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Modelled C and XD fluxes and emission factors
1 Executive summary

The aim of &sk 4.1is toderive emission factors based on botteup land surface modelling,
using two procesdased dynamic global vegetation models (DGVMs)EUESS and
ORCHIDEH recent years, emission factors have been proposed as a useful methodology
for estimating greenhose gas emissions under different lamdinagement strategies.

Whilst emission factors are straightforward to implement and offer several practical
advantages, conventional emission factors do not account for climatic variability (e.g.,
increased runofffdl 2 6 Ay 3 KSI @& LINBOALRKRGIGAZ2Y Ay | ¢Si
spatial heterogeneity (differences in soil properties also impactad@ NO emissions)lo
investigate the extent to which incorporating spatially and temporally explicit processes
improves the robustness of GHG emission estimates, we assess the added value of
representing spatial and temporal variability associated with land managemenddreme
weather eventausing two case studies: carbon emissions from forestry in Sweden and
nitrogen emissions from agriculture in ItaModel simulations were evaluated against
available observational datd@he simulations demonstrated the usefulness G\IMs for
estimating spatial and temporal changes in carbon stock (forest in Swedenk@nd N
emissions (agriculture in Italy), as influenced by weather and climate extremes and different
management methods. The model comparison revealed that uncertaimtiesdel
parameterization can significantly affect simulation outcome, highlighting the need for
further model developmentcalibration,and evaluation
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2 Estimation ofC and N fluxe$or the AFOLU sector from
terrestrial ecosystem models

The objective ofdask 4.1 was to derive emission factors based on bottpniand surface modelling,
using two procesdased dynamic global vegetation models (DGVMBIGUESS and ORCHIDEE. Task
4.1 includel two case studies (link to WP1), forest in Sweden and agriculture in Italy, with process
attribution of GHG emissions to improve the spatial and temporal resolatimrenable assessments

of management decisions and extreme weather events.

The aim was toampare model estimates to nationadventoryreporting and IPCC emission factors
in order to 1) provide country and county specific estimates on sthekgebasedcarbonemissions
(forest in Sweden) and® emissions (agriculture in Italy), 2) accounttémporal patterns such as
annual variability induced by impacts of weather and climate extremes, 3) estimate the impact of
different management methods, and 4) provide model uncertainty assessments.

2.1 LPIGUESS

The LRGUESS modplovidesa processhased representation of ecosystem function and vegetation
structure (Smith et al., 2001, 2014). The basic level of a simulation is a forest patch in which cohorts
of different plant functional types (PFTs) compete for light, nitrogerd water, resulting in a net

primary production (NPRhat is allocated to new biomass of the cohort. Establishment of new
cohorts is regulated by potential NPP at the forest floor and PFT related parameters. Mortality
related to competition and agis simulatedannually and patckdestroying disturbances at a fixed
interval (300 years in the presented simulations). Cohort NPP and water dynamics are simulated
daily, driven by precipitation, temperature and radiation d&R&Ts exist both in a generic global set
and aEuropean set (Hickler et al. 2012), which includes most tree species found in Sweden.

Forest management (Lagergren et al. 2012, Lindeskog et al. 2023) is simulated for groups of patches,
called a stand type, where specifications of species planted, tigmaigime and rotation period
determines harvest and establishment, replacing natural disturbances. Storm and spruce bark beetle
damage is explicitly simulated (Lagergren et al. 2012, Jénsson et al. 2012, Lagergren et alh2025).
land-use functionalityalso includes setting for cropland and grassland, with a special set of PFTs, for
which detailed information of fertilization, irrigationpwing dates and tillage can be specified (Olin

et al. 2015).

2.2 ORCHIDEE

ORCHIDEE (Organising Carbon and Hydroldynemic Ecosystems) is developed (primarily) at the

IPSL (Institut Pierre Simon Laplace). ORCHIDEE is designed to simulate carbon, nitrogen, water, and
energy fluxes from local sites to the global level (Krinner et al. 2005, Vuichard et al 2019). It

calcdates the energy and hydrology buetgpf the terrestrial biospherat halthourly intervals.

ORCHIDEE typically distinguishes 15 plant functional types. However, the number of PFTs can vary
RSLISYRAY3 2y (G(4KS Y2RSf Q& | LILIn phéroldgy @ngrearbdnw/ | L599 &
dynamics, including photosynthesis, maintenance and growth respiration, within plant carbon and

nitrogen allocation, plant mortality, production and decomposition of litter, and soil carbon and

nitrogen dynamics, at daily time stepdortality canbeOl dza SR 6& dol O] ANRdzy R Y2 N
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result of naturadisturbancss, i.e., fire, windandbark beetles, an@nthropogenic disturbances, i.e.
land cover changes aridrest management.

ORCHIDEE is forced with meteorological data, ghmesc CQ@concentration, a river network map, a
forest management map, nitrogen input maps of fertilisation and atmospheric deposition, a soll
texture map, and land cover maps to prescribe the vegetation distribution. The vegetation
distribution is represnted by the areal proportion of each PFT in each model grid cell for a given
point in time. When land cover changes happen,-R¥&l carbon stocks are redistributed from the
shrinking PFT to the expanding one.

