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Abstract.

Anthropogeniclanduse andand-cover change activities play a critical role in Easttstem dynamics through significant
alterations to biogeophysical and biogeochemical properties at local to global scatpsanitify the magnitude of these
impacts, climate models need consistent Jameer change timseries at a global scaleasedon land-use information from
observations odedicatedand-usechange models. Howeverspecificland-use change cannot be unambiguously mapped to

a specificland-cover changeere,ninetranslationrulesare evaluatetbased on assumptioabout the wayand-usechange

could potentiallyimpact landcover.Utilizing the Global Laneuse Model 2 (GLM2), the model underlying ta¢estLand

use Harmonizatiodataset (LUH2)theland-cover dynamisresulting from lanelse changwere simulated based amuiltiple
alternativetranslation rulegrom 850 to 2015ylobally. For each rule,he resulting forest cover, carbon density, and carbon
emissionswere compared withindependent estimatefsom remote smsing observationsU.N. Food and Agricultural
Organizationrepors, andother studiesT he translation rule previously suggested by the authors of the HYDE 3.2 dataset, that
underlies LUHZ2, is consistent with the results of atareinations at global, country, and grid scalEsis rule recommends

that for CMIP6 simulations, models shouljicompletely clear vegetation in lande changes fromrimary and secondary

land (including both forested and nforested) to cropland, urban land, and managed pasture; 2) completely clear vegetation
in landuse changes from primary forest and/or secondary forest to rangeland; 3) keep vegetationsadhadges from
primary nonforest and/or secondary néorest to rangelandur analysis shows that this rulease of three (out of nine)
rulesthat producecomparableestimates oforest cove, vegetation carboandemissiongo independent estimatesnd also

mitigate the anomalously high carbon emissions from-lsselchange observed in previous studies in the 19&@srding
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to the thredranslationrules, cmtemporary global forest area is estimated to be 3704Rn2 within the range derived from
remote sensing producttikewise, the estimated carbon stock is in close agreement with reference biomass datasets,

particularly over regions withmore tharb0% forest cover.

1 Introduction

Historical land-use activities have been significantly affectthg global carbon budgen bothdirect andndirectways, and
changing B&rthd slimatethroughaltering land surfaceroperties (e.g. surface albedwrface aerodynamic roughneaad
forest covey (Betts,2001 Bonan, 2008; Brovkin et al., 2006; Claussen et al., 2001; Feddema et al., 2005; Guo and Gifford,
2002; Pongratz et al., 2010; Post and Kwon, 2000as been estimated thayrohg the past 300 yesr>50% of thdand
surface has been affectbg humananduseactivities >25%of forest has been permanently clear@ad 16044 16 kmz of
land are recovering from previous humand-usedisturbance (Hurtt et al., 2006)Impacts on the carbarycle result from
several processesnong othes: deforestation remoenatural forest ands correspondingarbonbiomasss used fowood
productshurning or decay by microbial decompositieFries et al., 2002\ fforestatiorreforestationin contast, recovey
forestwhichaccumulatecarbon busequestration potential are constrained by water and nutrient availghititth and Torn,
2013) Wood harvestings one of the largest source contributing gross carbon emission by modHgirigter irput into
various soil poolsstand ageand biomass of secondary forgS&tewar, 1991; Hurtt et al., 2011; Nave et al., 2010)
Cumulatively, models estimate thdand-use and land-use changehave contributel to a net flux205° 60 Pg Cto the
atmosphereluring 18502018 (Friedlingstein et al., 2019While emissios from land-use and landise changenly account
for 10% of current anthropogenic carbon emissjtimey wereadominant contributoto increasing the atmospheric €&bove
pre-industrial levet before 192(Ciais et al., 2014)

