenic (including natural but human-induced) from natural greenhouse gas
(GHG) emissions. This approach is not expedient for CO,; over and above the standard
argument that humanity’s footprint on the carbon cycle is hard to distinguish from
nature’s. The choice of favouring an accounting system, which includes the human-
induced part of nature “by agreement” but may be faulty, over an accounting system,
which includes all natural sources but exhibits great uncertainties, is crucial for
compliance. The extent to which neglect of full carbon accounting (FCA) and
uncertainty in the Kyoto policy process may threaten the compliance process is

unknown. The recently completcd country-scalc FCA study of Austria, our second such




case study (the first being of Russia), builds a bridge from FCA to partial accounting
under the KP and also considers uncertainty. The studies point to significant gaps in the
methodology behind the KP for accounting GHG emissions, somc of which had been
foreseen in theory by studying carbon accounting vis-a-vis uncertainty on a systcms-

analysis basis, and assess how these gaps can be bridged.
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1. Introduction

The Kyoto Protocol (KP) contains the first legally binding commitments to limit
or reduce the human-induced emissions of six greenhouse gas (GHG) groups (CO,,
CH,, N0, HFCs, PFCs, and SFg) (UNFCCC, 1998a). Two crucial issues that had not
appropriately been taken into account at the time of writing the KP relate to full carbon
accounting (FCA) and accounting for uncertainty (Bolin, 1998; German Advisory
Council on Global Change, 1998; Steffen et al., 1998; Schulze et al., 2002). The extent
to which neglect of these two issues may threaten the KP and its compliance process is
still unknown. Here we present the recently completed country-scale FCA study of
Austria (Jonas and Nilsson, 2001), our second such case study, the first being of Russia
(Nilsson ef a/., 2000). The Austrian study builds a bridge from FCA to partial
accounting systems such as that mentioned under the K, and also considers
uncertainty. The two country studics lcad to conclusions of general relevance, some of
which had been foreseen in theory by studying carbon accounting vis-a-vis uncertainty
on a systems-analysis basis (Jonas er al., 2000; Nilsson et al., 2001; Victor, 2001),
affirming that the KP requires major revision to appropriately deal with the Earth

system.



We studied the detection of uncertain nel emission ehanges (emission signals) in
order to uncover the gaps in the methodology behind the KP for accounting GHG
emissions and to assess how these gaps can be bridged. FCA is increasingly regarded
by scientists as the relevant basis for negotiating GHG emission reductions. However,
no practical guide exists that deseribes how FCA and, subsequently, logical partial

- earbon accounting (PCA) envisaged under the KP or the Revised 1996 IPCC Guidelines
for National GHG Inventories (hereafier 1996 GHG Guidelines), should be carried out
(Steffen et al., 1998; UNFCCC, 2001; Schulze er al., 2002). Accounting for uncertainty
is addressed by the IPCC Good Practice Guidance for the anthropogenic sectors Energy,
Industrial Processes, Agriculture, and Waste (Penman e al., 2000). In the Land Use
Change and Forestry (LUCF) sector, the uncertainty issue is belicved to have been
solved, at least for Article 3.4 activities (forest management, agricultural activities),
with the introduction of country-specific allowable-sink caps during the Sixth and
Seventh Sessions of the Conference of the Parties to the UNFCCC (UNFCCC, 2001;
Schulze et al., 2002). Nevertheless, (he two issues are interrelated: the uncertainty issuc
cannot be resolved without properly addressing FCA, which is only onc reason for
predictions that the Kyoto Protocol will not accomplish its mission (Jonas et al., 2000;

Nilsson et al., 2001; Victor, 2001).

