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Large uncertainties persist in quantifying regional CO2 emissions and removals from the 
land use, land use change, and forestry sector, critical for Finland’s climate targets. In sup-
port of national greenhouse gas inventories, the scientific community has developed inde-
pendent top-down and bottom-up approaches to quantify and verify CO2 emissions and 
removals from biospheric processes. This study merges existing top-down and bottom-up 
research datasets, including process-based ecosystem models and high-resolution atmo-
spheric inversions, to synthesize available estimates of biospheric CO2 balances from Finn-
ish terrestrial ecosystems. According to the national greenhouse gas inventory, biosphere 
in Finland removed on average [annual minimum ... maximum] –4.6 [–7.6 … –1.6] Mt C 
(of CO2) annually between 2012 and 2020. During the same period, regional high-reso-
lution top-down ensemble estimated a mean sink of –12 [–32 … +2.8] Mt C yr–1 (devia-
tion pointing to the means of ensemble minimum and maximum) while global top-down 
ensemble reported a sink closer to inventory with larger deviation between the ensemble 
members –7.3 [–49 … +32] Mt C yr–1. Corresponding values for regional bottom-up 
approaches represented by an ensemble of terrestrial ecosystem models closely aligned 
with the inventory, reporting –4.6 [–21 … +13] Mt C yr–1. The global ecosystem model 
TRENDY ensemble, with a larger number of ensemble members, estimated an average 
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sector and providing methods to verify estimated 
sources and sinks (e.g. Bastos et al. 2022, Deng 
et al. 2022). There are two primary approaches 
to quantify emissions/removals from land-use 
sectors: top-down (TD) and bottom-up (BU). 
These methods have helped to identify poten-
tially underestimated emission sources in inven-
tory accounting (Tenkanen et al. 2023) and have 
exposed knowledge gaps in ecosystem fluxes 
(Bastos et al. 2020). For all that, both BU and 
TD approaches too are prone to large uncertain-
ties and discrepancies continuing to persist both 
between and within methodological approaches 
(e.g. Grassi et al. 2022, Grassi et al. 2018). 
Nonetheless, particularly TD approaches are 
evolving rapidly due to advancements in com-
putational and observation methods, like higher 
resolution and increasing coverage of satellite 
observations, resulting in reduced uncertainties 
(e.g., McGrath et al. 2023, Bastos et al. 2022).

Rapid progress highlights the importance of 
analyzing the newest available data together 
with its uncertainty ranges, and of monitoring 
how advancements in observation-based meth-
ods affect the estimated total carbon balances. 
Further, understanding of the discrepancies 
between the approaches continuously improves 
(e.g., Ciais et al. 2022; Munassar et al., 2023) 
which allows more reliable comparison of the 
different estimates. This paper contributes to 
the previous literature by consolidating existing 
research datasets and assessing their CO2 flux 
estimations and delineating ranges of uncertainty 
at the national level enabling the consideration of 
local issues. Many previous studies have instead 
been carried out at the regional scale, which per-
mits a less-detailed analysis given methodologi-
cal differences between inventories from country 
to country (e.g. Petrescu et al. 2021). Other 
GHGs than CO2 are excluded from the analysis. 
By contrasting these research datasets with Fin-
land's national inventory and spatially explicit 
forest growth model PREBAS, the study further 
contributes to the discourse on the application 

Introduction

Increasing CO2 concentration in the atmosphere 
due to human activities is the main driver of 
climate change (IPCC 2021). Finland has set an 
ambitious climate target to become carbon neu-
tral by 2035, balancing production-based CO2 
emissions and removals within its borders (Finn-
ish Government 2022). In 2021, CO2 fluxes 
from anthropogenic activities in Finland added 
about 9.8 Mt C to the atmosphere when includ-
ing the removals by the biosphere on managed 
land (CRF 2023). In Finland, land use, land-
use change, and forestry sector (LULUCF) has 
typically acted as a net sink of CO2. However, 
over the past decade forest growth rates have 
declined, while logging activities have inten-
sified causing the LULUCF CO2 sink capac-
ity to decrease. When considering all GHGs, 
LULUCF sector transitioned into a net source of 
emissions in 2021 (NIR 2023). In addition to the 
reductions of emissions associated with the use 
of fossil fuels, the emissions and removals from 
the land use sector hold significant importance to 
Finland's climate policy, emphasizing the need 
for timely and precise tracking of emissions and 
removals from the LULUCF sector. 

The reported emissions and removals from 
LULUCF sector are subject to high uncertainty 
due to complexity of ecosystems and natural 
processes as well as limited understanding of 
ecosystem behavior under varying climatic con-
ditions (e.g., Baldocchi et al. 2018, McGlynn et 
al. 2019, Crisp et al. 2019). High uncertainty in 
LULUCF accounting is often not highlighted in 
the inventory reporting itself, but the uncertainty 
can undermine the confidence in total reduc-
tion claims especially for nations anticipating 
significant short-term benefits in greenhouse gas 
reductions from their land-use sectors (McG-
lynn et al., 2019). In response, the scientific 
community and key stakeholders are actively 
working to enhance the accuracy of quantifying 
carbon sinks and sources within the LULUCF 

sink of –9.9 [–30 … +15] Mt C yr–1. Accordingly, we conclude that independent top-down 
and bottom-up estimates have some consistency in relation to the national greenhouse gas 
inventory, but at present, large uncertainties found in country-level balances prohibit reli-
able verification of the inventory.
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observations) (NIR 2023, Bastos et al. 2023). 
BU approaches include a variety of methods 
from physical ecosystem models to data-driven 
bookkeeping and categorical models like the 
NGHGIs. Concerning bottom-up approaches, 
this paper focuses specifically on terrestrial eco-
system models that simulate vegetation produc-
tivity and carbon cycling under changing cli-
matic conditions based on mathematical descrip-
tions of ecosystem behavior (Piao et al., 2013).

In contrast to BU methods, TD approaches 
employ atmospheric observations of CO2 con-
centrations coupled with atmospheric transport 
models to assimilate spatially explicit and glob-
ally consistent exchange of carbon between the 
land surface, ocean, and the atmosphere (e.g., 
Bastos et al. 2020). The atmospheric observa-
tions of varying CO2 concentrations reflect the 
state of the global carbon cycle, encompassing 
emissions from human activities and natural 
sources, as well as absorption of carbon by ter-
restrial biosphere and oceans (Chevallier 2021.). 
While inventory and BU approaches provide 
essential data about the development of anthro-
pogenic emissions and establish the basis of 
emission reduction scenarios and policy frame-
works, complementary TD approaches offer an 
independent perspective to the carbon cycle. 
TD approaches are consistent with the global 
growth rate of CO2 concentrations unlike the 
BU methods. Recent advancements in top-down 
approaches, including an increased number of 
atmospheric observations and higher model res-
olution, have allowed the extraction of data 
for smaller regions and even individual coun-
tries with the first high-resolution country-level 
results considering CO2 fluxes being published 
in the early 2020s (McGrath et al. 2023, Petrescu 
et al. 2021, Byrne et al. 2023). 

The IPCC guidelines encourage countries 
to verify emissions and removals reported in 
NGHGIs through independent data sources 
(IPCC 2019). However, achieving comparability 
between different approaches is challenging as it 
involves reconciling discrepancies in the fluxes 
each approach accounts for, and harmonizing 
definitions among scientific community and 
national inventory agencies (Bastos et al. 2022). 
In addition to the divergence in definitions, dis-
crepancies in the estimates arise from differences 

of atmospheric observations to validate regional 
carbon balances. 

Finland's climate policy framework is 
guided by international climate agreements like 
the United Nations Framework Convention on 
Climate Change (UNFCCC), Paris Agreement 
(Paris Agreement 2015) and EU's climate and 
energy politics (EU 2021). Being part of the 
Annex-1 countries in the UNFCCC, Finland 
must provide information on its anthropogenic 
greenhouse gas emissions and removals annu-
ally in the form of a national greenhouse gas 
inventory (NGHGI). Finland's NGHGI estimates 
annual emissions and removals using a bottom-
up approach that quantifies emissions based on 
activity data and emission factors while the sinks 
(i.e. removals of CO2) are driven from invento-
ries of carbon stock changes and models follow-
ing 2006 Intergovernmental Panel on Climate 
Change (IPCC) guidelines (IPCC 2006).  

NGHGIs classifies emissions and removals 
in five sectors: 1) energy; 2) industrial processes 
and product use; 3) agriculture, 4) LULUCF; and 
5) waste. When the activity data and emission 
factors are well known, inventories can provide 
accurate national estimates of the actual emis-
sions for categories such as fossil fuel combus-
tion. In the LULUCF sector, significant uncer-
tainties in emission factors and models arise 
from structural and conceptual challenges. These 
include considerable heterogeneity of fluxes 
across time and space, influenced by both natural 
and anthropogenic processes, the lack of con-
tinuous data over time and large areas, and the 
differences in methods and definitions (McGlynn 
et al. 2019). 