Quantification of historicaLandUse and LandCover Change (LULCC)s importantbecausdt serves as the basisfor
examining the role of human activitiasthe global carbon budget artie resultingimp a c t st cimaté aysténtrdr s
this purpose, LULCC reconstructions eritarth System Models (ESM¢)awrence et al., 2016pynamic Global Vegetation
Models (DGVMs)(Friedlingstein et al., 2019nd bookkeeping mode(slansis et al., 20158p quantifybiogeochemical and
biophysical impacts of historical lande changas part éhistorical simulates (DECK and CMIP6 historical simulations),
future projections (scenarioMIP), impacts studies (ISIMIP), paleoclimate studies (PMIRysrspecific simulations
(LUMIP), and biodiversity studies (IPBESJonsiderable efforts have bedavoted tomodelling historicalland-usestates
(Goldewijk et al., 2017; Kaplan et al., 2009; Pongratz et al., 2008; Ramankutty and Foleyad®B8)d-usetransitiors
(Houghton, 1999; Hurtt et al., 2006, 201M) particular, the recent LarAdse Harmoization 2 (LUH2) datasgHurtt et al.,
2020)has been developed poovide global griddethnd-usestates andransitionsin a consistent format for use in ESMs as
part of CMIP6experimentsHowever, large uncertaintiesill exist in thecarboriclimate studies based omany ofthe above
LULCC products(Chini et al., 2012; Houghton et al., 2012; Pongratz et al., 26b4)examplethe Global Carbon Budget
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reports the spread @umulativeLULCC carbon emission durin$8502018 estimated by DGVMs is as large 68 Pg C

though all modedare forcedy the LUH2(Friedlingstein et al., 2019 ULCC carbon emissions in CMIRfave an anomalous

spike during the years 198®60. Tlese anomalous emission estimateg ESMs (hereinafter referred to gdhefipast ur e
anomal y o) anmimplaosbahiglecdnvdrsyon rate of natural and secondary vegetation to pasture, with the 1950s
having double the conversion rate of the 40 6&. Because of this, the simulatedrestrial land fluxhas awo decade delay

in the switch fromaland carbon sourd® aland carbon sinkompaedto observatios (Shevliakova et al., 2013)

Standardization of LULCC data is critical for CMIP6 to simplify ine@mparison of the ESMs and facilitate model analysis.

The CMIP6 requires the LUH2 as standard tasd inpufor all ESMs however, the data standardization could be undermined

if models implement the LUH2 differently such as applying different rtdesanslaé the LUH2 into landcover change

which is essential for modelklentifying the consistent rulelsetween modeldor the LUH2useis critical for two reasons.

First, although landise changes are generally associated with a change hedaad and carbon stocks (see Figure 1 in
(Pongratz et al., 2018)these two changes are not always equivalent, and the degree-oblendhlteration varies with the

types of laneuse changes and the location whiargduse changehappen An inconsistent landover translatiorirom the

same laneuse products wilpotentially produce variance in lafodver dynamics across models, and in turn impact the land
surface biophysical and biochemical processes. Second, the HYDE 3.2 underlying LUH2 has redefined former pasture
category used in CMIP5 into the two scditegor e s o f Aimanaged pastured and firang
Agrazing lando). This redefinition intends to mitingat e
carbon removal in models for these two types of dasel rangegGoldewijk et al., 2017)However, explicit suggestions are

not yet provided for landover resulting from these néndefined landuse typesTherefore, a consistent ruderosamodels

for the LUHZ2translationis neededvith potential to reducanpacts ofLUH2 useinconsistencyn studying laneuse effects

through CMIP6.

To recommendh translationrule for translating historical landse changefom the LUH2for CMIP6 models, his study
investigates the impacts laind-usechange oand-coverby proposing everalalternative sets dfanslationrules which ae
thenintegraedinto the Global Landuse Model2 (GLM2) model(Hurtt et al.,2019 2020 to simulate the forest cover and
carbon dynamics. Tlse simulatiors are thenevaluatedagainstestimatesf contemporaryforest coverandcarbon density
from remote sensing observat®rand theresultingcumulative LULCC carbon emissisrare compared wh arangeof

independent estimates

2 Methodology

In this study, two key landover propertiegi.e. forest cover and vegetation carband simulated by combining historical

landuse changevith translationrules. The historical landise change information is specified the LUH2 datasetv@h,
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available athttp://doi.org/10.22033/ESGF/input4dMIPs.1)2Which serves as the forcing data for a new generation of

advanced ESMs as part of CMIF&ction 2.1 descrilsthe details of landise change characterizati@amd sectio2.2defines
eachtranslatiorrule. The resultindorest cover and vegetation carliettracked at each grid cell (0.25x0g2tor the year 850
to 2015using methodslescribedn section 2.3 an@.4. The simulated forest cover and vegetation carboithame compared
with multiple published datasets of landver, carbon stockand estimates of lanase change emissigsee details in section
2.5)

2.1Land-usechange characterization

The LUH2 daasetwas generatedvith the GLM2 (Hurtt et al.,2019 2020), which like its predecesssi(Hurtt et al., 2006,
2011) estimats annual sukgrid-cell land-usestatesand transitios by includingmultiple constraintsuch agridded patterns

of historicallandusefrom the HYDE databas@Goldewijk et al., 2017)historical nationalwood harvesteconstructions
potential biomass and recovery stand othersBuilding upon peviouswork from CMIP5 for which theoriginal LUH1
dataset was usetlUH2 has extenedthe timespan to 85R100andincreasedspatial resolution t@.25%0.2% In addition