To represent forest stand structure, ORCHEDBes, typically three, diameter classes (Naudts et al
2015, Bellassen et al. 2010). In the case of eagad stands, all diameter classes are equal. As trees
within the stand grow, relative density increases. Different management strategies are assigned
target of relative density. In the case that the stand is on the verge of overstocking, the target of
relative density has been reached, and 4klhning occurs. The stand is harvested if thinning would
result in unrealistically low stand density or eatistically large diameters of the remaining trees. In
the case of unmanaged forests, overstocking results irtlsiglfiing. Different management

strategies have different targets for relative density and cut different diameter clalsstse
historicalsimulations ORCHIDEE was configured to simulate-aged rotational management or
unmanaged forests. For the future simulations also a conversion to continuous cover forestry after a
stand replacing disturbance, was tested.

ORCHIDEE simulates typical sbng variables such as basal area, stand density, quadratic mean
diameter, quadratic mean height and diameter distribution. The carbon and nitrogen balance of the
forest is represented by: (i) the net change of carbon and nitrogen pools in forest ecosyS§igthe
carbon stored in the short, medium and letiged harvested woogdwhichact as essitu carbon sinks.

The nitrogen cycle is represented at the PFT level as for the carbon cycle, and for each carbon pool
there is a corresponding nitrogen pool twiC/N ratios evolving through time (Vuichard et al., 2019).
The leaf C/N ratio is dynamic and varies according to nitrogen supplied by the roots and demand for
biomass allocation. The fate of mineral nitrogen in the soil follows the same formalism espesc

as the OCN modéZaehle and Friend, 20a(Zaehleand Friend, 2010b Nitrogen inputs in the sajl

plant system are related to (i) atmospheric nitrogen deposition in the form QfaNEI NQ

components, (ii) biological nitrogen fixation (BNF) on any lcategory, and (iii) nitrogen fertilisation
over managed grasslands and croplands.

2.3 Model input data: climate, G(nitrogen deposition and soil

To drive the model simulation§;hour meteorological datavere obtained from the CRIRA/2.4
forcing datasetlfttps://catalogue.ceda.ac.uk/uuid/aed8e269513f446fb1b5d2512bb39 Aadi
aggregated to daily valuefor 1901-2022with a spatial resolution of 075 0.5.

For CQconcentration we used annual data from the Global Carbon Project (Le @uéké2018).

For LPBUESS, ronthly values at 14§ear intervals, based on Lamarque et al. (2011), were used as
nitrogen deposition input dataand ®il data were taken from the ISRHOHSE global data set (Batjes
2005). For ORCHIDE&mMospheric Ndeposition (NHXN andNOyN) wasfrom the International

Global Atmospheric Chemistry (IGAC)/Stratospheric Processes and Their Role in Climate (SPARC)
ChemistrgClimate Model Initiative (CCMI) N deposition figf@ign et al. 2018)he fraction of
agriculuralland that is irrigated is based on Siebert et al. (2005) initially available atrbiarc
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2.4 Forest simulation strategy and output data
The two DGVMs ORCHIDEE anddlFES®ere applied to simulate current forest conditions (incl.
carbon stock developent), soil carbon dynamics, and forest management for Sweden.

2.4.1 LPJIGUESS model setup

For the Swedish casevarsionof LPJGUESS with the most recent developmemtf forest
management input, detailed output options and an update of parameters for the EaropéTs was
used (LRGEUSS v4.1, european_applications branch, revision 13145). For potential natural
vegetation, the average return time for generic patidstroying disturbances was set to 300 years,
but this wasturned off in managed stands. In manageends wind damage was driven by a wind
load file Lagergren et al. 20)dased on observed wind damage 198110 (Marini et al., 2017) and
CRU JRA wind data for the remaining historical y&msice bark beetle damage was simulated
(Lagergren et al. 2025b)singtemperature, drought and storm damadespruce as drivers.

NationalForestInventory (NFI) data for the period 198892were usedto initialize forest
conditions, with countyleveldata on severiorest types Pinus sylvestrigine forest,Pinus contorta
pine forest, Spruce forest, mixed neediaf forest, mixed forest dominated by brodehf species,
nemoral broadleaforest, andboreal broadleaf forest) and twelve agtasses (2, 310, 1120, 2
30, 3140, 4160, 6180, 83100, 101120, 121140, 141160, and 161+ years).

The forest type and age distribution data were translatetb six species types with 3@ar age

classes, continuous forestry and unmanaged forest, managed widretit rotation periods for

different parts of the country (Figure 1). Details of the simulation strategy for the Sweden forest case
studyareprovided in Annex 1.
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Figure 1.The counties in Sweden (a), the traditional division into country parts (b), the division used
in LPJGUESS to group regions with the same rotation periods (c), and the rotation periods for the
LPIGUESS groups (d). Note thia island ofGotland has any climate and coarseshallow soil

which make ifpart ofthe northern Group 1For continuous cover forest, the return time of cuttings
isgiven instead of rotation period.

2.4.2 ORCHIDEE model setup

For ORCHIDEE, the simulation experiment consists of: QDyseér model spinup, (2) the
construction of a 20§ear lookuptable, (3) nudging of the initial conditions for 1990, (4) ay&ar
historicalsimulation from 1990 to 2025. All simulation components were run at 0.5 x 0.5 degrees

8
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resolution.After the soilpools have reach equilibrium (i.e. year 400 of spinup simulation), all forests
are clearcut and the simulation is extended for a final 200 years to generate the lookup table. This
process is to ensure that the simulation over the historical period begihssoils that are in
equilibrium and a realistic representation of forest compaosition.