Our Austrian study resulted in the production of a carbon-consistent database.
The Austrian Carbon Database (ACDDb) is organized into five modules: AGRO
(Agriculture), CONSU/WASTE (Consumption and Waste), ENERGY (Energy),
FOREST (Forestry), and PROD (Production) (Jonas and Nilsson, 2001). It uses
publicly available data, including measured data, from around 1990 and emphasizes the
transparent understanding ol both mean values and uncertainties. The ACDb does not
replace existing, officially agreed and widely accepted Austrian databases; instead, it
provides a thematically less detailed but carbon-consistent standard that allows

quantification of the uncertainties underlying thcse databascs when they are used in a



wider (Austrian-integrated) context. The database was designed using insights gained
from IIASA’s full carbon account for Russia (Nilsson ef al., 2000) and took into
consideration other research and scctoral inventory or accounting studies carricd out in
Austria (Orthofer ez al., 2000; Weiss et al., 2000; Winiwarter and Rypdal, 2001).
However, in contrast to IIASA’s Russian study, from the beginning the ACDb study
explicitly evaluated uncertainty. Proper treatment of uncertainty is particularly critical
in order to cusure that the Parties’ compliance with the KP can be verified and that the

Protocol will function (Fig. I).

2. Thecoretical investigations (deductive rescarch)

Both FCA and accounting for uncertainty are closely associated with theoretical,
top-down research (phase [; Section 2), which was carried out prior to the applied,
bottom-up ACDb study (phase II; Scction 3). The ccntral issues addresscd in phase I are
methods for carbon accounting (Scction 2.1), verification of systems exhibiting different

dynamics (Section 2.2), and Kyoto-eligible market mechanisms (Section 2.3).

The definition of verification uscd as a reference was taken from the IPCC
(Penman et al., 2000: Annex 2). It is sufficient as it specifies verification toward the
intended purpose of the KP, which can only be done from an atmospheric point of view:

What matters is what the atmosphere sees!

2.1 Methods for carbon accounting

The KP’s principal spatial reporting unit is partial GHG accounting (PGA) on the
country scale. This implies that net emission changes of specified GHGs (including
allowable sinks) are verifiable on this spatial scale over a fixed period of time from a
basc year. To account for changes in anthropogenic CO,-equivalent emissions (referred
(o as fossil fucl or FF emissions) over time, the KP stipulates that mean values are to be

compared on the basis of percentages (of both the base year and the commitment




period) (UNFCCC, 1998a: Annex B). Subtracting mean values (referring either to the
beginning and end of the commitment period or to the base year and commitment

period) is proposed for LUCF activities. Changes in net LUCF emissions are added to
the countries’ change in FF emissions (UNFCCC, 1998b: Decision 9/CP.4; UNFCCC

2001).

The IPCC defines uncertainty with respect to two pre-defined points in time
(Noble et al., 2000: Scction 2.3.7; Penman ez al., 2000: Chapter 6). Fig. 2 reflects this
concept, based on two different types of uncertainty, totat and trend uncertainty'. The
figure shows that the knowledge of total uncertainty at only two times may lead to
interpretationat difficulties as to what the emission signal is and whether or not it is
greater than its underlying uncertainty. A physically based concept, which we have
named verification time (VT) concept, that grasps total uncertainty dynamically over
time (see Section 2.2) provides a more adequate basis for dealing with this uncertainty—
verification issue. Trend uncertainty is not favoured by researchers in the field of signal
detection because it provides only second-order information (the change of a change);

that is, trend uncertainty cannot verify a realised change in net emissions.

In contrast, global carbon research focuses largely on global-scale FCA.
Atmospheric carbon measurcments, including those of carbon isotopes and atmospheric
oxygen as well as eddy-covariance measurements, allow for FCA on the global scale
and offer the potential to distinguish between FF, terrestrial biospheric, and oceanic CO,

sources and sinks. However, they do not distinguish betwcen a Kyoto biosphere and a

! The total (or level) uncertainty reflects our real diagnostic (accounting) capabilities, that is, the
uncertainty that underlies our past as well as our cuirent observations (accounts) and that we will have to
cope with in reality at some time in the {uture (¢.g., commitment year). The trend uncertainty reflects the

uncertainty of the difference in net emissions between two years,



non-Kyoto biosphere™. The division of the terrestrial biosphere into a Kyoto and a

nou-Kyoto component thus eliminates the possibility of top-down verification.

Looking ahead, we consider the merging of the bottom up—top down (dual
constrained) verification, as pursued by the global carbon rescarch community, with the
temporal verification, as demanded by the KP, as a major research challenge. Box 1

visualizes this challenge graphically.