LUH2 includes12 differentland-usetypes (i.e. forested and ndorested primary and secondary land, cropland of C8alhn

C3 perennial, C4 annual, C4 perennial and C3 nitrdiyérg, urban, managed pasture and rangeland) and includes transitions

between all combinations tiese categories

InLUH2,fipr i mary o refers to | and prevessincad5y wisidd art dia rbyedd rbef ear
undergoing a transition eecovering from previousuman activitiesGlobal secondary land area was specified as zero in 850
Note thatprimary and secondary landsefurther subdivided into forested and neorestedgridsusing adefinition based on

the potential aboveground biomass dengityested land requiringreabovegrounthiomass density2 kg C/mg).

2.2 Translation rules

Nine translatiorrulesare propose(Table ) to analyse the effestoflandusechange omand-cover dynamis, wherebyeach

rule differs in treatment of vegetationover and vegetationarbonstock during land-use changs. Rules 1-4 all assume
complete clearance of vegetation for cropland vary on vegetation clearancerwinaged pasture and rangeland. The rules

5-9 are added for analytical purpgseathethan as realistic possibilitieBor exampleRule 3 presumes aland-usechanges
alterland-coverand reduce carbon stock, and this rule would produce the least global forest cover and carbon stbck. Rule
and3 differ in treatment of vegetation monforested land when convertedramgelangdand the resultingifferencebetween

their carbon stockindicatethe impact ofrangelandexpansion omon-forests, and also testvhether the disaggregation of
grazing land into managed pasture and rangeland will address the pasture anomaly issué960.8%0e 1 (clearance of

all vegetation for cropland and managed pasture, and only forest clearance for rangeland) is in fact the rule suggested in tt
underlying HYDE dataset and its distinction between pasture and rang@bahdiewijk et al., 2017)For simplicity, we do

not considepartial removal of vegetation in this study; vegetation is either fully removed or fully remains asuticesmver
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transitions represent the maximum and minimum bound$afatcover alteration. In this study, theanslationrules are
applied to all rgions and are constant across the whole simulation period. Although the impaciwfechange on land
cover may vary in different regions, the discussion of regamed and timevariedtranslationrules is beyond the scope of
this study.

It is impartant to note that thesgnerules are not equally realistic, attte purpose of includindrules5-9 is to investigate
individual or joint contribution of cropland, managed pasture aadgeland expansion on forest and carlbmr. example,

forest and carbon dynamic resultifigm Rule 6 could suggestndividual impact ofcropland expansion.

2.3 Simulaion of land-cover change

In this study,Jand-coverchange is simulatedy performing a modifiedlsLM2 simulation in which the coputedland-use
transition rategusing the same methodologyladH?2) are supplemented with a seti@nslatiorrules (Table 1)to trackforest
cover changand carbon dynaméat 0.25 spatial resolutionNote that he modified GLM2 still generate and track thexact
same lanelse transitions of the LUH2 artthsadditionalfunctionto track associated larabver change in terms of forest
cover and vegetation carboBLM2 usesa statistical model testimateecosystem stocks and fluxesth temperature and
precipitation as input&ee(Hurtt et al., 2002Jor detailg. The annual temperature and precipitation maps from MSTWE

et al, 2014)were averaged over 1901 and 2000 to generate gialpvariedand tempordy static climatological temperature
and precipitation, which was then used to spin up the GLM2 globally at 0.25x@sBhition for 500 year3 heclimatology
stays as constant over the spin up period, and oth@&mamentalfactorswere not takennto consideratiorsuch asCO

fertilization, nitrogen limitation and climate variability.