Spinup

The spinup was run by recycling 19190 climate data fod00years to allow the soil nitrogen and
carbon pools to reach equilibriurDuring the spinup, thatmosphericCQ concentrationwas
constant(350ppm) The model was configured to simulate the following 8 forest PFTs in Sweden:
Temperate Needleleaf Evergreen, Temperate Picea Sp, Temperate Broad Leaved Summergreen,
Boreal Needleleaf Evergreen, BoreakRBi&Sp, Boreal Broad Leaved Summergreen, Boreal Larix Sp. All
PFTs were simulated with a single age casbkthree diameter classes.

Constructing the lookup tabl® nudgethe initial conditions

Following the clear cut all PFTs are replardad the vegetation is managed according to the forest
management maybor the year202Q The forest management map combined ORCHIDEE specific
17PFT (2023.v1) maps (derived from ESACCI LC v2.0.82) with the LUHv2 division (Hurtt et al. 2020)
between primary and secalary forest to obtain a historical record of ORCHIOIeEific forest
management mapdf the stand is managed, a proportion of the biomass is harvested and put into
wood product pools. If, however, the stand is unmanaged, the biomass remains oRegalts from

the 200year regrowth simulation are then used to comgite look up tablewhichconsists of a
diameterfor each PFTor each grid cellFor each grid cedind PFTthe simulated mean diameter
(including all related prognostic variables usegithin ORCHIDEEPmM the 200years of theregrowth
simulationthat isclosestto the observed mean diametdfor that PFT and grid celf) selected.

Anobservational tree diameter mape-gridded to 0.8x 0.5, was used to construct the preseday
forestconditions(Pucher et al 2022)The Pucher map contains data from the period between 2000
and 2010 and was therefore assumed to represent the year 2005WHwmulation protocol
required the sinulation to start in 1990Therefore,instead of usinghe year associated with the
diameter closest to the observatiothe lookup table used simulatechrbon, nitrogen, water and
energy pools from 15 years earlier to compile the restart file.

Future modé simulations

To compare different forest management strategies, we continued the historical model simulation
for the period 2020; 2100 using ssp370 climate scenario as a future climate fo(thigliP,
https://data.isimip.org (Frieler et al 2024)We ran threduture simulations each with a different

forest management strategy: unmanaged, high stand management, and continuous cover forestry.
Beginning from the historical run which used the 2020 foreshagement map described abovhe
management was gradually changedeither unmanaged, high stand management, or continuous
cover forestryafter a stand replacing disturbance occurred. Note that historically unmanaged forest
remained unmanaged.

2.4.3 Compilaton of model results and comparison to inventbased data

Mean carbon fluxes (ton C figr?) and pools (ton C Wy acrossall simulated forest area are

provided at gridcell and county level and also summed up to country tofEie simulated total net
emissions were comparesith the inventorybased numbers reported tdNFCCO'he net change in
OFNb2y LkR2fa ¢la faz2 OFfOdZ | &SR FyR O2YL}I NBR
exchange and the net change in vegetation carbon pavbwassesse for the different simulated

02
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species types, continuous forestgnd unmanaged forest by county to explore the potentiagbact

of alternative forest management strategié®limit the number of figurepresented some results
were shown for the four trditional country parts (Figure 1). For verification of the model, the results
were compared to county level NFI data in 2020 (2282 inventory) of tree biomassdmean

tree diameter.

Model resultsof carbon emissions from different pooksere comparedvith reported values based
on NFI dataat the country scalgo address uncertainties and knowledge gapestimatingemissiors
for the simulation period 1992020. The impact of extreme climate events (summer drought in
2018) was anabed. The simulationg/ere further analysed to indicate the potentiaimpact of
alternative forest management strategies, comparititferent species types avenage forestry
(EAF) and continuous cover forestry (CCF)

2.4.4 LPJIGUESSuput data:

Raw ASCfbrmat output files, rdf-files of key variables compiled to Ogrid or to counties, and files

for the setup of the simulations are stored at ICOS Carbon Portal file@tigre:/fileshare.icos
cp.eu/apps/files/files/48801597dir=/AVENGERS/WP4

Process modelling/Tasks/Task%204.1%20documentation/Model%20output%20data/LPJGUESS/Swe
denCaseStugy Further details are given in the ReadMe file of the directory.

2.4.5 ORCHIDEE output data:

The model results are stored as ndiliés divided invegetation and sil carbon output (SBG
stomate*.ng and energy and water budget output (SREchiba*.nat ICOS Carbon Portal fileshare
(https://fileshare.icoscp.eu/apps/files/files/4867313?dir=/AVENGERS/WP4
Process_modelling/Tasks/Task%204.1%20documentation/Model%200utput%20data/ORCHIDEE
Further details are given in the ReadMe file of the directory.

2.5 Agriculture simulation strategy and output data

For the purpose athe AVENGERS project, we are focusing our attention on the following Italian GHG
Inventory estimate: direct ¥ emissions and indirect (from volatilization and redeposition of
nitrogen)N,O emissions from managed soils

Italian NO emission from managed soils in the years 28QP1 were simulated usirthe LPIJGUESS

and ORCHIDEE models and compared thétlgriddedN,O emissiondrom WP2.1 usedas priors in

WP2.5the socalledt ¢ bohl DO2 BT ¢! GSYASNA PO2dzy (i NA S2priorKk SNBEA Y | T
(see Deliverable 2 for more details).

In addition to N input offered by the modelss aput to modelling activity the same N input used in
the inventory were used, in order to rka the results of simulations comparable with inventory
estimates and to make considerations about emission factors and their temporal and spatial
variability.