2.2 Verification of systems exhibiting different dy ics and uncer

To analyzc the impact of uncertainty on the verification of systems exhibiting
differcnt dynamics and uncertainties, we considercd the aforementioned VT concept,
which requires that the absolute change in nct carbon emissions (signal), |AF,,,, (¢ ,] at
time £, {c.g., commitment year), with reference to time #; (e.g., base year) (1 < £2), be
greater than the total (absolute) uncertainty in the nct carbon emissions at time £, &(ty),
that is, |4F,,(t,) > &(t,) (Jonas et al., 1999). Under the assumplion that linear
approximations are sufficicnt for our purposes, we obtain an expression for the VT until

the signal outstrips uncertainty:

e(t,)
At , i
> () @
dr |, \ar),

2 Articles 3.3 and 3.4 of the Kyoto Protocol stipulate that human activities related to LUCF since 1990
can be used to meet 2008-2012 commitments. Here, the part of the terrestrial biosphere that is aflected by

these Kyoto-comptiant LUCF activitics is referred to as the Kyoto biosphere, and its pl as the

non-Kyoto biosphere.
? Top-down FCA on sub-global scales faces a number of additional fundamental as well as practical

limitations. See Jonas and Nilsson (2001: Scction 3.1.5) for details.




requiring that the signal be greater than the change in uncertainty:

dE,f.} >(£) . @
dr dr
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Inequality (1) can be used to study the combination of net emissions of both
Kyoto-eligible LUCF activities and FF burning on national scales. A great amount of
uncertainty in the net emission account (numerator) and/or a relatively small rate of net
emission change (denominator) owing to the implementation of LUCF activitics may
cause the VT to become very great (for simplicity, wc assuine no change in uncertainty
here and in the following) (Fig. 3a, b). Thercfore, a major political challenge in using
the PGA framework of the KP is to demonstrate that no country can validly claim
benefits by implementing LUCF (e.g., afforestation and reforestation) activities. By
doing so, these countries would gain an advantagc over others that manage only FF
emissions that are verifiable at the time of commitment. In other words, by
implementing LUCF activities, countrics could potcntially escape non-compliance

sanctions by claiming that their carbon accounts requirc more time for verification.

2.3 Murket mechanisms

The KP endorses market mechanisms that allow Annex I Parties to reduce
ermissions with and without non—-Annex I Parties. To avoid breakdown of the carbon
trading market due to competition and poor-quality reporting, Obersteiner et al. (2000)
proposed a verification clause for cmissions trading. They developed a system for
pricing uncertainty in the process of recognizing uncertain cmission reductions.
Biospheric measures were not a priori disqualified despite the great uncertainty they
carry. Temporal verifiability of national GHG emission changes—assured by a
sufficiently small VT—was acknowledged and adhered to before permission was given
to explore alternative economic paths. That is, system constraints (here, represented by

the VT) were sct before the cconomy was liberalized. This approach can be gencralized



with respeet to cnvironmental indicators of biospheric systems that go beyond the
concerns of reducing carbon emissions. To ensure that additional environmental
constraints (e.g., sustainability criteria) are [ulfilled, they need to be introduced as an
essential precondition before economic measures are permitted to take effect. It is this
reasoning that undcrlies the numerous attempts to introduce the notion of sustainability
and other environmental standards into the KP (Nilsson, 2001; Obersteiner ef al., 2001).
However, the entire Kyoto poliey process has run in the opposite direction so far: the
cconomy has been liberalized while the cnvironmental constraints have not yet been

specified.

A weakncss of economic approaches—the assumption of linear dynamics—is also
illustrated by examination of Obersteiner er /. (2000). The physical reality is more
complex. Annex I Parties typically exhibit a dynamical PCA behaviour in regard to FF
emissions limited to CO, (PCA(FF: CO,)) that is nonlinear on short time scales (Gusti
and Jeda, 2002). The consequences can be vexing (Fig. 3¢, d). The systems’ properties,
in our case the VT, behave nonlinearly as well (in fact, the VT begins to jump).
Superimposing such a system on a system that exhibits a slow (lincar or nonlincar)
dynamical behaviour and/or great uncertaintics makes matters worse. Instead of
mastering nonlinear PCA(FF: CO;) systems by minimising their non-verifiable time
periods, we do the opposite and increase these periods by combining systems with
dilferent dynamics and/or uncertaintics, for cxample, PCA(FF: CO,) and PCA(LUCF)
systems, or even PGA(FF: CO,) and PGA(FF: non-COa) systems, A physically
adequate treatment would require interdependent cost functions for cmission and
uncertainty reductions, as well as ensured verifiability and the preservation of

environmental standards.