In support of NGHGIs, independent research 
groups and institutions provide a range of CO2 
emission and removal estimates. Both BU and 
TD approaches are commonly used to quantify 
both anthropogenic and natural carbon sources 
and sinks at global, regional, and national level 
(e.g., Friedlingstein et al. 2022). The former 
approach implies the assessment of carbon 
fluxes for individual processes contributing to 
the global carbon cycle by applying observed 
activity data, empirically collected emission fac-
tors, and modeling techniques (e.g. quantities 
and types of combusted fossil fuels, changes 
in leaf area index or land use through satellite 
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in model structures and underlying datasets. 
During the last couple of years, the scientific 
community has made an effort towards reconcil-
ing country specific NGHGIs with global and 
regional TD and BU datasets (e.g. Grassi et al., 
2022; Deng et al., 2022; Chevallier et al., 2021; 
Grassi et al., 2018). However, more efforts are 
needed to understand the application of these 
regionally harmonized approaches at the country 
level which could increase the confidence to uti-
lize the global/regional datasets, e.g., by national 
inventory agencies (using the methods recom-
mended by the IPCC). For example, the accu-
racy of inversion fluxes may differ depending 
on factors such as the size of the country, which 
can be problematic for small countries if the 
resolution of the inversion is coarse. In addition, 
the density of in-situ observation network or the 
conditions under which satellites take measure-
ments over the country also influence the accu-
racy of TD estimates (Bastos et al., 2022). Due 
to its relatively large size and high number of in-
situ observation stations, Finland is an interest-
ing case study for analyzing the national budgets 
derived from atmospheric observations.

All approaches and individual models 
included in this study provide an estimate of 
the net CO2 flux between the land surface and 
the atmosphere. This comprises carbon uptake 
through photosynthesis and emissions caused by 
respiration and disturbances. However, compar-
ing CO2 balances between multiple approaches 
requires understanding of the component fluxes 
included in the estimate, as some approaches 
might report the "total" exchange and the others 
a "partial" exchange of CO2 (Kondo et al 2020). 
For example, atmospheric inversions report the 
total exchange whereas the NGHGIs account 
only for managed land to capture the anthropo-
genic emissions (Chevallier 2021, NIR 2023). 

In Finland, forest ecosystems sequestrate 
significant amounts of CO2, and soon Finland 
expects the LULUCF sector to offset all GHG 
emissions from other sectors. At the same time, 
forestry is one of the main economic sectors in 
Finland (Ministry of Agriculture and Forestry 
2023), and with increased loggings and reduced 
tree growth, CO2 removals on forest land in 
Finland have declined during the last decade 
(Haakana et al. 2022). Identifying economically 

sustainable forest management strategies that 
support climate change mitigation has become a 
key challenge (Junttila et al. 2023, Forsius et al. 
2023). Different land carbon and forest growth 
models are used to study emission pathways 
under various management and climate scenar-
ios (Junttila et al., 2023) but these models often 
lack validation of the country-level carbon bal-
ances. Evaluation of these models with accurate 
and consistent observation-based estimates of 
the terrestrial carbon balances, e.g., from atmos-
pheric inversions, could contribute to increasing 
reliability of the resulting emissions pathway 
scenarios (Ciais et al. 2022). 

This article provides an evaluation of a forest 
growth model PREBAS against the newest 
regional atmospheric inversions over Finland. 
PREBAS (Valentine and Mäkelä 2005, Pel-
toniemi et al. 2015, Minunno et al. 2019) is a 
process model designed to investigate the influ-
ence of various forest management strategies 
on carbon pools within Finnish forest ecosys-
tems (Junttila et al., 2023). PREBAS provides 
a good basis for the evaluation since it operates 
on extremely high spatial resolution. It com-
bines field-based inventory and remote sensing 
data providing a detailed description of forest 
structure throughout Finland which is similar 
to the Finnish national inventory. In Finland, 
forest ecosystems are the primary contributors to 
biospheric CO2 fluxes which implies that a sig-
nificant proportion of the inversion fluxes should 
come from the most forested areas. Thus, such 
comparison can provide additional information 
about the representativeness of atmospheric 
inversions in Finland. Note that in this study, we 
will only consider the base scenario (Junttila et 
al. 2023), and no results related to forestry man-
agement scenarios are presented.

This paper aims to thoroughly evaluate the 
Finnish carbon balance estimates from a broad 
range of the up-to-date research datasets. The 
paper will first demonstrate the total balance 
derived from TD and NGHGI methods after 
which biospheric and forest-specific aspects are 
discussed in more detail. By integrating global 
and regional findings into a national context, we 
intend to map out available results and compile 
them comprehensively. This will result in a more 
profound understanding of available biospheric 
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flux estimates and their representativeness in 
Finland. This paper will achieve the objectives 
by: 1) synthesizing existing research datasets, 
and comparing them with Finland's greenhouse 
gas inventory; 2) examining how climatic con-
ditions impact both bottom-up and top-down 
estimates; 3) comparing forest growth model 
(PREBAS) and atmospheric observations inter-
preted by regional high-resolution atmospheric 
inversions; and 4) discussing methodological 
differences and uncertainty estimates between 
the BU and TD approaches.

Material and methods

National Greenhouse Gas Inventory of 
Finland

The annual greenhouse gas inventory includes 
information on the country-level emissions and 
removals since 1990, the latest 2023 inven-
tory covering years until 2021 (CRF 2023). 
The methods that can be applied in NGHGI 
are specified in the 2006 IPCC Guidelines for 
National GHG Inventories (NIR 2023).   This 
paper presents the removals and emissions of the 
LULUCF sector, and emissions from other sec-
tors estimated in the 2023 inventory report. 

LULUCF sector constitutes the following 
land use categories: Forest land, Crop land, Grass 
land, Wetlands, Settlement, and Other land. In 
addition, inventory accounts for changes from 
one land use category to another. Estimates of 
emissions and removals in the LULUCF sector 
are based on inventories of carbon stock changes 
in different pools on an annual time step. Coun-
try specific methods to estimate these changes 
in Finland include, e.g., a forest inventory con-
ducted every five years by LUKE (Korhonen et 
al. 2021), and process models, such as Yasso07 
for soil carbon stock changes (Liski et al., 2005). 
Besides the removals and emissions from the 
land use categories, LULUCF sector considers 
the carbon stock changes in Harvested wood 
products (HWP). 

In the context of Finland, the predominant 
sink of CO2 occurs within Forest land due to 
biomass growth followed by transfer of carbon 
to the HWP pool, whereas all other land use 

categories contribute to CO2 emissions (NIR, 
2023). Within Forest land, various carbon pools 
are considered, including living biomass, dead 
wood, litter, and soil organic carbon. The most 
important components of the CO2 balance within 
Forest land are tree biomass growth (derived 
from the forest inventory) and the removal 
of biomass through logging activities, which 
together yield the annual living biomass stock 
change. Carbon loss from disturbances, such 
as windthrow and bark beetles, is reflected in 
the forest inventory and thereby those are not 
considered separately. Emissions caused by uti-
lization of wood, e.g., in energy production, are 
accounted for as emissions within the LULUCF 
sector. However, when harvested wood is trans-
formed into timber products, it remains as a 
carbon sink in the HWP category, having a small 
half-life coefficient. (NIR, 2023). The carbon 
stock changes in the Forest land are assessed 
through forest inventory every five years, which 
balances out some of the year-to-year fluctua-
tions in the total balance due to interannual vari-
ations in weather patterns and logging activity. 

In the LULUCF inventory, dead wood, litter 
and soil organic matter are reported in a com-
bined pool for both organic and mineral soils. 
Dead wood is a pool that originates from natural 
mortality of the trees and from residual wood 
waste due to logging. Litter is a carbon pool that 
includes both above-ground and below-ground 
litter. The litter input to the soil is estimated 
based on the biomass of vegetation (other than 
trees), dead foliage, leaves, branches, roots etc. 
Carbon stock in soil organic matter is built up 
by the decomposed litter accumulated in soils. 
The soil carbon model Yasso07 (Liski et al., 
2005) estimates the total carbon stock in soil and 
its changes. Similar methods to compute soil 
organic carbon are often used in other bottom-up 
models.

The purpose of NGHGIs is to estimate and 
report anthropogenic emissions, and thus the 
NGHGI does not cover the total carbon bal-
ance of Finland but aims to capture the human 
induced changes. In  the LULUCF sector the 
distinction between anthropogenic and natural 
emissions and/or removals is not clear due to 
indirect effects of, e.g., increasing CO2 levels 
(Grassi et al. 2022, Chevallier 2021). The IPCC 
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has suggested using "managed land" as a proxy 
for anthropogenic emissions and removals. This 
means that all emissions and removals from 
managed land are accounted for in the inventory. 
Managed land is defined as "land where human 
interventions and practices have been applied to 
perform production, ecological or social func-
tions" (IPCC 2019, p. 806). In Finland "managed 
land" covers about 80% of total area excluding 
e.g. emissions and removals from undrained 
wetlands and conservation areas.