2.5.1 Inventory estimate sector 3.D

The Tier 1 method of IPCC Guidelines for National GHG Inver{tBx@sS 200)9hereinafter referred
to as IPCC GL, assumes th#D lmissions are directly proportional to the N amount added to the

10
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soil, with emission factors specific for N sources and types, and distinct for direct and indirect
emission pathways:

9 DirectN-O emissions from managed soils that occur through a direct pathway

9 Indirect NO emissions taking place through two indirect pathways: N
volatilization/deposition and N leaching

1 For both direct and indirectZ emissions the equations provided by the IR&CGare
usedto estimate the amount of N lost with emissionsgdiNN amount), which must be
converted to NO emissions by using the following equation, where 44/28 is the ratio
between molecular weights ob@® and N:N20O = NoOi N * 44/28

Asummay ofthe nitrogen inputs to soils taken into consideration for the estimate of direct and
indirectN.O emissions and their pathwayse given in Fig. 2.
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Figure 2A summary of the nitrogen inputs to soils taken into consideration for the estimate of direct
and indirectN,O emissions and their pathwayBom Figure 11.1 in Vol. 4 of IPCC.GL)

The reference equation for calculation of direa@Nemissions from managed soils in IFBLE
Equation 11.1 (Chapter 11, Volume 4):

NoQuirect- N = [(BntFornt Fert Fson) * ER]+[(Fere,crtERprp,cht(FPre,sEE PR sY
where the following N inputs to managed soils are considered

0 Fsvannualamount of synthetic fertilizesN applied to soils

11
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0 Fonvannual amount of organic fertilizers N applied to soils, composeB@&animal manure,
Fcomprcompost,Fsewsewage sludgdrooaother organic amendments as rendering waste,
guano, brewery waste, etc.

0 Frannualamount of N in crop residues (abegeound and belowground), including N
fixing crops and from forage/pasture renewal, returned to soils annually.

0 Fsomannual amount of N in mineral soils that is mineralized, in association with loss of soil C
from soil organic matter as a result of changes to land use or management

o0 FRweamount of N in dne and dung deposited by grazing animals on soils on pasture, range
and paddock (the subscripts CPP and SO refer to Cattle, Poultry and Pigs, and Sheep and
Other animals, respectively

Table 1.The emission factors for the estimation of directOdmissionsLdt column:from table 11.1
of Volume 4 ofPCC G(LPCC, 2019Right columnthe Implied Emission Factors (IEF) used in Italian
Inventory submission 202Rpmano et al., 2033derived from IPCC @PCC, 2006)

Tier 1 IPCC GL 2019 Uncertainty Range IEF IT inventory (sub
[kg NeOGN (kg NY] 2023)  [kg BN (kg
N)*]
Aggregated value 0.010 0.001¢0.018
Synthetic

Synthetic fertiliser inputs imet
climates (including mixtures
that include both synthetic and
organic forms of N)

ER Other N irputs inwet climates
(organic amendments, animal
manures e.g. slurries, digested
manures, N in crop residues anc 0.006  0.001¢0.011 Organic
mineralised N from soil organic fertilizer input
matter decomposition)

fertilizer 0.0096
0.016 0.013¢0.019 inputs

0.010

All N inputs irdry climateg 0.005 0¢0.011
Aggregated value 0.004 0.000¢0.014

ERere, cPp | Wet climates 0.006 0.000¢ 0.027 Aggregated 0.0111
Dry climates 0.002 0.000¢ 0.007 valve

ERere,so | Aggregated value 0.003 0.000¢0.010

The reference equation for calculationioflirect NO emissions from atmospheric deposition of N
volatilised from managed soils in IPGOs Equation 11.9 (Chapter 11, Volume 4):

N2O@atoy- N = [(ENFracasy+((FontFere* Fragasy * ER
Where

0 Fragas+ fraction of synthetic fertiliser N that volatilises assMHd NQ

1Wet climates occur in temperate and boreal zones where the ratio of annual precipitation: potential evapotranspiration >
1, and tropical zones where annual precipitation > 1000 mm.

2 Dry climate occur in temperate and boreal zones where the ratio of annual precipitation: potential evapotranspiration < 1,
and tropical zones where annual precipitation < 1000 mm
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Modelled C and XD fluxes and emission factors

o0 Fragaswv= fraction of applied organic N fertiliser materialsyjFand of urine and dung N
deposited by grazing animals-£§ that volatilises as NHnd NQ

The reference equation facalculation of indirect PO emissions from N leaching/runoff from
managed soils in IP@Lis Equation 11.10 (Chapter 11, Volume 4):

N2Ow)- N = (ntFont FeretFerr-FsoM)™ Frageacn)® ERs
Where

0 Fraease fraction of all N added to/mineralised mmanaged soils in regions where
leaching/runoff occurs that is lost through leaching and runoff

Table2. The emission factors (EF) and fractions (Frac) for the estimation of indx@amissions
from table 11.3 of volume 4 df IPCC GL for National GHi@entories(IPCC, 2019) and theplied
Emission Factors (IERed in Italianiventory submission 202Rpmano et al., 2033