When land is converted toropland, managed pastusndor rangelandeachtranslationrule indicatesthat vegetationin
primary and secondamyay be cleared or remaintact astheresult oflandusechangesFor examplefor a givenland-use
transition ratefrom forest to pasture, ithe appliedtranslationrule indicates to clear the vegetatiooompletely then the
resulting grid cellvegetation fractiorin forestland-usetype is reducedequal to the amount of pasture gainddhe rule

indicatesnot to clearvegetationthen only the land-usetype will be change to pastureandthe vegetatiorareawill be

unchangedbutthe vegetation will bénfluenced by the management in terms of stand age/biomass, which are assumed to

cease growing due to pressure from subsequent human manadéniestpasturdandis further converted to other nen
primary and norsecondary lande.g. croplandrangelandr urbar), the vegetatiomemainng from previous forespasture
conversionthen will betotally cleared Therefore, the vegetation fracti@xisting within the cropland, managed pasture

rangelandand urbarof each gridcell canbetrackedvia the following equation

N p QU™ Q Q. ®hQ vy, 1)
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Where Q'@ is the fraction of grid-cell that is vegetated ifand-usetypei (i.e. classes B: cropland, managed pasture,
rangeland, urbargttimet, "Q ™ and’Q @ aregained and lostegetation fractiosrespectively The vegetation
fraction could onlybe gainedin landuse change from primary and secondary land (bo#sfed and neforested) andbe

lostin landuse change tany other landise type&xceptforested and noforestedprimaryland
EOR o @ p [ hQ ulpxWiQ pRfof | @)

N W =B ; h'Q uvlphxiQ ofFE Ry | 3)

"‘ w

The possible values of j andka r e 1, 8 répreserding primary forested land, primary “fanested land, secondary
forested land, secondary nforested land, cropland, managed pasture, rangeland and urban respestiietpe landuse
transition fractiorestimate byLUH2 from land-usetypej (i.e. primary forested land, primary néorested land, secondary
forested land, secondary nforested landjo land-usetypei,l represents the translator factor to conlamt-usechange

to land-coverchange, it equals to 1 if theanslation rule in Tablel indicates aé X6 o r  Ol&dusechmnge. Fdri s
example] is 1 forlandusechange from primary land (forested, Afamested grids) to cropland Rulesl1 and 2 but O for
thesame typ@f change irRules8 and 9 This translator factor isfor all types oland-usechange irRule3 since all vegetation

is cleared during aland-usechange. & "€ is theland-usefractionestimate by LUH2 fotypei at timet, and this fraction is

larger tharor equal tdts vegetation fractiofQ'@ .

Vegetation in primary and secondary lacah remain orbe lost in landuse changesto cropland, pasture or rangeland
depending otranslatiorrules. According to the definition of primary land in the LUK transition to other landse types

is unidirectional, thus primary land could not gain vegetation from anydaaahanges. Wood harvest on primary land will
result in vegetation loss dra change of landse type to secondary land, but harvest on secondary land will not change
land-use type Furthermore vegetation in secondary land could be gained from harvest on primary land and may be gained
through the process of abandonmentroptand, pasture or rangeland dependingranslationrules.Note thatreforestation

but notafforestatioris also considered in this study. The former is testablish forest on the land which has been forested
before, while the latter ian anthropogac activity to establisHorests on land which has never been forested. ,Tihes
vegetatiorof primary and secondary langitrackedby the following equation

N p U® QO ™ Q ®hQ plfolt | 4

o & B & &hQ pRria vk
© P8 o1 R o vk ©)

(@)

gﬁ;

vs)
.

®w  ®OhQ ohrQ pkN'Q ukpkxhp (6)
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Where' Q6 is fraction of vegetation dandusecategoryi (primary forested land, primary ndarested land, secondary
forested land, secondary néorested land) at time @& is land-usetransition fraction from primary and secondary land to
cropland, managed pasture, rangeland and uifbdrUH2. & or & is wood harvest fraction from primary or secondary
(forested or notforested) land:Q MO anda @ are vegetatiorfraction andland-use fraction in land-use type k (i.e.

cropland, managed pasture, rangeland, urban)arid land-usetransition due téand-useabandonment.

2.4 Simulation of vegetationcarbon dynamics

Vegetationcarbon stock fluctuate through releasing andacumulating carborin response to natural growing conditions,
disturbances, and anthropogenic larsg¢ changes, which can vary widely in terms of their carbon impactsarebuse
changs associated with clearing or harvesting vagjen, theforestbiomass isitherreleased immediately (e.gurning or
stored in soil pool®r as timber productéoth of which eventuallydecayover decadgs However,whenmanagedand is
abandoned andllowed to recoverthe vegetatiortakes upCOz from the atmospherahrough photosynthesis, resulting in
increasingcarbon stockin vegetation and possibépils. The magnitude afach of thesbi-directional carbon flowultimately
determindf the land isa netcarbon sink or carbon sourda.this study,the temporal dynamscof carbon fluxes aftdand
usechange are simplified, with all biomass (aboaed belowground) being released instantaneously to the atmoseee.
thatthe biomassstockchanges a rough proxy ofictual netandusechange fluxes, for which delayed emissions from litter
and soil carbon and product pools needed to be accounted for as well as instantaneous emissions from burning biomas
Changes in soil carbon associated with loss of vegetation biomass dhg assaciateavith carbon losses, but are likely less

important than biomass changes, as are net fluxes from product pool cftangetsal., 2018)