The accuracy of methods applied in inven-
tory varies from Tier 1 to 3. Tiers 1 and 2 mul-
tiply activity data with emissions factors that are 
country specific in Tier 2 and global averages 
in tier 1. Tier 3 methods are considered to yield 
more accurate results and in the LULUCF sector, 
and Tier 3 methods include e.g., country-spe-
cific models, or repeated field measurements 
(McGlynn et al. 2018, NIR 2023). The uncer-
tainty of the total LULUCF sector for Fin-
land was taken from data products provided by 
McGrath et al. (2023) as the inventory reporting 
does not provide aggregated uncertainty for total 
LULUCF or individual GHGs. We converted 
CO2-equivalent emissions and removals reported 
in the NGHGI to carbon by multiplying them by 
12/44.

CO2 flux research datasets

Net Biome Production

We defined Net Biome Production (NBP) as the 
total or partial exchange of carbon between the 
terrestrial biosphere and the atmosphere. NBP 
(Eq. 1) denotes the net production of organic 
matter in a region through photosynthesis. It 
composes the loss of organic matter due to 
plant and soil respiration (Reco), and through 
other natural and anthropogenic disturbances 
(D). Depending on the approach, the inclusion of 
natural (e.g. forest growth, climate-variability-
induced carbon fluxes, forest fires) and anthro-
pogenic processes (e.g. deforestation, harvest) 
contributing to photosynthetic processes and dis-
turbances can vary as described later. The sign 
convention follows the principle that a negative 
value for NBP represents a flux from the atmos-

phere to the land, i.e., a carbon sink within the 
biosphere.

 NBP = D + Reco – GPP (1)

Terrestrial Ecosystem Models

Dynamic Global Vegetation Models

Concerning bottom-up methods, this paper has 
emphasis on the CO2 flux estimates of terrestrial 
ecosystem models that can be used to assess 
the global spatio-temporal dynamics of land-
atmosphere fluxes. This paper comprised five 
independent runs of Dynamic Global Vegetation 
Models (DGVM), one global DGVM ensem-
ble (TRENDY-v11, Friedlingstein et al. 2022), 
and one forest growth model specific to Finn-
ish conditions (PREBAS, Junttila et al. 2023) 
as outlined in Table 1. Terrestrial ecosystem 
models, such as the DGVMs, derive the bio-
spheric CO2 fluxes from mathematical represen-
tations of biochemical, ecological, and physi-
cal processes responsible for these fluxes. Such 
processes comprise e.g. the hydrological cycle, 
solar radiation's influence on photosynthesis, and 
nutrient cycling. Terrestrial ecosystem models 
contribute to comprehensive modeling of ter-
restrial carbon cycle by quantifying carbon pools 
on land surface and their dynamical behavior 
in response to either static or changing climatic 
conditions.  Drivers for those models are air tem-
perature, wind speed, solar radiation, air humid-
ity, precipitation, and atmospheric CO2 concen-
trations. These drivers together with the state of 
land surface regulate the fluxes of carbon, water, 
energy, and momentum in each simulated grid 
cell. The state of the land surface is determined 
by regional vegetation systems and their struc-
tural attributes that vary based on local climate. 
Specific to DGVMs, vegetation is defined with 
several vegetation types that are called plant 
functional types (Woodward & Wolfgang 1996).

From the beginning of a DGVM simulation, 
the vegetation starts to grow which cycles the 
carbon between atmosphere, biosphere and soil 
through photosynthetic processes. One of the 
primary outputs of DGVMs is the bottom-up 
NBP that is the sum of gross primary pro-
duction (GPP), ecosystem respiration and CO2 
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Table 1. Description of data.

	 Dataset/Model name	 Provider	 Period covered,	 Variables	 Reference
			   resolution

	 Anthropogenic CO2 fluxes
Inventory
	 National Greenhouse	 Statistics	 1990–2021,	 CO2 emissions from	 NIR (2023)
	 Gas Inventory (2023)	 Finland	 Country total	 Energy, Industrial	 CRF (2023)
				    Processes and Product
				    Use, Agriculture, and
				    Waste sectors	
	 EDGAR-v4.3	 VERIFY	 2006–2021	 Prior anthropogenic	 McGrath et al. (2023,
	 EDGAR/TNO		  0.5° × 0.5°	 emissions of V2021	 see Appendix A2)
				    inversions. Emissions are	 COFFEE approach
				    based on British	 (Steinbach et al. 2011)
				    Petroleum statistics and
				    distributed spatially and
				    temporally with
				    COFFEE approach.

	 Land CO2 Fluxes
Inventory
	 National Greenhouse	 Statistics	 1990–2021,	 LULUCF CO2 emissions	 NIR (2023)
	 Gas Inventory (2023)	 Finland	 Country total	 and removals	 CRF (2023)
	
Terrestrial Ecosystem Models
	 ORCHIDEE	 LSCE	 1990–2021,	 Bottom-up CO2 fluxes	 Ducoudré et al. (1993)
	 (for V2021)		  0.125°x 0.125°	 from plant uptake; soil	 Viovy (1996)
				    decomposition; and	 Polcher et al. (1998)
				    harvests across forests,	 Krinner et al. (2005)
				    grasslands, and	 McGrath et al. (2023)
				    croplands	
	 LPX-BERN	 University	 1990–2021,	 Bottom-up CO2 fluxes	 Lienert and Joos (2018)
	 (for V2021)	 of Bern	 0.125°x 0.125°	 from plant uptake; soil	
				    decomposition; and	
				    harvests across forests,	
				    grasslands, and	
				    croplands	
	 CABLE-POP	 Western	 1990–2021,	 Bottom-up CO2 fluxes	 Haverd et al. (2018)
	 (for V2021)	 Sydney	 0.125°x 0.125°	 from plant uptake; soil	 McGrath et al. (2023)
		  University		  decomposition; and	
				    harvests across forests,	
				    grasslands, and	
				    croplands	
	 JSBACH	 FMI	 2017–2021,	 Bottom-up CO2 fluxes	 Reick et al. (2021)
		  UH INAR	 1°x 1°	 from plant uptake; soil	
				    decomposition; and	
				    harvests across forests,	
				    grasslands, and	
				    croplands	
	 LPJ-Guess	 FMI	 1900–2021,	 Bottom-up CO2 fluxes	 Smith et al. (2001)
			   0.5°x 0.5°	 from plant uptake; soil	 Smith et al. (2014)
				    decomposition; and	
				    harvests across forests,	
				    grasslands, and	
				    croplands	
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Table 1. (continued...)

	 Dataset/Model name	 Provider	 Period covered,	 Variables	 Reference
			   resolution

	 Land CO2 Fluxes
Terrestrial Ecosystem Models
 	 PREBAS	 Helsinkik	 Annual mean of	 Annual mean Net	 Valentine & Mäkelä
		  UNI	 2017–2025,	 Ecosystem Exchange	 (2005)
			   16 m × 16 m	 (NEE) &	
				    NBP = NEE – harvest	 Minunno et al. (2016)
					     Minunno et al. (2019)
					   
	 TRENDY v11	 MetOffice	 1900–2020,	 Bottom-up CO2 fluxes	 Friedlingstein et al.
	 (inc. 15 models	 UK	 0.125° × 0.125°	 from plant uptake; soil	 (2022; see Table 4 for
	 following identical			   decomposition; and	 detailed references)
	 simulation protocols,			   harvests across forests,	
	 S3 TRENDY			   grasslands, and	
	 protocol)			   croplands	

Regional (high resolution) Atmospheric Inversions
	 CarboScopeRegional,	 MPI-Jena	 2006–2021,	 Total inverse CO2 flux	 Kountouris et al. (2018)
	 CSR		  0.25° × 0.25°	 from terrestrial	 Munassar et al., (2022)
	 (for V2021,			   ecosystems (NBP)	 Munassar et al., (2023)
	 inc. 4 simulations)
	 LUMIA	 Lund	 2006–2021,	 Total inverse CO2 flux	 Monteil and Scholze
	 (for V2021,	 University	 0.5° × 0.5°	 from terrestrial	 (2021)
	 inc. 3 simulations)			   ecosystems (NBP)	 McGrath et al. (2023)
	 CIF-CHIMERE	 LSCE	 2005–2020,	 Inverse CO2 flux	 Berchet et al. (2021)
	 (for V2021)		  0.5° × 0.5°	 from terrestrial	 Broque et al. (2013)
				    ecosystems (NBP)	
	 EUROCOM 2019		  2006–2015,	 Inverse CO2 flux	 Monteil et al. (2020)
	 (inc. 6 models: CSR,		  Varying	 from terrestrial	 Petrescue et al. (2021)
	 LUMIA, CHIMERE,		  resolutions	 ecosystems (NBP)	
	 FLEXINVERT, CTE,
	 EnKF-RAMS)

Global Atmospheric Inversions
	 v10 OCO-2 MIP IS,	 GML	 2015–2020,	 Inverse CO2 flux from	 Byrne et al. (2023; see
	 LNLG and LNLGIS		  Simulations run	 terrestrial ecosystems	 Table 1 for detailed
	 experiments		  with variety of	 (NBE ~ NBP). IS is	 references)
	 (inc. 14 models run		  resolutions, but	 assimilated with in situ
	 with standard		  final data	 measurements, LNLG
	 protocol: AMES,		  product re-	 assimilates ACOS v10
	 Baker, CAMS, CMS-		  gridded to	 land nadir and land glint
	 Flux, COLA, CSU,		  1° × 1°	 total column dry-air mole
	 CT, JHU, LoFI, NIES,			   fractions retrieved from
	 OU, TM5-4DVar, UT,			   OCO-2 satellite. LNLGIS
	 WOMBAT)			   assimilates in situ and
				    satellite retrievals over
				    land together
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Table 1. (continued...)

