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Abstract Uncertainty analysis facilitates identification of the most important categories

affecting greenhouse gas (GHG) inventory uncertainty and helps in prioritisation of the

efforts needed for development of the inventory. This paper presents an uncertainty analysis

of GHG emissions of all Kyoto sectors and gases for Finland consolidated with estimates of

emissions/removals from LULUCF categories. In Finland, net GHG emissions in 2003 were

around 69 Tg (±15 Tg) CO2 equivalents. The uncertainties in forest carbon sink estimates in

2003 were larger than in most other emission categories, but of the same order of magnitude as

in carbon stock change estimates in other land use, land-use change and forestry (LULUCF)

categories, and in N2O emissions from agricultural soils. Uncertainties in sink estimates

of 1990 were lower, due to better availability of data. Results of this study indicate that

inclusion of the forest carbon sink to GHG inventories reported to the UNFCCC increases

uncertainties in net emissions notably. However, the decrease in precision is accompanied by

an increase in the accuracy of the overall net GHG emissions due to improved completeness of

the inventory. The results of this study can be utilised when planning future GHG mitigation

protocols and emission trading schemes and when analysing environmental benefits of climate

conventions.

1 Introduction

As the changing climate is seen as a serious environmental threat to nature and mankind, the

world’s nations agreed in 1992 in Rio de Janeiro on the United Nations Framework Con-

vention on Climate Change (UNFCCC 1992). The ultimate objective of the Convention is
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to stabilise the greenhouse gas (GHG) concentrations in the atmosphere at a non-dangerous

level. In 1997 in Kyoto the Parties to the Convention agreed on a protocol giving specified

emission reduction commitments to developed countries (UNFCCC 1997). Requirements

concerning reporting of emissions have been defined both in the Convention and the Kyoto

Protocol, and further reporting rules have been set in the Conferences of Parties to the Con-

vention (e.g. UNFCCC 2002). At the request of the Convention, the Intergovernmental Panel

on Climate Change (IPCC) has developed practical guidelines for estimation and reporting

of greenhouse gas emissions and removals (IPCC 1997, 2000, 2003). Industrial Parties of the

Kyoto Protocol (Annex I Parties) have to report annual emissions from energy, transportation,

agriculture, waste management, industrial processes and product use. In addition, emissions

and removals of land use, land-use change and forestry (LULUCF) are to be reported (UN-

FCCC 2004a). Even though reporting of the LULUCF categories is required, in achieving

the Kyoto target, only a small share of the sink can be credited according to the articles 3.3

and 3.4 of the Protocol and subsequent rules set by the Conference of the Parties. Article

3.3 covers afforestation, reforestation and deforestation, and article 3.4 covers revegetation,

forest management, cropland management and grazing land management. (UNFCCC 2001,

2002; Pohjola et al. 2003).

In recent years, the reporting of the LULUCF sector under the UNFCCC has focused on

the changes in the carbon stock of trees on forested land; according to the Kyoto Protocol

and the Marrakech Accords, signatory countries have a commitment to report emissions or

removals of different carbon pools including above- and belowground biomass, litter, soil

organic carbon and dead wood (UNFCCC 2001). In addition to the forested land, reporting

should cover other land-use categories as well as land-use changes between categories and

related changes in the carbon pools (IPCC 2003).

The IPCC (2003) guidance provides users with three methodological tiers that progress

from low to higher levels of certainty in estimates of emissions and removals. Tier 1 applies

simple equations with default values given by the IPCC (2003), whereas Tier 3 requires

country specific data and may apply complex national systems with sophisticated methods

and country-specific parameters. In Finland, reported carbon sink of trees on forested land

contribute notably to the national GHG budget (Statistics Finland 2005a), and forests are

expected to continue to be one of the key categories. According to the decision tree given for

methodological choice in IPCC Good Practice Guidance for LULUCF (IPCC 2003), Tier 3

method should be used if: (1) a category is a key category; (2) the subcategory in question

(biomass, soil, dead organic matter) is significant in magnitude; and (3) country-specific data

and methods are available. Because all the three conditions are fulfilled in Finland for carbon

stock change in living biomass in the category ‘forest land remaining forest land’, Finland

will very likely apply and develop methods that represent Tier 3. Estimation of soil carbon,

which has not yet been reported to the UNFCCC but will be included in forthcoming reports,

may be based on a dynamic soil carbon model that uses forest inventory data and climatic

parameters as input (Statistics Finland 2005b).