Similar toland-coverchange simulatiom sectior2.3,if translatiorrules indicate vegetatiariearngatexpansion o€ropland,
managed pasture, rangeland or urlzar, vegetation biomass is totally released as a carbon emission, and its age is set as
zero. f vegetation is not cleared basedtomslationrules, thebiomassremairs but ceasgto increase andthe age of this
vegetatioralsoremainsunaffected because the age is used in this model only for the calculation of biomass. desesiing

age fixed corresponds to keeping biomass from further growing, which represents the influences of marageriand

is abandoned and converted back to secondary dandan agés calculatedbver all vegetation with different agalenthe

mean agéncreases year by yeandbiomass regroatowards equilibrium.Thus, he biomass densiip secondary vegetation

at timet is calculatedor each grictell using itsmeanage, potential biomasandpotential NPP:

60 06 p Q L (7

Whered o is theabovegroundiomass density ofegetation asecondary landt timet, andd is the potentialaboveground
biomass densitfrom the GLM2 model and variedhy grid location and( 0 Ois the potential NPP othewood fracton that

is allocated to cumulate stem and branch biomass annaatfjO o is the meanage ofsecondarywegetation Note thatd

and0 0 Dareestimated by atatisticalmodel in GLM2 usinglimatologicaltemperature and precipitati@amdare spatially
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varied but temporallgonstant over simulation periad 850 to 2015Above- to belowground biomass ratio is assumed as
3:1 whenconverting aboveground biomasstttal biomasgabove and belowground)andbiomass density is coarted to

carbon by a ratiof 0.5.

Plants cultivated by human management (e.g. crops and orchards) are not tracked in thiegibdymass is assigned to
cropland, managed pasture, rangeland and urbatypes. Howevecarbon is tracked foregetatiorremairing from primary
or secondarglue tothetranslationrules as well as lands that convert from human management back to naturalllaunsls
the total carbon stoskin this studyare expected tbe lower than other astates(Houghton, 2003; Saatchi et al., 2011)

especially in the grids with higherfraction ofnon-primary and nossecondaryand-use

2.5Diagnosticsfor evaluating translation rules

To evaluate whiclranslatiorrulesbest translatland-usechangsto land-coverchangs, the simulation results were compared
with contemporary forest cover and carbon density maps from remote sensing obsearatiother estimateas well as
LULCC carbon emissiagifrom other studies using different model®ntemporary values of forest cover and carbon density
are used for two reasons. First is the lack of multiple diagnostics of forest cover and carbon density across the atiote simul
period (i.e. 850 to 2015%econds that contemporary valuesuld potentially reflect cumulative error in convertingnd-use
change tdand-coverchange since 850. We assume thattibaslationrule produces a best match with the diagnostic maps

of forest cover and carbon density, then it would also produce the bestestr the historical period.

Diagnostics of contemporary forest cover consissinfwidely used satellitbasedland-coverand tree coverage datasets
(Bartholomé and Belward, 2005; Bicheron et al., 2008; DeFries et al., 2000; Friedl| et al., 2G5 etaad., 2010; Loveland
et al., 2000)seeTable2) andthe Global Forest Resources Assessment (FRA) @046, 2015) In Table 2, GLC, GLC2000,
GlobCover and MODIS L@reland-coverdataset ratherthantree cover angvereproducedbased on different classification
schemes resulting in differefend-cover legends.Prior to being used as diagnostics in this stutigy needd further
reclassificatiorof theirland-coverlegend into a common representation of forest canopy coviitessame spatial resolution
(0.2%) by the following procedured-irst, he GLCC, GLC2000, GlobCover and MODIS LC wenverted tdree cover
fraction based on Tabl81 at their native resolutien(Song et al., 2014)Then, all six datasets weresampledto 1 km
resolution and translated to a binary (forest versusfoi@st) map by applying a 30% treever thresholdSexton et al.,
2016) Through counting the percentage of pixelrked as forestithin each0.25¢0.2%grid cell, six global gridded forest
cover mapst0.25° spatial resolutiowere generatedndresulting global forest are# each datasetre shown in Table ZAs
these satellitdbased datasets were develofedn differentsensos (e.g. AVHRR, SPOT4, MERIS, MODIS, Landsat) and
models (regression trees, decision tree, ctimgdabels and random forestg)y averaged map (hémafter referred to as

O0Aver agebasadef ¢ ivisgeherated aceampany with the six forest cover mapexamine spal pattern
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of contemporary forest coveimulated by eactranslatiorrule. In addition, sincd~AO only repor$ nationalforest cove(not

spatialy explicit), thesedatawereonly used for comparison tte country level.