	 Dataset/Model name	 Provider	 Period covered,	 Variables	 Reference
			   resolution

	 Land CO2 Fluxes
Global Atmospheric Inversions
	 GCB 2021	 GCP	 2010–2020,	 Total CO2 inverse flux	 Friedlingstein et al.
	 (inc. 6 models: CTE,		  Varying	 from terrestrial	 (2022; see Table 4 for
	 CAMS, CarboScope,		  resolutions	 ecosystems (NBP)	 detailed references)
	 NISMON-CO2, UoE,
	 CMS-Flux)
	 CarbonTracker (CT)	 FMI	 2017–2021,	 Total CO2 inverse flux	 van der Laan-Luijkx et
			   1° × 1° over	 from terrestrial	 al. (2017)
			   Europe, coarser	 ecosystems (NBP)	 Prior fluxes used here:
			   elsewhere		  Biospheric: JSBACH
					     Anthropogenic:
					     EDGARv6,
					     Ocean:  Van der Woude
					     et al. (2023)

fluxes associated with disturbances on a gridded 
domain (similar to Eq. 1). The models, however, 
simulate bottom-up NBP with varying numbers 
of ecosystem carbon pools and fluxes. Part of 
the natural vegetation systems are disturbances 
caused by natural hazards e.g. fires and droughts, 
but the representation of disturbances differs 
from model to model. Most of the existing 
DGVMs also account for anthropogenic distur-
bances, such as land use transitions and forest 
and crop harvests. The latter two are usually 
described as bulk removals of biomass each year. 
The land use transitions, however, are derived 
from land use maps that are often collected with 
remote sensing data but can additionally contain 
information about national harvest data.

PREBAS

PREBAS is a combination of forest growth (Val-
entine and Mäkelä, 2005) and forest gas flow 
models (Peltoniemi 2015). It differs from the 
DGVMs by assimilating CO2 fluxes from Finn-
ish forest ecosystems only (croplands, for exam-
ple, are not included), and it applies real forest 
structure data, and realistic management scenarios 
derived from Finnish recommendations (Mäkelä 
et al. 2023), with model parameters specific to 
Finland. PREBAS is a process-based model that 
computes carbon sequestration through an explicit 

description of photosynthesis. PREBAS allocates 
the resulting GPP to respiration and mean-tree-
growth at an annual time step. PREBAS is driven 
by inputs of radiation, temperature, vapor pres-
sure deficit, precipitation, and ambient CO2 con-
centration (Peltoniemi et al. 2015, Minunno et 
al. 2016, Kalliokoski et al. 2018). The PREBAS 
fluxes have been calibrated using eddy covariance 
data from Fennoscandia, and the growth model 
has been calibrated based on growth experiments 
in Finland (Minunno et al., 2016). To derive the 
complete net ecosystem exchange (NEE, Eq. 2) 
of forests, a ground vegetation module based 
on ground vegetation inventories (Tonteri et al. 
2005,) and soil carbon processes based on the 
Yasso07 (Liski et al. 2005) model have been inte-
grated into PREBAS. 

 NEE = Reco – GPP (2)

For this study, the output of PREBAS 
model was nine years' annual average gridded 
(16 m × 16 m) NEE. The simulation was done 
using the current climatic conditions and base har-
vest scenario that corresponds to the current har-
vest levels in Finland (Junttila et al. 2023). Based 
on the model output NEE, the CO2 balance (NBP) 
of the forest ecosystems was obtained as the sum 
of NEE (negative NEE indicates a sink) and har-
vested biomass (Junttila et al. 2023). To compare 
PREBAS output with all other approaches, both 
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NEE and NBP were computed. For this paper, the 
output of PREBAS was interpolated to a coarser 
resolution to match the atmospheric inversions.

Top-Down

This paper demonstrates the total and biospheric 
carbon balance of Finland as seen by four individ-
ual high resolution atmospheric inversions (CSR, 
LUMIA, CIF-CHIMERE, CT) (Table 1) of which 
CSR, LUMIA, and CIF-CHIMERE simulations 
were available through EU-H2020 VERIFY pro-
ject (V2021) and published by McGrath et al. 
(2023). The biospheric estimates of these TD 
datasets are contrasted against previously pub-
lished global and regional inversions ensembles 
including EUROCOM (Monteil et al. 2020, 
Petrescu et al. 2021), and Global Carbon Budget 
(GCB) (Friedlingstein et al. 2022). We also 
included newly published v10 Orbiting Carbon 
Observatory (OCO-2) modeling intercomparison 
project (MIP) global inversion ensemble utiliz-
ing satellite measurements (Byrne et al. 2023). 
V10 OCO-2 MIP data were downloaded from 
[https://gml.noaa.gov/ccgg/OCO2_v10mip], last 
accessed: [12 August 2023].

Top-down approaches, essentially atmos-
pheric inversion, provide observation-based esti-
mates of the total land-atmosphere CO2 fluxes. 
Atmospheric inversions are given the prior value 
of CO2 sinks and sources, the CO2 observations 
from atmospheric measurements (in-situ and/
or satellite), and uncertainty distributions for 
both. The inversion then optimizes the differ-
ence between the observed and prior information 
allocating the quantities of CO2 emissions and 
removals to the most probable locations based on 
atmospheric transport and statistical approaches. 
The prior information of biospheric fluxes can be 
either DGVM output, inventory data or a prod-
uct of both with associated uncertainties. Inver-
sions usually assimilate the optimal CO2 flux as a 
maximum likelihood estimate following Bayesian 
statistical approach (Rodger 2000). The number 
of available atmospheric observations influences 
the independence of assimilated inversion fluxes.

Atmospheric inversions account for the effect 
of fossil fuel and cement production CO2 emis-
sions on the concentration gradients by giving the 

transport model a fixed map of the assumed fossil 
CO2 emissions. Because of the small uncertainty 
associated with fossil fuel emissions, many of 
the TD approaches utilize prescribed informa-
tion on fossil fuels without optimization. The 
prior signal of fossil emissions is removed in 
the pre- or post-processing of the inversion out-
puts which over land area yields the non-fossil 
CO2 fluxes. Non-fossil CO2 fluxes assimilated 
by the inversion methods include gross primary 
production, plant and soil respiration, litter pho-
to-oxidation, biomass burning (both wildfires and 
biomass combustion in energy production), inland 
water fluxes etc. Inversions do not have the ability 
to attribute fluxes into these subcategories and 
inversions generally report the CO2 fluxes in four 
categories: fossil, land, ocean, and fire fluxes. 
In addition to fossil fuel fluxes, ocean and fire 
fluxes are generally prescribed, and therefore land 
fluxes (total CO2 flux from terrestrial ecosystems 
~ NBP) include all remaining fluxes.

Lateral carbon fluxes

Atmospheric inversions consist of all compo-
nents of the carbon cycle that compose the CO2 
gradients between measurement stations. In other 
words, inversion fluxes are the total land-atmos-
phere CO2 fluxes at any given location, mean-
ing that the inversion cannot distinguish between 
carbon uptaken through photosynthesis and that 
emitted through respiration. Thus, the impact of 
lateral transport of carbon is implicitly included 
in the optimized fluxes (Ciais et al. 2006). This 
is different compared with bottom-up methods, 
that employ production-based accounting which 
reports the removals and emissions from activities 
like wood harvesting at the explicit locations that 
they occur (ecosystem models on grid-level, and 
inventories on country-level). Therefore, when 
carbon is absorbed by vegetation in a particu-
lar region and subsequently emitted elsewhere, 
bottom-up and top-down approaches record this 
differently. 