IPCC GL Refinement 2019 IT inventory (sub 2023)
Default Uncertainty . Default | Uncertainty IEFValue
Disaggreg.
value range value range
ER
N volatilization and redeposition [ke®cN (kg NHGN + NGgN volatilized}]
Wet climate 0.014 0.011-0.017
0010 100020018 | b\ imate 0005 | 00000011 | O°
Fragasr
Volatilization from synthetic fertiliser [kg N&N + NOgN) (kg N applied)]
Urea 0.15 0.03-0.43
Ammoniumbased | 0.08 0.02-0.3
0.11 0.02¢0.33 ﬁ:;:gmummtrate_ i e 0.10
Nitrate-based 0.01 0.00-0.02
Fragasm
Volatilization from all organic N fertiliseapplied, [kg NH&N + NOgN) (kg N applied}]
oo | 000
0.21 0.00-0.31 - - - Sewage sludge | 0.12
o™ | 008
Ek
[leaching/runoff] , kg BOGN (kg N leaching/runoff)
0011 | 0.000¢0.020 |- | - | - | 0.0075
FrageacHn)
N losses by leaching/runoff in wet climates, [kg N (kg N additions or deposition by grazing dfimals)
0.24 | 001073 |- | - | - | 0.27

2.5.2 Spatialized N input elaborated from inventory activity data

As input to modellingthe historical time serie20102021 of Nitrogen input to sqiélaborated for
the Italian inventorywas used to make the simulation more comparable with inventory .ddite
aim ofthe simulatiors was to detect spatial and temporal variabilityemissions and emission
factors.
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Provincial disaggregation and gridded emissions were available only for 2010, 2015 and 2019
(reference years). Where no spatially distributed emissigare available, the spatial distribution of
the closest available reference year was used. Specifit@ll2011 and 2012 the spatial distribution
from 2010 was used, for 2013 and 2014 the spatial distribution from 2015 was used, and for 2016
2021 the spatial distribution of 2019 was used. For missing ydwrd input per province was
calculated as thenpduct of the national N input (CRF submission 2023) and the percentage
contribution of that province in the reference years.

The methodologies and proxies used to disaggregate N input at NUTS3 level (Italian provinces) are
described in the ISPRA repora(ifino et al., 2022)

Moreover, the NUTS3 level N inputs were disaggregated on the EMEP grid (0.1°k considering
the land use of each grid célig. &4). To do so Corine Land Co€LC2012 (for years 2012015)
and CLC 2018 (for years 2ed@21)were used. Using ARCGIS Pgq(dyntheticfertilizers) were
distributed only on cropland (CLC class codes 211, 212, 213, 221, 222, 223, 24%r#?), F
grassland (CLC class codes 231, 321, 333, 243 e 244), while organic N inpkisiFsew Fcp on
both cropland and grassland

Crapiand (CLC12) EMER
0% - 25%
29% - S0%

. 50% - 75 i

. 75 - L00% I 404 - 60%
W 0% - B0%

Grassland (CLC12) EMER
0% - 20%

200 - 0%

Cropland (CLC18)_EMEP
0% - 25%
254 - S0%

W 50% - 75%

Grassiand {CLC15)_EHEP L
o% - 20% et
20% - 4% L)
. 0% - 6%
I 50% - 80%

Figure 3.The percentage coverage afopland and grassland classes in EMEF.1°grid cellsas
classified with theCLC 2012 and CLC 2@t8ducts
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¥
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tons Nsynt * y-1 per EMEP grid cell
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0-359
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(2016-2021)

0-543
360-719
720- 1079 ot hpoid
B 1080+ 1438 I 1088 - 1631
[ 1440 - 1800 . 1632 - 2175

. 2176 - 2720

Figure4. Estimated amount (tons) ayntheticand organic fertilizers peéd.1°EMEP grid cell,
represented as average for 202015 and 201€021.

2.5.3 LPJGUESS model setup

For the Italian case the main branch of QRESS was used (L-BLESS v4.1, trunc branch, revision
13203). A detailed descriptiorf the N transformations and evaluation of®l fluxeds providedoy

Ma et al. (2025). The mineral fertilizer is assumed to have equal amounts,odINHNQ and is

added to the soil water. The manure is added to the soil organic matter pool together with
associated carbon, assuming a 30:1 C/N ratio (Olin et al., ZDd&¥ertiliser is added at two

occasions per year with the total annual amount divided éiguzetween the two dozes. For

cropland, the dates are set when the development stag2)(Bccording to Wang and Engel (1998)
has passed 0.5 (after terminal spikelet is out) and 0.9 (start of heading stage) respectively. For the
grassland simulations, thozes were given at fixed dateset to the first of April and the first of

June.

In the cropland simulation for Italy, the following CMIP6 (Hurtt et al., 2020) crop types were
assessed:

f"CC3ann" C3 annual, in LBUESS mapped as winter wheat ifmter-crop grass)

1 "CC3per" C3 perennial, in EBUESS mapped to summer wheat with irteyp grasses
enabled

1 "CC3nfx" C3 nitrogen fixer, in LEBWESS mapped to summer wheat (no inter crop grass)

f"CC4ann" C4 annual, in LBUESS mapped to corn (no interrgyass)
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For each of these types there was also an irrigated variant.

From the ISPRA langse and fertilisation datdhe amounts per square meter was calculated for

each simulated 0-8legree grid cell. For the spinning up the model CMIP6 fertilisation data (Hurtt et
al., 2020) were used. A quality check of the match between CMIP6 data and the ISPRA data for the
overlappng period (2012021) was done. If the mean ISPRA amount divided by the mean CMIP6
amount for 20162021 was between 1/3 and 3, this quotient was used to scale the CMIP6 data for
18502009 and 2022 and the inventoried data were used for 2PAP1 (this cterion was passed for

146 of 161 gridcells, representing 92% of the area). If the quotient was out of the range3j1tBe
CMIP6 data were used directly for 188009 and 2022, and for the period 262021 the annual
deviation from the 2012021 mean bthe inventoried data was used to scale the CMIP6 data. To
distribute the fertiliser between the crop types the relative CMIP6 amounts were used.