From 2005 onwards, national inventory reports should provide uncertainty estimation of

the GHG inventory including sinks and following methodological guidance given by the

IPCC (2000, 2003). Uncertainty estimates are needed to prioritise efforts to improve the

accuracy and precision of inventories in the future. The IPCC guidance (2003) proposed two

methodological tiers for uncertainty analysis: (1) error propagation equations; and (2) Monte

Carlo simulations.

Simulation-based uncertainty estimates of GHG emission inventories have thus far only

been made in some industrial countries – Australia (Australian Greenhouse Office 2004),
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Austria (Winiwarter and Rypdal 2001), Finland (Monni et al. 2004a), Norway (Rypdal and

Zhang 2000), the UK (Charles et al. 1998), and the USA (EIA 2004). These estimates cover

most anthropogenic sources of GHGs reported to the UNFCCC, but only the estimates for

Austria and the UK include also removals (or emissions) from land-use change and forestry.

Uncertainties in forest carbon budget projections have been addressed in various studies

separately from GHG inventories (e.g. Peltoniemi et al. in press; Paul et al. 2003a, b; Smith

and Heath 2001; Heath and Smith 2000; Zhang and Xu 2003; Nilsson et al. 2000). In general,

it is expected that the reported uncertainties in sinks will be notable, and the inclusion of sinks

will increase the uncertainty estimate of the total GHG inventory (Rypdal and Winiwarter

2001; Winiwarter and Rypdal 2001; Nilsson et al. 2000). However, accuracy of total GHG

budget increases with increasing coverage of the inventory, even though the precision of

estimates of net emissions may decrease.

Collecting information about the uncertainty of the estimates is crucial in order to provide a

complete picture of the extent to which carbon accumulation into forests may offset the effect

of emissions from fossil fuel combustion and other anthropogenic sources. This information

is of use in decision making, if one wants to be certain that GHG mitigation commitments have

real environmental benefits. Information on uncertainties concerning emissions and sinks can

also be used to give priorities for further improvements of emission and sink estimation.

This paper presents uncertainty analysis of the forest carbon sink that was calculated on

the basis of forest inventory data with biomass models and a dynamic soil carbon model.

These models were consolidated with the KASPER model that calculates uncertainties

of other GHG emission sources (Monni et al. 2004a) and LULUCF categories (agricul-

tural cropland and grassland, biomass burning on forest land, agricultural lime application,

N fertilisation of forests) (Statistics Finland 2005a). The aim of the study is to give a picture

of the effect of the forest carbon pool on the overall uncertainty of national GHG inventory.

Uncertainty analysis and identification of key categories were carried out using the Tier 2

method of the IPCC Good Practice Guidance for LULUCF (IPCC 2003). Consequently, key

category analysis utilised uncertainty assessment carried out using Monte Carlo simulation

to combine uncertainties. The uncertainty estimate and key category analysis presented in

this paper cover all anthropogenic GHG emissions and removals which Finland reported to

the UNFCCC in 2005 (Statistics Finland 2005a). In this study, the model and uncertainty

estimate of carbon sink of forest biomass was more detailed than the one used in the National

Inventory Report (Statistics Finland 2005a). In addition, uncertainty of carbon stock change

in forest soils (not yet included in the official reporting to the UNFCCC – Statistics Finland

2005a) was estimated by a dynamic model. This estimate excludes the changes in land use

as well as carbon stock of peat soils in forest land.

2 Material and methods

2.1 Calculation of emissions and removals

In Finland GHG emission inventory reported to the UNFCCC covers energy, transportation,

industry, solvent and other product use, agriculture, waste, and land-use change and forestry.

The emission inventory is compiled as a joint effort of various institutions – namely Finnish

Environment Institute (SYKE), VTT Technical Research Centre of Finland, Finnish Forest

Research Institute (Metla), MTT Agrifood Research Finland, and Statistics Finland. Statistics

Finland is the responsible unit for the GHG inventory in Finland.
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2.1.1 Estimation of emissions from energy, industry, agriculture and waste sectors

In the Finnish GHG emission inventory, emissions from stationary combustion are estimated

based on import and export statistics, fuel consumption and emission factors. Data are partly

plant- or boiler-specific, taking into account different combustion processes and different fuel

mixes, and partly based on a top-down approach, i.e. on fuel statistics. Emission factors used

are mainly national (Statistics Finland 2005a). Emissions from transportation are estimated

based on vehicle mileages driven using emission factors suitable for various subcategories.