To facilitate comparison between BU and 
TD balances, TD fluxes are adjusted with lateral 
fluxes of carbon that are carbon fluxes resulting 
from international crop and wood trade together 
with transportation of carbon through inland 
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water networks. Lateral carbon fluxes can be 
estimated by combining international trade data 
(imported and exported wood and crop commodi-
ties) together with estimates of the biospheric CO2 
uptake that is leached into inland waters (Ciais et 
al. 2022). The imports and exports of traded wood 
and crop commodities are classified as either 
carbon sources or sinks: domestically produced 
commodities act as carbon sinks, whereas the 
carbon source is defined as the sum of domes-
tic production and imports, reduced by exports. 
Given that the positive inversion flux value is a 
flux into the atmosphere, the lateral flux caused 
by the crop and wood trade is the sum of sink 
(denoted by a negative value) and source (denoted 
by a positive value) components. Consequently, 
the adjustment of inversion fluxes decreases the 
country level sink if nation's exports of wood 
and crop commodities surpass the imports and 
vice versa. In the case of inland water sinks and 
sources, the CO2 uptake that is leached into the 
inland water network within the country borders 
represent the CO2 sink, and the source constitutes 
of the carbon that is released back to the atmos-
phere from the dissolved CO2 or breakdown of 
other organic matter. 

We adjusted the total annual inversion budgets 
with the lateral fluxes prepared by McGrath et al. 
(2023) following Deng et al. (2022) and Ciais et 
al. (2021). Lateral fluxes associated with inter-
national trade were obtained from FAO national 
wood and crop trade statistics where production, 
import and export of each commodity were aggre-
gated to country-level and converted to carbon 
with suitable conversion factors (McGrath et al., 
2023). The lateral fluxes due to inland water and 
riverine export were also prepared by McGrath 
et al. (2023) utilizing maps described in Zsche-
ischler et al. (2017), and climatological data 
combined with statistical model and gas transfer 
velocities.

Data Processing and analysis

Carbon balances and evaluation of 
uncertainties

To calculate the country total and biospheric 
CO2 balances, we retrieved Finland's geographi-

cal area (Fig. 1) from the collection of model 
output files, each with varying resolutions. The 
total CO2 balance (sum of biospheric and fossil 
fuel fluxes) of Finland was determined from 
both the NGHGI and TD estimates. The TD 
total balance was estimated based on inversion 
ensemble that consisted of the newest inversions 
with the highest resolutions over Finland (CSR, 
LUMIA, CIF, and CT). The assimilated CO2 net 
balance obtained from inversion ensemble was 
computed as a sum of optimized land CO2 fluxes 
and the prescribed fossil fuel fluxes. Prescribed 
fossil fuel fluxes of V2021 inversions and CT 
were derived from inventory data products (see 
Table 1) that have been distributed in space and 
time using, e.g., COFFEE approach (McGrath 
et al. 2023, Steinbach et al. 2011). The total 
CO2 balance from TD approaches is given as 
the median of the ensemble, and uncertainty is 
denoted with the ensemble min-max range. The 
total balance obtained from NGHGI was the 
sum of all UNFCCC emission sectors and their 
uncertainties.

Similar to the total CO2 balances of Fin-
land, the biospheric CO2 balances from terres-
trial ecosystem models and atmospheric inver-
sions were estimated as model ensemble medi-
ans, and the uncertainty ranges were illustrated 
with the spread of the estimates. The spread of 
estimates provides a range of uncertainty that 
stems from the structural differences between the 
models as well as the influence of distinct driver 
data and parameters used in simulations. The 
NGHGI uncertainties were taken from EU-level 
uncertainty analysis that implements proce-
dures to harmonize and gap-fill country-level 
approach 1 uncertainty estimates (Gaussian error 
propagation method). The estimated uncertainty 
for total LULUCF sector in Finland was 65% 
(McGrath et al. 2023).

NBP anomaly – SPEI

With the interest of understanding the interan-
nual variability in ecosystem model and atmo-
spheric inversion results, we computed Pearson 
correlation coefficients for growing season NBP 
anomalies and Standardized Precipitation Evapo-
transpiration Index (SPEI). We used 3-month 
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SPEI, and the growing season each year covered 
June, July, and August. NBP anomaly was com-
puted individually for each simulation using the 
longest possible time series mean, the time series 
ranging from 15 years to 31 years. We obtained 
gridded 3-month SPEI from monthly mean pre-
cipitation and temperature data that had been 
spatially interpolated from observations over 
the area of Finland on a 10 km X 10 km grid 
(Aalto et al. 2016). The climate data is avail-
able at [https://paituli.csc.fi], last accessed: [14th 
of September 2023] and SPEI was computed 
according to python code provided by Adams 
(n.d.). Correlation of SPEI and NBP anomaly 
spatial mean values were assessed for both the 
northern and southern Finland (Fig. 1a).

Comparison of spatially explicit forest 
growth model and atmospheric 
observations

We evaluated the NEE from the forest growth 
simulator PREBAS against NBP derived from 
atmospheric observations by V2021 high-reso-
lution atmospheric inversions. PREBAS solely 
accounts for CO2 emissions from forest eco-
systems, differing from the inversion’s wider 
scope that includes all fluxes from the terrestrial 
biosphere (see Terrestrial Ecosystems section). 
To improve the alignment of these data products, 
we mapped out Finland’s predominantly forested 
regions using Corine land use data (Corine 2018) 

and selected grid cells with varying shares of 
forest in them (> 0%, > 50%, and > 70% forest 
cover). The aim was to investigate if exclusion 
of areas with less forest cover could lead to better 
alignment between the inversion and PREBAS 
bottom-up fluxes. To compare different clima-
tological areas, Finland was divided into three 
sections shown in Fig. 1b.

Gridded inversion fluxes were aggregated 
to the nine-year averages, covering the years 
2012–2020 because the available PREBAS 
output was the average annual NEE of nine years 
(2017–2025). The years did not align exactly, 
however the PREBAS simulation had been run 
using current climatic conditions, thus the aver-
age fluxes were considered to be similar. Inver-
sion NBPs were compared against bottom-up 
NEEs because that corresponds to the total CO2 
exchange in each grid cell. At the grid cell 
level, determining the precise location of emis-
sions from harvested wood detected by inver-
sions remains a challenge. This is because the 
emissions from harvested wood can be emitted 
at various locations and times after the actual 
harvest took place. Therefore, NEE is likely to 
provide a more accurate comparison between the 
approaches.

Results

Total CO2 balance of Finland

We estimated Finland's total CO2 balance from 
both the NGHGI and optimized CO2 fluxes from 
regional high resolution atmospheric inversions 
(Fig. 2). The spread of estimates in TD ensemble 
resulted in significantly larger uncertainty range 
of the total CO2 balance than suggested by the 
NGHGI. In addition, the median value of the TD 
ensemble differed from the NGHGI specifically 
towards the end of the time series.

The inventory showed a slight increase in 
the total CO2 emissions (red in Fig. 2): in 1990, 
the reported emissions stood at 7.62 Mt C yr–1, 
while in 2021 the corresponding emissions were 
9.77 Mt C yr–1. However, the NGHGI time 
series did not display a statistically significant 
trend, given that the annual emissions fluctuated 
between 3.76 and 11.61 Mt C yr–1. The ensemble 

Fig 1. Administrative borders of Finland and the differ-
ent areas used for analysis. a) Northern and southern 
Finland; b) southern, central and northern Finland.
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median from V2021+CT inversions indicated a 
declining trend in Finland’s total CO2 balance 
mainly due to declining anthropogenic emissions, 
but some of the inversions reported also incre-
ments in terrestrial land flux sinks after 2015 (see 
the next section). Over the last four years of the 
time series, the TD ensemble median (solid blue 
line in Fig. 2) consistently falls below the inven-
tory uncertainty range, estimating Finland’s total 
balance of –5.98 Mt C yr–1 in 2021 being sink of 
CO2, while before 2012 the TD median reported 
higher total balance than the inventory. The TD 
ensemble estimate is given with large uncer-
tainty and large interannual variability. Despite 
the trend, the TD ensemble reported both signifi-
cantly higher and lower annual emissions than 
the inventory, the difference of TD estimate to 
the inventory varying from –17 to 13 Mt C yr–1.

For both net emission estimates, the uncer-
tainty mainly consists of land flux/LULUCF 
uncertainty. The uncertainty of inventory was 
only about 5% for non-LULUCF sectors and 
65% uncertainty for the LULUCF. For the inver-
sion ensemble, the anthropogenic emissions were 
only dependent on the prescribed fossil fuel 
fluxes, and there was around 5 Mt C yr–1 diver-
gence between anthropogenic emissions reported 
in the V2021 inversions and CT.

Terrestrial Ecosystems

Comparison of NGHGI LULUCF net carbon 
stock change to atmospheric inversions (Fig. 3) 

and DGVMs (Fig. 4), highlighted the uncertainty 
related to terrestrial ecosystem carbon balances. 
All of the estimates were within similar but 
extremely large uncertainty ranges, however, the 
NGHGI reported much smaller uncertainty com-
pared with other approaches. 

Looking at time series means (Fig. 5), all 
individual estimates, except CABLE-POP, 
approximated that the net carbon budget of Fin-
land’s terrestrial ecosystems has been a sink 
during the studied periods. However, it was evi-
dent that all atmospheric inversions and DGVMs 
demonstrated considerable year-to-year vari-
ability, which was not reflected in the NGHGI 
estimate (Figs. 3 and 4). It is worth noting that 
comparison of the different land flux estimates 
is challenging due to differences in terminol-
ogy and carbon flux components included in the 
approaches. Therefore, the findings should be 
viewed as a summary of estimates provided by 
the two approaches on a national scale, and the 
different methods can represent components of 
the carbon cycle that both overlap and diverge.