The grassland area was simulated as pastures. In these C3 and C4 grass are competing but in the
Italian climae C3 grass was always the stronger and there was no simulated C4 biomass. Harvest
from pastures is in the form of grazing animals which annually eat 50% of the aboveground biomass.
However, to mimic that a large fraction of N in the grazed biomass sdomeeto the system as

urine, only 25% of N in the harvested biomass leaves the system and the remaining 75% is added to
the leaf litter N pool (Ma et al., 2025).

For scaling up to country totals, the |I38&hd-use data for 2012 were used ftire period2010-

2015 and the 2018 data were used for 2EA@22. To evaluate the added value of using the country
specific ISPRA, the results were also compared with the Avengers D2.2 repdquidgiter 4¢

Natural Fluxes)n which the CMIP6 data were used for btahd-use and fertilisation.

2.5.4 ORCHIDEE model setup

For ORCHIDEE, the model gginand historical simulation was run at 0.5 x 0.5 degrees resolution.

These simulations use a land cover map delineating 15 PFTs (2 crop PFTs, 8 tree PFTs, 4 grassland
PFTs, anthe bare soil PFT). The ORCHIDEE PFT map is based on the ESA CCI Land Cover map v2.0.7b
for 2010 aggregated using a cresalking table to 15PFTs at 0.25degrees. The meteorological forcing

data used the CRUJRA v2.4 data product.

The spirup recycled 19711990 meteorological forcing for 340 years to allow the soil nitrogen and
carbon pools to reach equilibriurfror the historical simulatiofertilizer using the NMIP2 product

(Tian et al. 2022 ptmospheric N deposition (NHY andNOyN)wasfrom the Interndional Global
Atmospheric Chemistry (IGAC)/Stratospheric Processes and Their Role in Climate (SPARCYChemistry
Climate Model Initiative (CCMI) N deposition figf@imn et al. 2018)and BNF inputs were used.

During the spirup simulation,nitrogeninputsfor the year 1850 were recycled using the same

nitrogen input productsBefore beginning the historical simulation, a transient simulation is used to
prepare for current meteorological conditions (1802010) recycling the 19942010

meteorological foraig. The representation of the nitrogen cycle in ORCHIDEE has been extensively
described and evaluated (Vuichard et al. 2019).

For the period, 2012022, two historical simulations were created using 1) NMIP2 nitrogen inputs,
and 2) a simulation using th8PRA nitrogen inputs and corresponding CORINE land use map.
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2.5.5 LPJGUESS output data

Raw ASCfbrmat output files, ncdfiles of key variables compiled to 0grid, and files for the setup

of the simulations are stored at ICOS Carbon Portal fileshéres(/fileshare.icos
cp.eu/apps/files/files/4880159?2dir=/AVENGERS/WP4
Process_modelling/Tasks/Task%204.1%20documentation/Model%20output%20data/LPIJGUESS/Italy
CaseStudy Further details are given in the ReadMe file of the directory.

2.5.6 ORCHIDEE output data

The model results are stored as ndiliés divided in vegetation and soil carbon output (SBG,
stomate*.nc) and energy and water budget output (SRF, sechiba*.nc) at ICOS Carbon Portal fileshare
(https://fileshare.icoscp.eu/apps/files/files/4867313?dir=/AVENGERS/WP4
Process_modelling/Tasks/Task%204.1%20documentation/Model%200utput%20data/ORCHIDEE
Further details are given the ReadMe file of the directory.

3 Forest case study Swedegresultsand discussion

3.1 Country part and county specific estimates on carbon stbhakges

Thesimulated levels of the different components of carbon emissibased on a stoekhange
accountingfrom forestsin Sweden compare rsanably wellwvith the inventorybased reported
numbers (Figh). In particularthe vegetation and litter componenthow much larger variatioim
the simulatonsthanin the reportedvalues, which arbased on Syear inventory cycles of
permanent plots. Both modelsdicatearelativelysmall uptake or a release frogoil, ranging from
10to +10 Mton CQper yearwhereasthe inventoryshowsa steady uptake adpproximatelyl5
Mton per year. Thearying sizesof 10-year classes in the initigdition of LP-GUES&ee Annex 1)
lead todifferences in the simulation outputscrosddifferent periods, most clearly seen in the flux
from harvesed products.
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75

LPIGUESS, —VegModel —LitterModel ORCHIDEE = Vag
SoilModel —HarvestModel 25 1 gy ~
50 --VegNFlI - - LitterNFI st

SoilNFI - - HarvestNFI

25

-25

-50

-75

Net removais/emissions (Mton G@q. per year)

-100

1990 1995 2000 2005 2010 2015 2020 1993 2000 2005 2010 2015 2020
Year Time

Figure5. Total annual emissions from forest in Sweden dividedl diifferent components as
modelledby LPJGUESS andRCHIDEE compared to diatam the national report based on
inventorydata Only carbon related fluxes are representéd. emissions are based arnstock
change accounting (carbon previous yeararbon stock current year). The harvest stock changes
depend on harvested biomass and longevity of different wood products.