Carbon density mapareemployedas the second metrio evaluatethe translationrules. Two datasets weremployed the
IPCC Tierl biomass carbon map for the year QQRuesch and Gibbs, 2008hd a pantropical biomasmap (hereinafter
refered to agheBaccind product(Baccini et al., 2012)The formera global aboveand belowground carbon density map,

is createdby dividing the globe into 124 carbon zones land-cover, continental regions, edtoristic zones and forest age
and assigning each zem unique carbon stock value. The latter is estimated by cangpbground plots, GLAS LiDAR
observations and optical reflectance of MODIBis dataset empl®the empirical relationship between aboveground biomass
and tree diameter at breast heigid estimateabovegroundbiomasgensityfor pantropical regioné40e 8 0 & Bbthcarbon

density maps were resampled to 0.25e¢ before evaluation.

In addition theability of thetranslatiorrulesto reproducé ULCC carbon emissions édsoassessed.he estimates of LULCC
carbon emissionwerecompiled from published papefBable3) (Houghton, 2010; Houghton and Nassikas, 2017; Le Quéré
et al., 2018; Pongratz et.aR009; Reick et al., 2010; Shevliakova et al., 2009; Stocker et al.,. ZHeggestudieshave
significant discrepancy in emissions estimates as ¢ngyloyed various methods (e.g. bdaeping methasl anddifferent
processhased models), LULCC datasetmd considered differertypes ofland-usechange activitiesThey also differ in
treatment of environmental chander example(Pongratz et al., 2009; Reick et al., 2010; Shevliakova et al., 2009; Stocker
et al.,, 2011)include effecs of evolving climateor atmospheric C®concentration on LULCC emissions, which is not
accounted for in bookkeepingodd basedstudies(Houghton, 2010; Houghton and Nassikas, 20[}his study only the
range of thesestimatesiuringthe pre-industrial and industrial periods are chose evalatethe translationrules.We posit

that therecommendedttanslationrule shaild notproduceanomalous carbon emissions that areidethe compiled range.

In sunmary, the GLM2-based estimates &frest cover and carbon densitythe year?2000 and LULCC carbon emiss®n
duringthe period€8850-1850 and 185@00Q based ominedifferenttranslatiorrules are compared with the above thygees
of diagnosticg(i.e. contemporary forest covareaand carbon density maps ULCC emissions)The final recommended
translationrules shouldgoroduce 1) the forest covewith the snallest difference with diagnostic mapsglobal, country and
grid scalethe total forest cover at globahdcountry level should beomparable ttherange of diagnosticend spatial pattern
should also be cloge diagnostics2) the closet carbon @nsity map compared to diagnostics vitile smallest difference
comparable spatialgtern andotal carbon stocks wel| and 3) easonable LULC carbon emissi@within the rangerbm

other diagnostic estimatasd minimizingthe anomabusemissiors during 19561960.
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3 Results
3.1 Potential forest cover and biomass carbon

The GLM2 estimateglobal vegetation carbon sto¢hcluding aboveand belowgroundn 850as718 Pg C, and the resulting
potential biomass map is shownFigurela For comparison, global potential vegetation carbon stock was estimated as 557
Pg C in(Kucharik et al., 2000)772 Pg C in(Pan et al., 203) and 923 Pg C i(Sitch et al., 2003)Forested land in GLM2 is
defined as land which has aboveground potential biomass of at ke &/8v (Hurtt et al., 2006, 2011With this definition,

global potential forest area was estimated as 47.82 milirendnd the resulting potential forest cover map is shioviaigure

1b. For comparison, global potential forest area was estimated as 48.68 millian gPongratz et al., 2008and potential

forests and woodlands area was 55.3 million knfRamankuttyand Foley, 1999)