Fugitive emissions from fuels arise from peat production and oil and gas operations. Emis-

sion factors for fugitive emissions from peat production are country-specific, because other

suitable data are not available. In agriculture, activity data is based on agricultural statistics

on animal numbers, area of agricultural land, etc. Emission factors used are both national and

IPCC emission factors. The emissions from landfills are calculated using a dynamic waste

degradation model, the parameters of which are partly national and partly IPCC default

parameters (Statistics Finland 2005a).

2.1.2 Estimation of carbon sink/source of living biomass

The estimates of the forest carbon sinks/sources used in this study were based on national

forest inventory data. The volumes of the growing stock estimated by national forest inventory

(NFI) were used as a basis for forest biomass estimation.

National forest inventory has measured growing stock of forests for decades. Latest inven-

tories had about 70 000 inventory plots from where trees were measured. The cycle of a single

inventory is about 10 years. In addition to growing stock, information on increment, growth

index, natural mortality, etc. is collected in these inventories. A more detailed description of

the 8th NFI is available in Tomppo et al. (2001).

In this study, the estimates of the carbon stock and sink of forest vegetation were specific

to forested land according to NFI classification (i.e. forests excluding other wooded land

where the stem volume growth is less than 1 m3yr−1).

The estimates of emissions or removals were calculated as the difference between stocks

in two consecutive years (1989–1990 and 2002–2003). The volume and the area measured

by the NFI for the forests in Southern and Northern Finland were assigned to the volume

weighted mean years of the inventory periods (a period of about 5 years in Southern Finland,

and 3 years in Northern Finland). Stock estimates were available for 1983, 1993 and 2002

for Northern Finland, and for 1988 and 1998 for Southern Finland. Stocks for years after the

last inventory mean years were extrapolated. Stocks between the inventory mean years were

interpolated and adjusted with annually reported drain (timber removed from the forests) and

with growth indexes that describe the annual volume growth of a tree species compared to the

average of that time series. Growth indexes were estimated for Scots pine (Pinus sylvestris)

and Norway spruce (Picea abies) and separately for Southern and Northern Finland based

on increment cores that were collected during the field surveys of NFIs (Henttonen 1998).

Reported growth indexes were available for 1989 and 1990, but for 2002 and 2003 long-term

averages were used. For Birches (Betula pubescens and Betula pendula), an average of Scots

pine and Norway spruce was used.

The volume estimates were converted to biomass by tree species and age-class specific

biomass expansion factors (BEFs) (Lehtonen et al. 2004a). These component-specific BEFs

can be used to convert stem volumes to biomass components, like foliage, branches, stem and

roots. BEFs are a product of volume of biomass component and its density value, compared

to stem volume. Each of these biomass components has an average life span that is used to
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estimate annual litter production. Litter production is thereafter used as an input to the soil

model that estimates decomposition of this input based on climatic data and litter quality.

Biomass estimates for understorey vegetation were based on a model that relates stand age to

average vegetation biomass per unit area. Regression models for understorey biomass were

based on measured vegetation cover to aboveground biomass relation on ten experimental

sites with 100 sample plots, and also on measured vegetation cover data to stand age relation

on 1830 sample plots. Parameter values for these regression models were published by

Peltoniemi et al. (2004). Finally, all the biomass was converted to carbon using a carbon

content of 50%.

2.1.3 Assessment of soil carbon of upland forest soils

In this study, estimation of the soil carbon stock changes was made using the dynamic soil

carbon model Yasso (Liski et al. 2005). The model requires data on annual litter produc-

tion and climate, which is described with effective temperature sum as input. The model

describes decomposition and dynamics of soil carbon in well-drained upland soils (soils in

which poor drainage does not slow down decomposition). This analysis covers the upland

forest soils (16.1 million ha), which is about 77% of the Finnish forest area. The Yasso

soil model was linked with empirical models that estimate annual litter fall as described in

Section 2.1.2. The total litter input includes litter from living trees, understorey, natural mor-

tality and harvesting residues; the input was provided for each main species, and separately

for Southern and Northern Finland. The linkage between the two models (Yasso and model

for carbon in living biomass) is described in more detail by Liski et al. (accepted).

Soil carbon stocks were calculated annually from 1988 to 2003. The initial soil carbon

stocks at the beginning of the calculation were set by assuming the soil to be in steady state

in 1988 and using litter input and climate data from that year. Thus, the trend in soil carbon,

which may exist due to increasing litter production because of increasing growing stock size

prior to the year 1988, was eliminated.