Whenexanining the simulated net change in vegetation carbon for different paftSweden and
variousforest or plant functional typefPFTs)the interannual variatiolbecomes even more
apparent(Fig.6). The influence ofweather and management is exploréatther in the following
sections
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Figure6. Net emissions from the vegetation of different forest typealculated from the change in
simulated standing biomasgrosscountry parts(Fig 1). In the LPIGUESS simulations all continuous
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cover forest of a certain cutting interval (Figure 1) is cut in the same year, which explains the peaks in
those simulations.

3.2 Impacts of weather and climate extremes

The dry years of 2006 and 2018 (Figshowa large reduction in the vegetation sink in Svealand and
a shift to net emissionm GoétalandFig. 6) The simulations showed thaprucedominated forests
were more affectedthan broadleafed typesThe2018SPEI drought inde€¥ig.7) alignswith the
reduction in theNEE sink (Fi§). Modeled estimates otthe sink reduction areip to 0.3 kgC nv* for
LPJGUESS and up to 0.4®gr? for ORCHIDEEhese resultagree with eddy covariance
observationswheretwo spruce forests iGétalandhad reductiors of 0.39 and 0.25 kg C%m
respectively (Lindroth et al. 2020h Norra Norrlandthe drought was more severe in 2006 than in
2018 (Fig7), which is reflected in a sink reduction in 2Q0&la normal oraboveaverage sink in
2018 (Figh & 8). Lindrothet al. (2020) concluded that a moderately warm and dry summer could
have a positive effect on productivity in the temperature limited ecosystems of northern
Scandinavia.

SPEI 2006

<-2.33
-1.65
-1.28

e i RPN | 1 1 LA NI
Figure7. Map of SPEluneAugustdrought indexfrom Global Drought Monitor) (during the

summes of 2006 and P18 (ApritSeptember).
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Damage from storm andprucebark beetlesvasexplicitly modelledn LPJGUESE-ig.9). Norway
spruceis the mostwind-sensitive PFT, bispruce monocultures shoaverage storm sensitivitynly.
Thesensitivity is underestimated, especially in Gotaldmebausehe simulatedstands are denser
and the trees shorter and thinnghan observedFig.12). In natural,continuous and mixed forest
the sprucePFThaslower density andthe lowerwithin-PFT competitioteadsto taller treesandhigh
storm sensitiity. Soruce bark beetle damage dependsiosect phenology andvailability of brood
trees(>15 cmin diametel). The outbreak dynamidsllowingthe storms in 2005 and 200@ndthe
2018 droughtare relatively well captured for Gétalaniihe modelled damage, up to 0.2 kg € m
did not have a obvious impact on the vegetation carbon sink (B)g.
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Figure9. Biomass mortality due to storm and bark beetle damégi andright axis respectively
note the different unitjas simulated with LR3UESSfor different parts of SwederfFor the storm
damage the levebr different forest types is presented as wellthe averagdor all (black line).
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3.3 Estimated impact of different management methods

According to LPGUESS simulations, brekesdfed forest types are strong carbon sinks, and pine
forests are the most efficient carbon sequesters in the northern counties. In contrast, spruce
dominated forest types (spruce, mixed neetbafed, continuousand natural) are weaker sinks (Fig.
10, Annex Fig AZJhe simulated rotation period is shortest for the boreal brdealf forests followed
by spruce, and longest for nemoral breksaf forest. However, this has no clear impact on the
vegetation carbon sin According to th®©RCHIDE&mulations, the broadeafed summergreen PFT
is the strongest sink in the boreal counties, while the Spruce PFT is strongest in Svealand and
Gotaland counties (Fig. 10). The large differences in modelled vegetation sinklstoehgeen

forest types and PFTs reflect model uncertainty.
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FigurelOa. NEE excluding harvesind carbon removed by harvesiveraged ovel 9902020 for
different forest typeqLPJGUESndplant functional types (ORCHIDEH)e LREUESSBarvest
numbersrepresentcarbonremoved from the forestin ORCHIDEE, harvested wood enséiert,
medium or long-lived productpools and emissions are subsequently calculated for these pools
rather thanfor each PFT separatellime serig of these results are present@dAnnexFigA2
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Figure 10bNEE excluding harvesind carbon removed by harvestveraged ove2020-2100under
ssp370or different plant functional types (ORCHIDE&)N simulations with unmanaged forests
(left), high stand managemeirgmiddle), andcontinuous cover forestriright). In ORCHIDEE,
harvested wood entershort, medium or long-lived productpools and emissions are subsequently
calculated for these poolsither thanfor each PFT separately.
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wererun for age classeim 10-year intervas (complementary run, seAnnex } andthe results
representNEE for the years 2013022.The ORCHIDEE simulations were run using a singleasge
therefore, data for theentire model simulation (1992021)were used o illustrate the relationship

Age is &eyfactorinfluencingcarbon balance (Lindroth et alo@9, Grelle et al. 2023), as shown in
LPIGUESS simulations of evaged forestry with clearcutting (Figjl). In the first year after clear
cutting, forest acs as acarbonsource emitting0.350.7 kg Gn™. It takes3-6 years to turn into a

sink which is substantially shorter thahe 8¢13 yeargeportedin eddy-covariance studies (Grelle et

al. 2023) In Svealand and Goétalandarbon uptakepeaksat 15¢30 years of age anithen gradually
declines Though uptake is lower in S6dra and Norra Nad]ano clear trends observedn the 5

100-year age sparOnereason forthe rapidmodelled recovery ithat the simulations include

consistent successful regeneration with rathiargesaplingsAccording to these model results,

longer rotation periodsvould increase carbon sequestraticdRCHIDEE simulations also show that
forests act as a carbon source after establishment, where the time taken for the forest to switch to a
carbon sink depends on species/PFT with broadleaf boreal PFTs becoming a sink as soon as three
years whereas needledd boreal PFTs become a sink after 10 years. Carbon uptake is generally
greatest between 3 and 60 years of age.