Precautionary thinking leads to the conclusion that the KP must separate systems

and tackle them individually. Even if systems are treated separately, highly complex




problems remain that require systcms analysis, taking into account environmental and

possibly other considerations.

3.  Insights from experience (inductive rescarch)

A specific insight gained during work on the ACDb FOREST meodule relates to
the availability of the “two-sided” statistics that Austria as a “data-rich” country
provides in a number of cases (Scction 3.1). Thesc generally disagree, offering the rare
possibility of scrutinising the quality of country reviews where the countrics have
provided only “one-sided” statistics. In the short term, increased data richness will
probably uncover more such predicaments. The national-scale implications of these

“two-sided” statistics are followed up in the ENERGY module (Scction 3.2).

3.1. Specific insight

In assembling the FOREST module for 1988-1994, the disagreements between
two “two-sided” statisties had to be overcome, The first disagrecment is associated with
the exploitation—harvest discrepancy between Austria’s Forest Inventories and the
Austrian Wood Balance. The second disagreement relates to the conservation of matter,
namely, between the left- and right-hand sides of the equation temporal change in
standing stock = net growth minus exploitation. To bridge these statistical
inconsistencies, we utilized the concept of an uncertainty range, covering the measured
biases of the two individual statis(ics plus each of their standard deviations (random

errors) (Nilsson et al., 2000: Section 2.5; Jonas and Nilsson, 2001: Section 2.2.2)4.

“ This uncertainty concept acknowledges the existence of both available knowledge and lack of
knowledge when accounting net carbon emissions. However, lack of knowledge is addressed in a way
that is necessary but not sufTicient. The concept is in accordance with the International Organization for
Standardization (1SO, 1995), which distinguishes between “Type A” and “Type B” uncertaintics. Type A

is the evaluation of uncertainty by the statistical analysis of a series of observations. Type B is the



Applying this concept twice, we can thus assign an overall relative uncertainty to the
mass balance equation that takes the exploitation—harvest discrepancy into account. This
relative uncertainty is >40% and falls into class 5 of our scale, while the feft- and right-
hand sides of the mass balance equation fall into classes 5 and 4 (20-40%),

respectively®.

How mecaningful is a KP cinbcdded with uncertainties derived from non-
standardiscd systems views, or from “one-sided” statistics? The accounting of forest-
related LUCF activities follows the remporal change in standing stock (i.c., the left-
hand side of the law of conservation of mattcr) (UNFCCC, 1998b: Decision 9/CP.4;
UNFCCC 2001). This side of the equation reveals the greater uncertainty, potentially

even greater than 100% (if non-permancnt survey plots are used that do not permit the

evaluation of uncertainty by any other means (see Jonas and Nilsson, 2001: Section 4.1.2 for details). For
the ACDb, we chose the 68% confidence total to report uncertainty because striving for a higher, purely
mathematical confidence level cannot be justificd physically as long as we have to cope with uncertainty
ranges as a result of inconsistent or missing knowledge in realizing full carbon accounts.

* In the ACDb, the calculation of uncertaintics follows the law of uncertainty propagation, which requires
that the data be normaily or “close-to-normatly” distributed and not correlated among one another.
However, this may not always be the case, and the need for pragmatic approximations arises. In addition,

in a great number of eascs it turns out to be advisable for physical to simplify calculations. We

found all our (total) uncertainty calculations and approximations to be quite robust when utilising five
relative uncertainty classes: class 1: 0-5%, class 2: 5-10%, class 3: 10-20%, class 4: 20-40%, and class
S: >40%. The definition of these classes is arbitrary and attempts to satisfy simple practical considerations
as to how many different intervals we wanted to resolve (see Jonas and Nilsson, 2001: Section 4.1.3 for
details). The relalive uncertainty classes constitute a robust means to get an effective grip on
uncertainties. The reporting of exact uncertaintics is not justified in light of the inconsistent accounting of

carbon under the KP and for the rcasons mentioned in footnote no. 4.




reduction of uncertainty due to correlation). Two large numbers are subtracted from

each other and the small diffcrence between them entails a great uncertainty.