2.1.4 Estimation of other LULUCF categories

Carbon stock change in agricultural grassland and cropland was estimated in the Finnish

2005 inventory using mainly methodologies of the IPCC (2003). In the case of mineral

soils, emissions/removals were estimated based on carbon stock changes, and in the case of

organic agricultural soils, national and IPCC emission factors were used (Statistics Finland

2005a). Emissions from agricultural lime application, nitrogen fertilisation of forests and

biomass burning were estimated using IPCC emission factors and national activity data

values (Statistics Finland 2005a).

2.2 Uncertainty estimates

In general, estimation of GHG inventory uncertainty can be based on measurement data,

domestic and international literature, IPCC default uncertainties or expert judgement. In

this study, measurement data and literature were used in all cases where suitable data were

available. In many cases, available data had to be complemented with expert judgement, and

in some cases, estimates had to rely entirely on expert judgement. Expert judgements were

obtained from Finnish national experts involved in inventory compilation or in specification

of input parameters for the models used (see Appendix 1 and Monni et al. 2004a). Input

parameter uncertainties were given mainly by uniform, normal and lognormal distributions
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(Appendix 1) as suggested also by the IPCC (2000). A normal distribution was used most

frequently because it is usually suitable for the estimation of symmetrical uncertainties where

the specified mean value can be assumed more probable than the other values in the range. In

cases where the possible range of values was known, but there was no good basis to assume

which is the most likely value, a uniform distribution was used. If the parameter could

only assume positive values and uncertainty was estimated to be asymmetric, a lognormal

distribution was used.

In this study, uncertainty estimates of different parameters were combined using Monte

Carlo simulation, as recommended by the IPCC Good Practice Guidance for LULUCF (IPCC

2003). In the Monte Carlo method, random numbers are generated from input distributions

(e.g. thousands of times), and the output distribution is calculated based on each set of random

numbers.

2.2.1 Uncertainty of the energy, industry, agriculture and waste sectors

In the energy sector, uncertainty in aggregated fuel consumption was estimated using dif-

ferences between bottom-up and top-down methods (i.e. import vs. export statistics were

compared with consumption figures). This reflects systematic error in fuel statistics (IPCC

2000), and random error is likely to be small in energy statistics (EIA 1997). This is a reliable

method for uncertainty estimation in Finland, where all fossil fuels (coal, oil, natural gas)

are imported. For domestic fuels (peat, biomass), uncertainty was estimated based on expert

judgement. Uncertainty estimates of emission factors were based on available measurement

data combined with expert judgement. Some specific features of Finnish energy production

(e.g. wide use of peat and fluidised bed combustion) also resulted in specific needs for the

estimation of emission factor uncertainties (Monni et al. 2004a).

Fugitive emissions from peat fuel production are very uncertain, and the emission source

is also very specific for Finland. Uncertainty estimates of this source were based on area

estimates, scarce measurement data of emissions, literature and expert judgement (Monni

et al. 2004a). This emission source is very closely linked to the LULUCF category.

In non-combustion industrial processes, both plant-specific measurement data and expert

judgement were used for the estimation of uncertainty in CO2, CH4 and N2O emissions.

The uncertainty in F-gas (hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulphur

hexafluoride (SF6)) emissions was assessed at the Finnish Environment Institute and reported

in the National Inventory Report (Statistics Finland 2005a).

Uncertainty estimates of the agriculture sector are presented in detail by Monni et al.

(2006). In this sector, some specific features occur: (1) suitability of the IPCC default emission

factors to Finnish climate and agricultural practices is an important issue when estimating

uncertainty (Monni et al. 2006); and (2) annual variation in emission factors is treated as

uncertainty in the analysis – this is the case also in other sectors, but in agriculture this

variation is especially significant, e.g. in the case of N2O emissions from agricultural soils

(Monni et al. 2004a).

In the waste sector, uncertainty analysis of emissions from landfills was carried out using

the dynamic waste degradation model. The uncertainties in input parameters were estimated

using the IPCC default values, measurement data from landfills and expert judgement (Monni

et al. 2004a). The uncertainty ranges of input parameters were also estimated to cover a

possible model error. This approach is very similar to that used in the dynamic soil carbon

model.

In the uncertainty model of energy, industry, waste and agriculture sectors, it was assumed

that emission factors correlate across years (correlation coefficient = 1). This is due to use of
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same emission factors or same assumptions for emission factors during the entire time series

1990–2003. Activity data, instead, was assumed to be independent (Monni et al. 2004a).

2.2.2 Uncertainty of the biomass carbon estimates

The stem volume and forest area data provided by national forest inventory was appended

with uncertainty estimates (Tomppo et al. 2001). These estimates were provided by tree

species, and for Southern and Northern Finland separately. In this study, the variance of

age-classes that represented a share of volume or area was approximated based on relative

shares of areas and volumes in a way that the sum of age-class volumes (or areas) had the

same error distribution as that reported for the total volume.