The time series mean values of inver-
sion methods showed some agreement with 
the LULUCF mean value of the same period 
(Fig. 5), but the spread of TD estimates varied 
annually depending on the ensemble of inver-
sions, resolution and observations in use 
(Fig. 3). The TD estimate that deviated the most 
from LULUCF was CSR, estimating a mean sink 
of –23 ± 13 Mt C which was 448% greater than 
LULUCF time series average (–4.2 ± 3 Mt C) 
and well outside its uncertainty estimate. The 

Fig 2. Total CO2 balance of Finland estimated 
from Finnish national greenhouse gas inven-
tory (NGHGI 2021) and atmospheric inversion 
ensemble (V2021 + CT). V2021 + CT includes 
four high-resolution atmospheric inversions 
CarboScopeRegional, LUMIA, CIF-CHIMERE 
and CarbonTracker, the first three of which are 
regional inversions over Europe.
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Fig 3. Time series of TD estimates for annual CO2 land flux balances over Finland. a) Original results from the 
inversions; b) inversion results after removing the lateral fluxes. V2021 = ensemble of high-resolution regional 
inversions from VERIFY 2020 project, EUROCOM2019 = ensemble of six regional inversion from EUROCOM 
project, GCP2021 = ensemble of global inversions from Global Carbon Project, OCO-2 MIP = ensemble of global 
inversions from OCO-2 model intercomparison project. IS = assimilated with in-situ measurements, LNLG = assimi-
lated with ACOS v10 land nadir and land glint total column dry-air mole fractions retrieved from OCO-2 satellite, 
LNLGIS = assimilated with in-situ and satellite observations over land, NGHGI = national greenhouse gas inven-
tory, LULUCF = land use, land use change and forestry sector of NGHGI.

Fig 4. Time series of DGVM estimates 
for annual biospheric CO2 balance. 
TRENDYv11-S3 = ensemble of global DGVM 
simulations run with standard protocol using 
time-varying CO2, climate, and land use forc-
ings. NGHGI LULUCF = national greenhouse 
gas inventory land use, land use change and 
forestry sector. Other models, see Table 1.
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deviation given in the text is the standard devia-
tion of the annual mean values for each estimate 
whereas in Fig. 5 the error bars represent the 
annual mean of minimum and maximum values 
for each ensemble. The other two high-resolu-
tion V2021 inversions reported time series mean 
much closer to the LULUCF, albeit with consid-
erable uncertainty: LUMIA and CIF-CHIMERE 
estimated a mean sink of –4.0 ± 8.9 Mt C yr–1 
and –6.2 ± 16 Mt C yr–1, respectively. The lower 
resolution ensembles EUROCOM, and GCP fell 
below the LULUCF demonstrating an average 
sink 110% and 130% greater than the LULUCF. 
The spread of estimate was highest for the 
ensembles including higher number of individ-
ual atmospheric inversions (GCP, OCO-2 MIP 
and EUROCOM).

The time series means of CarbonTracker 
(global inversion) and OCO-2 MIP (global 
inversion ensemble) aligned closely as both 
indicated a marginally negative carbon balance 
(Fig. 5). OCO-2 MIP and CT had the short-
est time series available, providing only six 
and five years of data, respectively. The annual 
time series (Fig. 3) revealed a consistent pat-
tern between CT and OCO-2 MIP from 2017 to 

2020, where both pointed to an increasing trend 
in the carbon sink capacity of Finnish terrestrial 
ecosystems which contrasts with LULUCF. That 
pattern stands out, as the data did not present 
any other distinguishable trends. Additionally, 
OCO-2 MIP demonstrated that the selection of 
atmospheric observations affected the optimized 
CO2 fluxes: in-situ measurements (depicted in 
the lightest blue in Fig. 3) prompted the ensem-
ble to yield more positive NBP values compared 
with satellite measurements over land (LNLG), 
apart from the year 2018. The uncertainties in 
satellite-based estimates are significant.

Figures 3a and 3b illustrate how inclusion of 
lateral carbon fluxes affected the top-down bio-
spheric carbon balances. When inversion fluxes 
were adjusted to correspond to the LULUCF 
carbon stock changes within Finland (Fig. 3b), 
they aligned more closely with the LULUCF data 
than the original inversions fluxes in Fig. 3a. The 
annual lateral transport of carbon varied between 
–7.2 and –12 Mt C yr–1. When contrasting inver-
sion fluxes with LULUCF estimate, another 
adjustment would be necessary. LULUCF uti-
lized the managed land proxy, which in Finland 
covers about 80% of the total area. However, the 

Fig 5. Time series means for top-down and bottom-up estimates. For ensembles the mean estimates are given 
as the mean of annual ensemble medians, and the error bars represent the mean of annual min and max values. 
The mean is computed for the nine-year period of 2012–2020 to facilitate comparison with PREBAS results (mean 
of 2017–2025 with current climate run). If the model/ensemble did not provide results for those years, the closest/
longest possible time series mean was computed, e.g. CT simulation covered years 2017–2021. See Table 1 for 
descriptions of the models/ensembles.
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Figure 4 shows the CO2 fluxes from all 
DGVMs compared with LULUCF. All simula-
tions had been run using the TRENDY pro-
tocol S3 which captures both the direct and 
indirect anthropogenic emissions/removals 
from managed and unmanaged land. Compari-
son of DGVMs and the inventory arose similar 
results as inversion: the most significant differ-
ence between the DGVMs and LULUCF was 
inter-annual variability reported by DGVMs. 
In contrast to the inversion estimates, some of 
the DGVMs (e.g. V2021 simulations) estimated 
larger than average emissions during the drought 
years 2006 and 2018. In addition, the TRENDY 
ensemble demonstrated that the range of esti-
mates derived from DGVMs was comparable 
to that of the TD approaches. Regardless of the 
high year-to-year variability, and the large range 
of estimates, three of the DGVMs mean (Fig. 5) 
fell within the uncertainty range of LULUCF 
when comparing the time series mean values. 
LPX-BERN, ORCHIDEE, LPJ-GUESS were the 
closest BU estimates approximating an annual 
sink of –2.5 ± 12 Mt C, –5.8 ± 9.2 Mt C, and 
–6.9 ± 12 Mt C, respectively. 

PREBAS stood out from other BU estimates 
because it exclusively considered CO2 fluxes 
from forest ecosystems, making it not directly 
comparable to other approaches. However, its 
NBP was the same order of magnitude as the 
other estimates at approximately –10 M C yr–1. 
Its NEE of –29 Mt C yr–1 fell close to CSR esti-
mate although conceptually the two differed. 
PREBAS overestimated the CO2 sink in forests 
compared with the LULUCF estimate of the 
sink capacity on Forest land, which, for a similar 
9-year average, was –7 Mt C yr–1 (not shown 
here but can be found in NIR 2023).

Forests

Figure 6 demonstrates that the bottom-up CO2 
fluxes from PREBAS had some congruence 
with the optimized CO2 fluxes assimilated in 
0.25° × 0.25° resolution by CSR. However, the 
two lower, 0.5° × 0.5°, resolution inversions 
displayed a less notable correlation between the 
approaches (data for lower resolutions shown in 
Supplements). Additionally, removing grid cells 

absence of detailed data on the spatial distribu-
tion of managed land complicates the adjustment 
of inversion fluxes, and consequently that adjust-
ment was excluded from this analysis.

Fig 6. Linear regression between PREBAS and Carbo-
ScopeRegional from V2021 model ensemble, including 
the r 2 values. The estimates are grouped to southern 
Finland (yellow), central Finland (green) and north-
ern Finland (blue). The maps illustrate the difference 
between bottom-up and inversion CO2 fluxes across 
all grid cells, with red values indicating more positive 
values (smaller sink) in inversion fluxes. In addition, 
the maps delineate the spatial distribution of grid cells 
that satisfied the specified criterion for forest fraction. 
a) Forest fraction > 0; b) forest fraction > 0.5; c) forest 
fraction > 0.7.
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with low forest fraction typically worsened the 
regression fit between PREBAS and optimized 
fluxes. 

In this section the optimized fluxes were 
not adjusted with lateral carbon fluxes, ensur-
ing that they reflected the total CO2 exchange 
between the land and atmosphere at each grid 
cell. The output from PREBAS, which here was 
the NEE estimate, excluded the anthropogenic 
disturbances (logging), and thus essentially rep-
resented the total CO2 exchange as well. 