3.2 Forest coverevaluation

The global gridded forest cover maps resulting fRmes1-9 in 2000aregenerally congitent in forest extent witbatellite

basedbservatios (shown in Figur@ and Figire $). For example, they all estimatégh forestcoverin tropical rainforest
and northern boreal foredisitlow coverin WesternUSA, Eastern Europe and Central At Rulesl, 2, and3 only differ

in whetherto clearvegetatiorand carbon in the conversion from rAfmnest to pasture or rangeland, the forest coegulting
from Rulesl, 2, and3 arethesameAll rules of 19 consistentlyestimate higher forest cover than the averaged safediged
forest cover inVest Sibe andSouthChing and lower forest cover in African savannas Badt SiberiayWestern Mexico
andArgentina.Segarately, Rules 4, 6, 7, 8 an® shows largeforest covethanRules 1 2, 3 and 5n South andSoutheast of
Brazil and Tiber in China

The total area oflobal foresin 850 amounts td7.82million kmz according to th&sLM2 model(Figure 1b andrigure3a)
when all forested landserein a primary statéby definition anddecreased thereafter (Figure .J&rest loss has accelerated
since the beginning ahe Industrial Revolutiomnd showselatively highannualchange rat(shown inFigure 3c). The
translatiorrulesproduce a wide range of global forest cover in 2000 from 37.42 to 45.89 milliorkRulesl, 2, and3, the
global forest idostat the highest rate due to Ehdusechange activitiesn forested land resulting in the clearing of forest
and only37.42 million km of global forest is lefin 2000under these three rulds contrast, undeRule 4 forestremairs
duringrangeland gpansion and thiswould resultin greaterforest cover (e.g41.80million kmzin 200Q Table 4. The forest
lossesin Rules 6, 8, and 9 indicathe individual contribution of cropland, manged pasture and rangedéaapdnsion. For
examplerangeland andropland expansion resultstilemost and second mast forest loss with marea o#4.34million kmz
and4.06 millionkmz respectivelyduring 8502000.

Six satellitebased forest cover datasets and Fde@areport the global forest ar@aound the yea2000rangingfrom 3566

to 42.74 million km. One of major reasosunderlyingthe discrepancy in global forest areathe difference in defining
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6f orest 6, particul arly i n (Bdxtenetak,@0l@heglobalforedtarea in theeyean2000i at e

resulting fromthetranslatiorrules are compared to the rarajeseven diagnostic estimatésgure3b). The forest cover based
on Rules6, 8 and9 is beyondthe range ofhe diagnosticsindicatingthatthese rules underestate the impacts dand-use
change orand-coverand overestimate the global forest existingh@presenday. The excessive remaining forest cover in
these three rulealso rejectthes e  r asdurapsiolthat onlyaparticulartype oflandusechangewould alter thdand-cover.

In contrastRules1-4, 5 and 7producedestimats of global forestareawithin the range of diagnostics

The forest cover estimation frotranslatiorrules are further compared with diagnostic datasdteabuntry level(Table 4)

In thediagnostic forest cover datasets, thif@a@rthsof globalforest coveties within eight countriesthe Russian Federation,
Brazil, Canada, United of States of Antar, China, Democratic Republic of the Congo, Indonesia and Peru. The forest cover
estimates fronRules1-4 are generally well within the range of diagnostié®r examplep of 8 countrieshave estimates
within therange for Rulg 1, 2, and 3, anl of 8 countries for Rule.£hina and Brazil are the two countries where RU#8s

and Rule haverelatively larger differencbetweertheir estimateghe differencébetween Rulgl, 2, 3 and Rule drel.17

million and 1.@ million for China and BrazilespectivelyRule 5 and 7 overestimatéatest area of Chin Russian Federation

and Canad#hough their global forest argare withinthe range of diagnostiand are within range for Brazil, Democratic

Republic of the Congdndonesia, and Peru.

These comparisons evaluate thesultinggross forest coveof the translationrules at global and country levefurther
examination athe grid levelis alsoneedd. Sincethe FAO report only providesationalforest coverthe averaged satellite
based forest covenapand each of the six satellibased forest covenaps weraused to calculatéhe average of absolute
differenceacross global grids (Figum® respetively. Rules 1, 2, and 3 consistentlyprodue the smallest overall difference
thanRule 4 andotherrulesregardless of which satelltgased forest cover is chosentlsreference The average absolute
difference (AAD) of Rule 1, 2, 3 is under 90 kreomparing to thaveraged satellitbased forest covenap, and eveamaller
comparingo the GFC.The smallest difference of all rulasross six reference forest maps indicate the GLC2 may have more
similar spatial distributioto the GLM2 estimateRegional comparison of average of absolute differé¢higrire S1) suggests
Rules 1, 2, 3 give better estimate of forest cover at the north and south temperate zo6@3\(-e23 N and 23S ~ 60S)

than tropical zon€23 N ~ 23S). All rules have similaAAD at 60N ~ 90N zone.