The reported growth indexes did not cover the year 2003, and therefore, the annual value of

growth indexes and the uncertainties related to them were replaced with long-term averages

and inter-annual variation based on the reported series from 1920 to 1993 (Mikola 1950;

Tiihonen 1979; Henttonen 1998). The same data series were used to determine the correlation

of growth indexes between two consecutive years.

BEFs for the stand biomass by species and stand age were assumed to be applicable for

the entire timber volume in Finland, as the BEFs were developed for this area. The relative

standard error (RSE) of BEFs takes into account the sampling error and residual component of

the model error. When BEFs were applied to Southern and Northern Finland, the uncertainty

was estimated based on relative shares, similarly as in the case of stem volume estimates by

age-classes.

Uncertainty estimates of input parameters are presented in Appendix 1. The sink/source

distribution was obtained by simulating the difference between two consecutive vegetation

carbon stocks (2002–2003).

2.2.3 Uncertainty of soil carbon sink/source

The soil model Yasso used in this study should only be applied to the well-drained upland

mineral soils. Therefore, the proportions of area and growing stock of forest land located

on peat soils were excluded from the input to soil (but were included in the calculation of

vegetation carbon stock). There is information available about total loggings in Finland only,

and therefore, loggings on peat lands were assumed to cover a constant proportion of total

loggings during the time series, but simulated with some annual variability (see Appendix 1).

The values of volume, area and the share of loggings on peat lands were assigned uncertainty

in the simulations when they were subtracted from the corresponding totals.

The uncertainty related to litter production is affected by the uncertainty in component-

specific (foliage, branches, etc.) biomass estimates and the turnover rates. Both model and

parameter uncertainties were reported for component-specific BEF models, while RSE in-

cluding sampling and model error were reported only for total BEF by Lehtonen et al. (2004a).

Instead of using reported model uncertainties, the RSE for the total stand BEFs was divided

up into biomass components according to Equation 1. The RSE for the component BEF is:

ri =
√√√√ si∑

i
si

B

Bi
r (1)

Springer



398 Climatic Change (2007) 81:391–413

where si is the uncertainty simulated for the model, r is the reported RSE for the total stand

biomass BEF, B is the total BEF, and Bi is the component BEF. The component-specific

BEFs were multiplied with the volume distribution and distributions for turnover rates to get

the estimate for the component litter production. The uncertainty estimates for the turnover

rates were based on collected data complemented with expert estimates (Appendix 1).

The uncertainty of the soil carbon stock change was estimated by combining the uncer-

tainty of litter input and soil carbon model parameters, e.g. decomposition rates, fractionation

rates, humification parameters and initial soil carbon stock values, with Monte Carlo simu-

lation. The uncertainties of the soil carbon model parameters were partly estimated based on

the calibration method and data (Appendix 1), and partly on expert knowledge. The uncer-

tainty of initial soil carbon stocks was based on the varying litter production estimates and

model parameters. The assumption of the equilibrium of the initial soil carbon stocks was

not considered in this uncertainty analysis.

2.2.4 Uncertainty of other LULUCF categories

Uncertainty estimates of biomass burning on forest land and agricultural lime application

were based on IPCC (2003) default uncertainties and expert judgements (Statistics Finland

2005a). Uncertainty in emissions from N fertilisation of forests was estimated to contain the

same relative uncertainties as emissions from N fertilisation of agricultural soils (Monni et

al. 2006; Statistics Finland 2005a). Emissions and removals from carbon stock changes in

agricultural grasslands and croplands were carried out rather roughly based on IPCC (2003)

estimates and expert judgement.

3 Results

Table 1 presents emissions and removals by sector in 1990 and 2003 with corresponding

uncertainties. Uncertainty in GHG emission from energy, industry, agriculture and waste

sectors from Finland in 2003 was estimated at −4 to +8% (expressed as bounds of 95%

confidence interval relative to the mean value). When the carbon sink of forest biomass was

included in the estimates, uncertainty increased to ±19%. Inclusion of the sink of upland

forest soils increased the uncertainty estimate to around ±24%. Finally, inclusion of all the

LULUCF categories Finland reported to the UNFCCC in 2005 in addition to the categories

of this study resulted in an uncertainty of some ±23% in total net emissions. However,

even though precision decreases when LULUCF categories are included in the estimates, the

accuracy of the inventory increases due to better coverage.