In LPJGUESS, the differences between continuous cover forestry and natural forestry are small.
However, continuous cover forestry leads to egkr carbon sinkn the north of the country whereas
natural forestry leads to a larger sink in the south of the country (Fig 10a). In ORCHIDEE, high stand
management and continuous cover forestry lead to relatively similar carbon emissions relative to the
emissions associated with unmanaged forests, when averaged over the remainder of the century (Fig
10b). Under the unmanaged forestry scenario, carbon lost from changing vegetation biomass tends
to remain relatively consistent throughout the rest of thenbary. Whilst this is also true under both

high stand management and continuous cover forestry for the beginning and end of the century,
forestry becomes a carbon source in the 2€MI55 period under botlthese forest management
scenarios (Fig 10c). Comay the neaffuture and the end of century NEE emissions, shows that

high stand management and continuous cover forestry leads to similar effects, where forestry across
most parts of Sweden is a carbon sink and the south of Sweden is larger sink conopuieddrth

(Fig 10d). Unmanaged forests, however, lead to the norther of Sweden becoming a larger sink
compared to the south.

27



Modelled C and XD fluxes and emission factors

3.4 Tree standing volume and growtincertainty assessments
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Figurel2 Simulated mean biomass by coumtympared toNFldata. Note that the NFI datacludes
only treeswith a diameter greatethan 99 mmwhereasthe LPJGUESS include all tree biomass and

ORCHIDEE include all biomiatuding understory vegetation

Modelledforestcarbon masshowsreasonable agreement i inventory-basedestimates(Figure
12 & 13), with differencespartly attributable to the varying definitions of biomasghe resulting
biomassds influenced byree growth and mortalitydriven bycompetition, age, disturbancesnd
forest managementall of whichinvolvesuncertainiesand model simplifications.
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Figurel3. Comparison between ORCHIDEE simulation results and the Pucher inw&ataiucher
et al 2022)or tree diametersn the year 2005.
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3.5 Soil carbonuncertainty assessments
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Figureld. Observed andisulated soil and litter carbon pa®bn forest land for two 1§ear periods
(kg C %, per unit forest land)and themeanannual releasef soil carborcalculated from the
difference between theperiods(kg C it yr?). It should be noted that reliable observed soil carbon
stock data from the Swedish National Forest Inventory are available from 2003 onward since a
significantly abrupt change in soil carbon stocks shows after 2003i1¢dieo withProf. Erik Karltun
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To clearly depict both the spatial distribution of soil carbon stocks and their changes over time,
results from the two 16/ear period inventorieguring 200§2022are presented here for
comparison with model simulations.

Both models mnulate soil and litter carbon stocks that are high compared to inverbaised values
(Fig. B). Thesimulatedstocksare al® higher in north than in south, excepttime NW-areasin or
close to the Scandinavian mountaidscomparison betweethe two 10-year periods of 1992000
and 20112020 shows similar absolutevaluesbetween the two model simulationsvith carbon
uptake in parts of souttrn and central Swederand the strongest emissiomgcurringin the north
These emissionsnge 0f-0.04to 0.04 kg C mMyr!and can be compared to inventehased
estimatesfor soilcarbon(Fig.5), whichindicate an average uptake 6f03 kg C myr™.

Inventoriesbased soil carbon stock data presented here were generated frordguet soil carbon
stocksdata derived from Swedish National Forest Inventories and integrated intdejfee gridded
maps using a 10 m resolution national land cover map. As noted, simulated soil carbon stocks from
models generally exceed those from inventories, primarily dudifferences in the soil depth
represented. Specifically, LBUUESS and ORCHIDEE simulate soil depths of 1.5 m and 2 m,
respectively, whereas the Swedish National Forest inventories investigate soil to a depth of 0.5 m.
Despite this discrepancy in magnitydeth model simulations and inventory data indicate a

temporal increase in national soil carbon stocks (see Fig. 5 and Fig. A5 in the Appendix). The mean
AYONBLIFAS NIdS RSNAGSR FTNRBY {KS,consigtéhwnitietiomR | 1 A &
model simulations (0.03 3 / Y kv addigioNXBimilar to model simulations, inventories also
exhibit a general increase #oil carbon stocks isouthern and central Sweden, and the largest
decrease in the north.

4 Agricultural case study Italg resultsand discussion

Italian NO emission from managed soils in the years 28QP1 were simulated using LBUESS and
ORCHIDEE models and compared with gridd€dd¥nissionslescribed in deliverable 2@TNG
DI DO2y @71 P! @Sy h&duhftprCeledrdtd AIWE 2R griors).

4.1 Fertiliser input

The fertilisation input to cropland and grassland soils uses the data provided by ISPRA at 0.1° grid
cells level (Fig. 4 and Fig. 15b); these data weygridgled on a 0.5° grid for both models (Figlf).

For both models the total manure added is assumed to be evenly distributed over the total cropland
and grassland area and the grassland receives no mineral fertiliser.
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Figure B. Organic and synthetic fertiliser inputs onto cropland and grasslandreaiisdded at 0.5°
(Gg N grid yr?).
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