Of the high-resolution inversions, CSR had 
the best fit to PREBAS fluxes, as evidenced by 
r 2-values ranging from 0.2 and 0.57 in northern 
Finland. However, fluxes in southern and cen-
tral Finland demonstrated more divergence. The 
correlation of the two estimates varied with the 
number of grid cells included, and consequently 
the forest fraction. The poorest fits were found 
when the forest fraction was highest, connected 
with a relatively low number of grid cells satis-
fying the criteria (Fig. 6c). Despite the regres-
sion showing the poorest fit at a forest fraction of 
0.7, the higher forest fraction eliminated most of 
the fluxes close to zero from both methods which 
supported the idea that both PREBAS and CSR 
associated bigger carbon uptake with forested 
areas. 

In terms of differences in flux estimated on 
grid cell level, and flux distributions across Fin-
land, CSR presented the least biased comparison 
with PREBAS, indicating both smaller and larger 
fluxes throughout Finland. However, in specific 
regions such as Ostrobothnia (Fig. 6a and b) and 
within the most forested grid cells (Fig. 6c) CSR 
was more likely to report a larger CO2 sink com-
pared with PREBAS. 

CO2 fluxes from CSR inversion were also 
compared against bottom-up forest fluxes from 
V2021 ORCHIDEE-N model (see Fig. S1 in Sup-
plementary Information).  The ORCHIDEE-N 
output is forest CO2 flux including the simula-
tion specific disturbances. ORCHIDEE, serv-
ing as a prior to one of the CSR runs and for 
CIF-CHIMERE, revealed that while CSR fitted 
better with the forest growth model PREBAS, 
LUMIA and CIF-CHIMERE were more closely 
aligned with ORCHIDEE. The other two V2021 
inversions (see Figs. S2 and S3 in Supplemen-
tary Information) were more likely to report 

smaller CO2 sinks across Finland than PREBAS, 
and the r 2-values were mostly poor. LUMIA 
demonstrated increasingly negative fluxes 
moving towards southern Finland, while CIF-
CHIMERE displayed a significant dipole pattern 
in the south of Finland, indicating potential bias 
in the results.

Interannual variability

The 3-month SPEI drought index explained 
some of the variability in monthly growing 
season NBPs according to V2021 DVGMs in 
southern Finland (Fig 7 a, c, and e). The cor-
relation between 3-month SPEI and monthly 
NBP anomaly estimated by DVGMs varied from 
–0.46 to –0.63 suggesting, that during dry grow-
ing seasons (negative SPEI values), the southern 
Finland biosphere might act as a source of CO2 
instead of a sink. In northern Finland, only 
the CABLE-POP NBP anomaly had statisti-
cally significant correlation with SPEI, whereas 
the other two DVGMs showed no (LPX-Bern 
0.05, Fig 3k) or only slight (ORCHIDEE –0.33, 
Fig. 3g) correlation to SPEI.

The high-resolution regional atmospheric 
inversions did not display similar correlation to 
SPEI as DGVMs. Most of the trends between 
SPEI and inversion carbon balances were not 
significant (Fig. 7b, d, j, l), and CSR revealed 
opposite correlation (drought correlated with 
larger carbon sink) in northern Finland (Fig. 7h). 
Only CIF-CHIMERE suggested that drought 
is correlated with higher ecosystem CO2 emis-
sions in southern Finland (Fig. 7f) with statis-
tically significant correlation coefficient. This 
correlation (–0.52) was similar to those found in 
DGVMs.

Discussion

Carbon balances and their uncertainties

The evaluation of Finland’s CO2 budgets 
showed significant uncertainties primarily stem-
ming from biospheric carbon fluxes (Figs. 2, 3, 
4 and 5). A key component of a comprehensive 
assessment of estimates provided by a range 
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of methods involves examining the extent and 
sources of uncertainty. Here we followed the 
McGrath et al. (2023) quantification of uncer-
tainty: the uncertainties were evaluated from 
ensembles of simulations, and the TD and BU 
balances were given as the median of the ensem-
ble. These ensembles were either conducted 
using multiple models of the same category 
(DGVMs and inversions; e.g. TRENDY, EURO-
COM, OCO-2 MIP) or multiple simulations of 
a single model (inversions; e.g. CSR, LUMIA). 
Former category of ensembles can have either 
harmonized or model-specific inputs whereas 
the latter ensemble is constructed of simula-
tions of the same model with varying input 
parameters and forcing data (McGrath et al., 
2023). A complete characterization of model 
uncertainty would require thorough investiga-
tion of the spectrum of parameters, input data 
and model structures (McGrath et al., 2023). 
However, such an investigation was beyond the 
scope of this study, given the large number of 
models involved. Consequently, the uncertainty 

presented here provides an insight into the range 
of estimates and their constraints but does not 
correspond to the complete description of the 
uncertainty. The multi-model ensemble proxy is 
commonly employed by others (Friedlingstein et 
al. 2022, Petrescu et al. 2021, 2023) to evaluate 
the systemic error of TD and BU approaches. 

Uncertainty of BU methods have been 
explored by several authors such as Bastos et 
al. (2020), and with specific focus on DGVMs 
by e.g. Seiler et al., (2022), and Bonan et al. 
(2019). Uncertainties associated with bottom-up 
fluxes from DGVMs include: (1) forcing data 
(Bonan et al., 2019); (2) datasets of land use 
change and coverage of different land use change 
practices (Bastos et al., 2022); (3) model param-
eters; and (4) structural uncertainty resulting 
from the number of processes included (Petrescu 
et al., 2021; Houghton et al., 2012). Discrep-
ancy between the terrestrial ecosystem models 
can also originate from inadequate or inaccu-
rate description of the key processes driving 
the rate of photosynthesis (Kondo et al., 2020). 

Fig 7. Growing season NBP anomaly of V2021 models as a function of 3-month SPEI. The values of SPEI and NBP 
anomaly are spatial means. Correlation coefficients (r ), and their respective statistical significances are given in the 
box for each pair. a–f are representing the mean of southern Finland for both variables and g–l are the correspond-
ing values for northern Finland. See Table 1 for descriptions of the models.
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Processes that are often poorly modeled or non-
existing include forest regrowth, wood harvest-
ing, forest degradation, and aging of the forests, 
all of which should be reflected to the Finnish 
NGHGI through the forest inventories. There-
fore, regional estimates from global biosphere 
models should be interpreted with care but can 
be valuable for understanding the effects of envi-
ronmental changes on carbon dynamics on both 
global and regional scales.

Further, the discussion about comparability 
of DGVMs and inventory carbon balances is still 
under debate. Both McGrath et al. (2023) and 
Bastos et al. (2022) pointed out that it is unclear if 
the TRENDY protocol S3 (presented here) or the 
difference between S3 and S2 (see e.g. Friedling-
stein et al., 2022) applied to run the DGVM 
simulations results in a more consistent com-
parison with anthropogenic emissions/removals 
captured by NGHGI. Additionally, Grassi et al. 
(2022) has proposed a framework to increase 
the conceptual comparability between DGVMs 
and NGHGI which should be considered in the 
future but was not applied here. Regardless of 
these concerns, we found the DGVM ensem-
ble (including ORCHIDEE-N, LPX-BERN, 
CABLE-POP, LPJ-GUESS, JSBACH) agreed 
closest with the annual mean of NGHGI as 
the DGVM ensemble reported a mean sink of 
–4.6 [–21 … +13] Mt C yr–1 between years 
2012–2020. On the other hand, the other ensem-
ble of DGVMs (TRENDY) suggested a consid-
erably larger sink of –9.9 [–30 … +15] Mt C yr–1, 
which was outside the LULUCF uncertainty 
range. Consequently, the number and type of 
ecosystem-models together with forcing data and 
resolution utilized in the ensemble influenced the 
carbon balance estimates. 

Uncertainty in posterior inversion fluxes have 
been found to be large and to differ between 
countries (Bastos et al., 2022). The main sources 
of uncertainties in TD approaches are: (1) errors 
in atmospheric transport models; (2) sparse sur-
face observations and/or incomplete information 
of the observations causing the inversion flux to 
be dependent on the prior fluxes; (3) systemic 
errors in the in-situ and satellite measurements, 
particularly problematic in regional inversions; 
and (4) low resolution of the inversion fluxes 
(McGrath et al., 2023). Inversions included in 

this study were the highest resolution inversions 
published to this date, including a considerable 
number of in-situ, and satellite observations. The 
uncertainties of the satellite-based OCO-2 MIP 
results are the largest of all averaged TD results 
in Fig. 5. It is worth highlighting that OCO-2 
satellite observations are close to the edges of 
their applicability when using them to estimate 
fluxes for a small-sized, high-latitude country 
such as Finland. To reduce the uncertainties that 
originate from the satellite observations, both 
the spatial and temporal coverage of the satel-
lite observations should be increased. This is 
the goal for the next-generation carbon monitor-
ing missions in preparation, most importantly 
the Copernicus Anthropogenic CO2 Monitoring 
(CO2M) mission. 