The carbon sink of forests varies considerably from year to year (Fig. 1). The carbon sink

of vegetation was larger than that of soil during the entire time series (1990 to 2003). The

difference between the magnitude of sink (both vegetation and soil) in 1990 (46 Tg CO2)

and 2003 (20 Tg CO2) is mainly due to more intense harvests and removed timber from

forests in 2003. Differences in relative uncertainties (±30% in 1990, ±70% in 2003) are due

to differences in availability of data. For 1990, measured data of volume and growth indexes

were available, whereas for 2003, averaged values were needed, which were appended with

larger error estimates.

In 2003, forests carbon sink absorbed more than 20% of the emissions. In 1990, forest

sinks offset over 60% of emissions according to the results (Fig. 2).

Relative uncertainties of the emission estimates of the other GHGs were larger than those

of CO2 (Table 2) when LULUCF was excluded from the estimates. The uncertainty of CO2
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Fig. 1 Time series of forest
vegetation and soil sink from
1990 to 2003 in Tg CO2. Thin
lines denote the calculated 95%
confidence interval.

Fig. 2 Greenhouse gas emissions and removals in 1990 and 2003 according to National Inventory Report
(Statistics Finland 2005a) and results of this study (forest vegetation and forest soils). Industrial processes
include also non-energy use of fuels and product use. Error bars denote 95% confidence interval of emissions/
removals according to the results of this study.

emissions from fuel combustion and other energy/industry related sources was as low as

±2%. Inclusion of the LULUCF categories in GHG inventory increased uncertainty of the

CO2 estimate to ±25% which is higher than the uncertainty estimate of HFCs, PFCs and SF6

and close to that of CH4.

According to the results, trend in Finnish GHG emissions according to IPCC definition of

trend (change between net emissions in 1990 and 2003 relative to net emissions in 1990) was

170% (meaning that net emissions in 2003 were around 2.7 times net emissions in 1990).

The 95% confidence interval of this figure (170%) lies between 70 and 500%.
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Table 2 Net greenhouse gas emissions from Finland in 2003 by gas with corresponding absolute and relative
uncertainties according to the results of this study. Upper and lower bound refer to the 95% confidence interval.
Relative uncertainty is the difference between mean value and upper/lower bound of the confidence interval
divided by the mean value as recommended by the IPCC (2000, 2003)

Net emissions Lower bound Upper bound Relative

Gas Tg CO2 eq Tg CO2 eq Tg CO2 eq uncertainty %

CO2 (excluding LULUCF) 73 72 75 ±2

CO2 (including LULUCF) 57 43 72 ±25

CH4 5.0 3.8 6.2 ±24

N2O 6.7 3.9 13.7 −40 to +100

HFCs, PFCs and SF6 0.7 0.6 0.9 −11 to +22

The key category assessment that was carried out according to the Tier 2 method of the

IPCC Good Practice Guidance for LULUCF (IPCC 2003) indicated that carbon sink of forest

vegetation and that of forest soil were the most important key categories of the inventory in

2003 (Table 3). The next three key categories were related to emissions from agricultural

soils.

4 Discussion and conclusions

This integrated uncertainty estimate covering forest carbon sink estimated using detailed

models and GHG emissions/removals from other sectors revealed that inclusion of LULUCF

categories increases the overall uncertainty estimate of the GHG inventory in 2003 notably

– the uncertainty excluding the LULUCF sector is −4% to +8% (95% confidence interval

relative to mean value), and the uncertainty including the LULUCF sector is ±23%. On the

other hand, completeness of the inventory increases when LULUCF categories are included,

and therefore accuracy of total inventory increases even though precision decreases.

According to the results, sink of forest vegetation was 12 ± 12 Tg CO2 and that forest

soil 8 ± 7 Tg CO2 in 2003. In 1990, both sinks were larger, due to differences in input

(removals/logging residues, growth indices, temperature sum, and forest area change) and

previous year’s soil carbon stock.

In 1990, relative uncertainty in sink estimate (including both biomass and soil) was much

smaller than in 2003 due to better availability of data. Therefore, timely data collection would

allow assurance of the quality of sink estimates reported to the UNFCCC.

The carbon sink of forest vegetation calculated in this study (12 Tg CO2) for 2003 is

different from the figure reported to the UNFCCC (21 Tg CO2, Statistics Finland 2005a).

We applied more representative biomass expansion factors, considered annual variation in

the growth rate of trees, and applied it on the average growth calculated using a stock change

approach (i.e. growth = stock X − stock Y + removals from forests between years X and Y).