To conclude, PCA under both the 1996 GHG Guidelines and the KP does not
ensure that the physical law of conservation of matter is rigorously preserved in
deriving net biospheric sink strengths. (Compliance with this physical boundary
condition can lead to greater uncertainty in the accounting). The accounting of nct
biospheric sink strengths under the KP is least trustworthy, exhibiting unacceptably
great uncertainties that may have crucial implications for implementing Article 3.3

activities (afforestation, reforestation, deforestation) under the Protocol.

3.2, National-scale implications

In the ACDb ENERGY module, the national-scale effect on uncertainty was
studied using different accounting schemes that are consistent with onc another. These
calculations facilitate a direct and transparent understanding of both mean values and
uncertainties. The three accounting schemes considered fall into the source/sink
categories of the 1996 GHG Guidelines: (A) FCA as in the ACDb; (B) PCA [ollowing
the 1996 GHG Guidelines; and (C) FCA following the 1996 GHG Guidelines®. Threc

distinct and relevant results are shown in Table 1:

6 (A) FCA as in the ACDb. This accounting scheme is determined by the logic of the ACDb. Emissions
from ENERGY are derived from the Osterreichische Lufischadstoff-Inventur (OLI, Austrian Air Pollutant
Inventory) by taking into consideration only the energy-related source categories 1 (Energy), 2 (Industrial
processes: Iron and steel production: Combustion and calcination), and 6 (Waste: Electrification). The
CO; emissions that result from the buming of biogenic fuels and fuelwood enter the accounting. The
remaining emissions/removals appear—neglecting minor incensistencies (see Jonas and Nilsson, 2001:

Section 4.2.5 for details)—in the other modules of the ACDb.



1. The uncertainty of CO, dominates the total uncertainty in all accounting
schemes. FF-related CO, emissions (i.¢., IPCC source categories |
[Energy}, 2 [Industrial processes], and 6 [Waste: Electrification]) exhibit
the smatllest relative uncertainty classes, a situation that is typical for many

countries.

2. An attempt to carry the bridging experience of “two-sided” statistics with
the ACDb, applicd to the FCA as under the 1996 GHG Guidclines,
simulates and uncovers an cffect arising from uncertaintics of the type
emissions minus removals. Reducing the total national CO; emissions by
IPCC category 5 (LUCF) increases their rclative uncertainty (here, from
class 1 to 3) under FCA, but not under PCA. This is because a practically
identical LUCF sink strength (9.15 versus 9.21 10°tC yr”', both of which
are estimates of the sink strength of Austria’s exploitable forest) with a

greater relative uncertainty class (class 5 versus class 3) enters the FCA

{B) PCA (or PGA) following the 1996 GHG Guidelines. The emissions from/removals by all six
source/sink categories are considered and taken from OLI, following Austria’s official reporting
procedures. The uncertaintics underlying this accounting scheme were investigated by W. Winiwarter and
R. Orthofer (2000) for CO,, CHa, and N;O. (For an advanced comparison of results, we carry along N,O
in the calculations.) The burning of biogenic {ucls, fuclwood, and peat as well as the on-site burning of

straw is treated as CO; neutral.
(C) ECA (or FGA) following the 1996 GHG Guidelines. This accounting scheme is similar to the one in

(B), but it utilizes non-encrgy-related emissions/removals from the ACDb to the extent they are specificd
(sce Jonas and Nilsson, 2001: Sectien 4.2.5 {or details). The CO, emissions that result from the burning of
biogenic fuels and fuelwood as well as from the on-site buming of straw enter the accounting. (ot an

advanced comparison of results, we carry along N;O in the calculations.)













