The inversions included both global 
and regional simulations. The best agree-
ment with LULUCF within TD approaches 
was found in global TD ensemble (GCP, 
OCO-2 MIP, CT) that approximated CO2 sink 
of –7.3 [-49 +32] Mt C yr–1 during the years 
2012–2020, while the corresponding values 
for regional high-resolution inversion ensem-
ble (CSR, CIF, LUMIA) produced an estimate 
(–12 [–32 +2.8] Mt C yr–1) furthest from the 
LULUCF.  This difference may arise from the 
small number of regional inversions. One ensem-
ble member (CSR) suggested much larger CO2 
sink in Finland while the other two (LUMIA 
and CIF) were much closer to the NGHGI and 
other BU estimates. Individual ensemble mem-
bers have been found to cause bias especially 
if the number of ensemble members is low 
(McGrath et al., 2023). The discrepancy found 
between inversion estimates may also result 
from other reasons, e.g., the utilization of sparse 
and unrepresentative observational data within 
the complex ecosystem, along with inaccurate 
meteorological data, emphasizing the need for 
continuous improvement.

The datasets that are used to post-process 
the optimized inversion fluxes induce another 
source of uncertainty to regional inversion bal-
ances and the use of inversion estimates to verify 
NGHGIs (Bastos et al., 2022; Byrne et al. 2023). 
Here, the inversion fluxes were adjusted using 
lateral flux data product compiled by McGrath 
et al. (2023) based on trade data from FAO 
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combined with riverine export of carbon. The 
adjustment of inversion fluxes is done to convert 
the land-atmosphere CO2 flux to net carbon stock 
change which in principle would be equal to 
NGHGI (Ciais et al. 2006). The data product that 
was used here to achieve comparability between 
inversion fluxes and NGHGI should be investi-
gated more carefully. Incorporating lateral fluxes 
enhanced the congruence between LULUCF and 
inversion fluxes (Fig. 3b), yet it diminished the 
alignment with the total CO2 balance when all 
NGHGI sectors and fossil emissions from inver-
sion were considered (Fig. 2). Consequently, 
more efforts need to be put on creating national 
data products that could be used to increase the 
comparability of inversion and inventory esti-
mates. Using global databases may not yield pre-
cise trade data, particularly for smaller countries 
like Finland. Additionally, relying on national 
statistics could lead to easier interpretation of 
inversion results and more confidence to use 
them to verify national inventories.

We did not consider the fact that LULUCF is 
conducted with "managed land" proxy, however 
in the future this is an adjustment that should be 
made if inventories are verified using other data 
products. In Finland managed land covers about 
80% of the total area leaving 20% of the ecosys-
tems outside whereas DGVMs and atmospheric 
inversions account for the total area of Finland. 
However, there is not spatially explicit informa-
tion of where these managed lands are located 
making it challenging to accurately consider 
these in the inversion/DGVM results. Global 
approximation of the spatial extent of these 
managed lands has been proposed e.g. by Deng 
et al. (2022), however for national analysis their 
approach might have led to insufficient assess-
ment in terms of resolution.

Interannual variability

The effect of climatic variability on ecosystem 
CO2 uptake has been found in measurements 
e.g. by Zu et al. (2020) and Rinne et al. (2020). 
Extreme droughts and low soil water content can 
reduce the ecosystem’s carbon uptake, poten-
tially turning regional ecosystems carbon neutral 
or even sources of carbon (e.g., Thompson et 

al. 2020). Consequently, climate variability can 
cause fluctuation in the amount of carbon that 
is absorbed by the biosphere annually, which 
can be captured by methods that operate on 
sub-annual time step (Petrescu et al. 2021). The 
effects of climate variability on carbon uptake 
have been found both in studies utilizing ecosys-
tem models (Piao et al. 2013), and atmospheric 
inversions (Thompson et al. 2020, Rödenbeck et 
al. 2020).

The study demonstrated that all individual 
DGVMs and atmospheric inversions effectively 
captured year-to-year variations on growing 
season biospheric fluxes within Finland but only 
DGVMs could factor in the effect of climatic 
variables such as temperature and rainfall. Thus, 
the drivers of this variability remained ambig-
uous in the inversion methods. He et al. (2023) 
discovered that inversions that assimilated satel-
lite XCO2 or environmental variables along with 
in-situ CO2 observations were more successful 
at identifying anomalies in biospheric carbon 
uptake. Potentially owing to limitations in obser-
vational data, the three regional inversions we 
investigated, exclusively assimilating in-situ 
observations, were unable to capture the effect 
of extreme drought events on growing season 
carbon uptake. DGVMs on the other hand, dis-
played a clear correlation to SPEI, but DGVMs 
have also been discovered to overemphasize the 
relationship between NBP and precipitation, as 
noted by Piao et al. (2013). Commonly to inven-
tory methods, only a little of the year-to-year 
fluctuation was reported in the LULUCF that 
showed minor reduction in sink capacity over 
an extreme drought year 2018. Inventories are 
averaged over multiple years (forest inventory 
is conducted every five years), and thus they are 
unable to capture the effects of sub-annual cli-
mate variations. However, the ability to account 
for extreme weather events might have signif-
icant relevance to the total biospheric carbon 
balance in Finland as suggested especially by 
DGVMs.

Comparison of PREBAS and inversion 
fluxes

The assessment of regional inversions against 
forest growth model PREBAS revealed that the 
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resolution of inversions was too low and the 
uncertainty too high to make reliable validation 
of spatially explicit BU fluxes against the obser-
vation-based flux estimates. However, PREBAS 
provided an interesting reference point for com-
parison due to its high resolution and exact 
representation of forest structure throughout Fin-
land. Contrasting the gridded inversion fluxes 
against PREBAS output we found that the spa-
tial distribution of inversion fluxes over Finland 
were biased specifically for LUMIA, and CIF-
CHIMERE. CIF-CHIMERE displayed clear flux 
"dipole" (Peylin et al. 2002) at the capital region 
of Finland. The dipole effect is a phenomenon 
where budgets of two neighboring regions are 
anticorrelated because the sum of that region can 
be more reliably constrained from large-scale 
signals (Kondo et al. 2020). Dipoles increase the 
uncertainty in regional inversion fluxes (Kondo 
et al. 2020). LUMIA on the other hand, dis-
closed a gradient in fluxes between the southern 
and northern Finland the largest sinks being in 
southern Finland. 

The higher resolution of inversion fluxes 
appeared to enhance the spatial distribution of 
these fluxes and reduce biases in comparison to 
PREBAS, underscoring the benefits of high-res-
olution inversion results. Moving towards finer 
spatial resolution of the atmospheric transport 
models has been on the agenda of inverse mod-
eling community to allow more reliable inter-
pretation of the fluxes and reduce uncertainty in 
the estimates (e.g. Chevallier 2023). A higher 
resolution could also facilitate better identifi-
cation of various land-use types, like forests 
in this case, potentially leading to easier com-
parison between different approaches. Now the 
exclusion of less forested areas diminished the 
regression fit between CSR and PREBAS, which 
could be partly due to the extensive spatial 
averaging applied to PREBAS leading to poor 
representation of forested areas. The correlation 
between the CSR and PREBAS was probably 
partly explained by southern-northern climatic 
gradient rather than how much forest there was 
in each grid cell. The regression fit best within 
the northern Finland which has significant inter-
nal climatic gradient resulting in less carbon 
uptake in the north and more moving towards 
the south.

Conclusion

This paper investigated the Finnish CO2 balance 
estimates from broad range of newest research 
datasets emphasizing the biospheric fluxes. The 
datasets included both global and regional bottom-
up and top-down approaches that were brought to 
national context for improved understanding of 
carbon dynamics in Finland, as well as more pro-
found understanding of biospheric balance esti-
mates available and their representativeness in 
Finland. The newest estimates of biospheric bal-
ances within Finland were contrasted against the 
Finnish national inventory and spatially explicit 
forest growth model PREBAS that offered pre-
cise representation of forest structure throughout 
Finland. Further, we investigated the relationship 
between climatic variability and Net Biome Pro-
duction anomalies from the range of estimates.

In conclusion, this study on Finland's CO2 
budgets revealed several important insights into 
the available estimates of biospheric carbon 
fluxes. Firstly, the carbon balance estimates 
from various models and approaches, including 
DGVMs, satellite or in-situ measurement-based 
atmospheric inversions, and inventories, were 
found to be within similar, but large, uncertainty 
ranges. Secondly, atmospheric inversions gener-
ally indicated a larger carbon sink than other 
methods, but the divergence was reduced when 
these inversion estimates were adjusted with lat-
eral fluxes, which aligned them more closely 
with the bottom-up approaches. Thirdly, the study 
observed interannual variability in carbon flux 
estimates other than the national inventory. This 
variability in the inversion models however was 
not driven by climatic factors, in contrast with 
the trends observed in DGVMs. This highlights 
a potential area for further research. Additionally, 
the benefits of moving towards finer resolution 
inversion were evident, which is even further 
supported by the next-generation, high-intensity 
satellite data.

Furthermore, we want to highlight the impor-
tance of collaboration and dialogue between dif-
ferent stakeholders and researchers in the field. 
By sharing insights and methodologies, there can 
be a more unified and accurate understanding of 
carbon dynamics, which is crucial for accurate 
accounting of regional carbon budgets.
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