The IPCC (2003) defines the trend of net emissions as the change in net emissions between

the base year (1990) and the latest inventory year (in our study, 2003) relative to net emissions

in the base year. Thus, in Finland, the trend of net emissions between 1990 and 2003 was

170% (meaning that net emissions were 2.7 times higher in 2003 than in 1990). The 95%

confidence interval of this figure lies between 70 and 500% which represents a remarkable

uncertainty. This is largely due to weak correlation of uncertain sink estimates between the

two years. However, the definition of trend proposed by the IPCC (2003) is problematic,

because forest sink estimates, which are highly variable between the years, are themselves
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Table 3 Key categories in Finland in 2003 by Tier 2 level assessment of IPCC Good Practice Guidance for
LULUCF (IPCC 2003)

Emissions/ Cumulative

Greenhouse removals in 2003 Level level

IPCC category gas (Tg CO2 eq) assessmenta assessment

5.A.1. Forest Land remaining Forest

Land: carbon stock change in living

biomass

CO2 −11.9 0.28 0.28

5.A.1. Forest Land remaining Forest

Land: net carbon stock change in soils

CO2 −7.7 0.16 0.44

4.D. Agricultural soils: direct emissions,

animal production and sludge

spreading

N2O 2.6 0.14 0.57

5.C.1. Grassland Remaining Grassland:

net carbon stock change in mineral

soils

CO2 2.9 0.06 0.64

4.D. Agricultural soils: indirect

emissions

N2O 0.6 0.04 0.68

1.A.3b Road Transportation: Cars with

Catalytic Converters

N2O 0.4 0.04 0.72

2.B.2 Nitric Acid Production N2O 1.4 0.03 0.75

5.B.1. Cropland Remaining Cropland:

net carbon stock change in organic

soils

CO2 1.3 0.03 0.78

1.B.1 Fugitive emissions from solid

fuels: Peat production areas

CO2 0.5 0.03 0.80

5.B.1. Cropland Remaining Cropland:

net carbon stock change in mineral

soils

CO2 −1.1 0.03 0.83

6.A. Solid Waste Disposal on Land CH4 2.5 0.02 0.85

1.A. Fuel Combustion: Liquid fuels CO2 27.6 0.02 0.87

1.A. Fuel Combustion: Solid fuels CO2 22.8 0.02 0.89

1.A. Fuel Combustion: Other fuels CO2 10.7 0.02 0.91

aAccording to equation 5.4.4 in (IPCC 2003).

differences between stocks in two consecutive years. Another option would be to directly

estimate change of stock of the latest inventory year and the stock of the base year.

The forest inventory data used in this study were spatially comprehensive covering forested

area of entire country. However, the data cannot be considered comprehensive with regard

to time, because the inventory results for Southern and Northern Finland are averages of

3–5 years measured every 10 years. The growth figures used for the calculation of annual

sinks/sources are, therefore, derived partly on averaged data, which were later adjusted with

drain and annual variation of growth (growth indexes). A new round of the Finnish forest

inventory that began in 2004 is to be based on the measurements taken throughout the country

every year. Thus, in the future, some of the uncertainties related to construction of inventory

time series may be avoided, since NFI can provide annual growth estimates with known

precision for the entire country.

In LULUCF categories, uncertainty in the average of several years may be better known

than a single year estimate due to inter-annual variation. This is because uncertainty in a

certain parameter as a long-term average may be small, but its applicability to a specific year
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may be more uncertain. Compliance of the Kyoto Protocol is measured as an average of a

five-year period (2008–2012), but the reference of the Protocol (base year 1990) is a single

year estimate only.

When the key category assessment was carried out according to the IPCC Good Practice

Guidance for LULUCF (IPCC 2003), carbon sink of vegetation and that of soil were identified

as the most important contributors to the overall GHG inventory uncertainty. The following

three key categories of the inventory were also linked with land use: direct and indirect N2O

from agricultural soils, and carbon stock change in agricultural mineral grassland. In these

categories of emissions and removals, reduction of uncertainty is often difficult and costly.

The processes that generate emissions and removals in these categories are poorly understood,

and therefore reduction of uncertainties by using models is difficult. In addition, emissions

or removals occur over large geographical areas, and therefore their direct monitoring is

estimated to be expensive. It is also difficult to separate natural and human-induced changes

in carbon sinks (Gupta et al. 2003). To be able to improve estimates of forest carbon sinks

further, it would be necessary to identify the most important parameters and input data.

This uncertainty analysis was based on propagation of uncertainties of input parameters in

the models used. Therefore, possible bias due to model structure cannot be assessed. Estimates

of the possible model error could be done based on expert estimates or by comparing the

results with other models made for the same purpose. In Austria (Winiwater and Rypdal 2001),

simple uncertainty estimate of the vegetation carbon sink was combined with uncertainty

estimate of GHG sources, and in the UK (Charles et al. 1998) the soil carbon sink was

also taken into account in inventory uncertainty estimates. However, uncertainties of the

inventories of different countries should not be directly compared due to different methods

used and possible subjectivity of uncertainty estimates due to a large number of expert

estimates needed. Comparison based on relative uncertainties is also problematic when sinks

or sources are close to zero.

Compliance with the emission reduction targets of the Kyoto Protocol deal with ‘best

estimate’ values of emissions and removals. No specifications on acceptable levels of uncer-

tainties are included in these requirements (UNFCCC 2002). According to the basic principles

of the reporting to the UNFCCC, emission inventories should be transparent, accurate, com-

parable, complete and consistent. Use of higher Tier methods aims at increasing accuracy of

inventories. However, comparability between parties as well as transparency may decrease

when models are more complex.

In developed countries, the majority of CO2 emissions come from fuel combustion. CO2

emissions from combustion are usually known as accurately as ±1–5%, and therefore CO2

is often the GHG containing smallest uncertainties when LULUCF is not included in the

estimates (Monni et al. 2004a; Rypdal and Winiwarter 2001). According to this study, inclu-

sion of forest sinks to the inventory raised the uncertainty of CO2 close to the uncertainties

for other GHGs in Finland. In the European Union and in many other industrial countries,

the proportion of forest sink of net emissions is lower (Liski et al. 2000; Pohjola et al. 2003;

UNFCCC 2004b), and therefore the effect of sink on the total inventory uncertainty is as-

sumed to be lower than in Finland. This difference is emphasised when uncertainties are

expressed relative to the net emissions.

The emissions trading of the European Union began in the beginning of 2005. This trading

system covers only CO2 emissions from combustion of fossil fuels and selected industrial

processes. These emissions are known with quite a good accuracy and the extension of

the trading system to other gases and categories would increase the uncertainty both in

the scales of Finland and the EU (Monni et al. 2004b). In the emissions trading under the

Kyoto Protocol, all emissions/removals can be traded, including removal units (RMUs), if set
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ö

n
en

1
9

7
4

;
H

av
as

an
d

K
u

b
in

1
9

8
3

T
u

rn
o
v
er

:

H
er

b
s+

G
ra

ss
es

b
el

ow
g

ro
u

n
d

y
r−

1
U

0
0

0
.1

6
6

7
0

.5
H

ea
d

1
9

7
0

T
u

rn
o
v
er

:
D

w
ar

f

sh
ru

b
s

b
el

ow
g

ro
u

n
d

y
r−

1
U

0
0

0
.1

6
6

7
0

.5
H

ea
d

1
9

7
0

A
b

o
v
eg

ro
u

n
d

–

b
el

ow
g

ro
u

n
d

b
io

m
as

s
ra

ti
o

U
0

0
1

3
F

o
r

h
er

b
s,

g
ra

ss
es

an
d

d
w

ar
f

sh
ru

b
s,

b
el

ow
g

ro
u

n
d

b
io

m
as

s

w
as

es
ti

m
at

ed
to

b
e

tw
ic

e
th

e

ab
o
v
eg

ro
u

n
d

b
io

m
as

s

es
ti

m
at

es

M
äl

k
ö
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reporting demands are qualified. However, removals to be credited under the Kyoto Protocol

are limited to activities under Article 3.3 and 3.4, and it is also stated that use of mechanisms

shall be supplemental to domestic action, and that domestic action shall constitute a significant

element of the effort made by each Party (UNFCCC 2002). According to the results of

this study, uncertainties in LULUCF categories are notable and problems with timely data

collection may increase uncertainties. Therefore, it may not be practical to include them in

the same trading scheme with better known emission sources.

Information on uncertainties of the GHG emissions and sinks is important when the

contributions of the international policies and agreements to the mitigation of the climate

change are assessed. Therefore, uncertainties of the different categories should be known

when targets for the second and subsequent commitment periods from 2012 onwards are

negotiated by the parties of the UNFCCC. For example, offset of well known emissions

of fossil fuels with uncertain forest carbon sink may not necessarily give a desired result

from the perspective of climate change mitigation if probability of net emission increase is

notable. The results of this study indicate that more research is needed to more accurately

and precisely assess carbon sinks so that they can be used in a more reliable and effective

way in mitigation of climate change.
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