3.3 Evaluation of carbon dynamics

The net carbon emissisof the nine translationruleswerecalculated over two periods (850 to 1850 and 1850 to 2000) and
compared to other studies (Tal Rules 14 producel similar patters to other studiesspecificallythat global carbon
emissions of 185@000aretwice aslarge as that 3501850 Howeve, the emissioaestimate®f eachperiodvaried among
Rules1-4, from 55 to 77 PgC during 8501850 and froml42to 185Pg C during 1856200Q due to theassumptioa for

clearingvegetation duringgand-usechangeFor exampleRule 3 produced the largest emissicasthe carbon ifbothforested
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and norforestedlandis releasedor all landusechangesandRule 1 producedeweremissions since theegetationis not
clearedand carbon isiot releasedvhennonforested lands convertedo rangeland. In generdkule 1, 2, 3and 4estimated

comparableemissios with other studieswhile the emissionsfahe Rules6-9 are out ofrange(Table 5)

Carbon emissionom pasture expansion were calculatedfdH1 (Hurtt et al., 2011andthis isused asbaseline to assess
the improvement ofranslationrules onthe pasture anomalyRules 14 estimatefewer emissionsduring this decadeand
decreas¢he anomaljpetweerd to10 PgC. Rule 1 reducganomalous emissionsy 6 Pg C, indicatinghe sole contribution

of the LUH2to mitigatepasture anomalyin LUH1, the anomalous emissions spike durlt®#01960 mainly arisesfrom
overestimatingthe emissiors from pasture expansigrespecially inthreeregions(i.e. Africa, East, South an@entral Asia

and North America The carborflux from expansionof managed pasture and rangelamd. UH2 was reducedt global
(Figure 5) and regionalFigure 6) scales in simulations based Bules1, 2, and 3. Note that the pasture land in LUH1
correspads to rangeland and managed pasture together in LEHR. 2reduces more anomabus emissiors than Rule 1
(reduceds Pg C inRule1 and7 PgC in Rule2), becaus®ule1 completely clears vegetation when transitioning to managed

pasture, wheredRule 2 only remove vegetatiorif the preceding land cover is primary or secondary forest

Rules 14 generallycapture the spatial pattetimat carbordensity in tropical rainfiest regions is much higher than northern
boreal forestgFigure7). These four rulesverestimate carbon density at high latitidethe Northern Hemispheri South
China andin the Amazon rainforestbut underestimatelensity across much dubSaharan Africa, Mexico and the
Soutlwestern part of the United StatéSigure S2 and Figure S3)o further examine the spatial pattern of estimated carbon
density, the estimes from all rules were compared to the carbon density maps of IPCELT@bove and belowground)
globaly andtheB a ¢ ¢ $idatasetonly aboveground)tae partropical scaleby calculating averaged absolute eifince
(Figure8). According to this comparisoRules 1-3 bestcapturethe carbon densitglobally (Figure 8) Regional comparison

of the IPCC Tierl biomass magpnd rule estimates indica®les 14 have comparable AAD of carbon density at the zone of
90 N ~ 60 N, the AAD differencebetween four ruless largest at 28 ~ 60S, followed by 23N ~ 23S and 23N ~ 60N
(Figure S4) Carbon density estimates Blules 13 were further examinedt regions wher¢her estimates have difference
(shown in Figure S5a). The spatiattean (Figure S5&5f) and histogram (Figure S5b) of carbon density difference between
rules and IPCC Tiet biomass estimates shows that all of these thres unlderestimate carbon density and more grids are

less underestimated in Rule® than Rule 3The underestimation is expectegcausdiomass of human cultivated vegetation

is not tracked, and nor is growth of natural vegetation on cropland and pasture and rangeland. However, uncertainty level o

the IPCC Tierl biomass should be taken into acdowthen determiningule performane. Three bias levels of IPCC Tidr
biomass map (i.€.10%,° 20% and® 30%) wereconsideredFigure S5h. At these levels of uncertainty in the reference, Rules
1-3 could not be distinguished in performanémally, thecarbon stockcomparisorbetweerRules 1-3 (Figure 9 showsthese
three rulesunderestimatearbon stock at low foredtaction, but give better agreement with diagnostics as fofesttion

increases
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4 Discussiomand Conclusions

This studyquantified the resudtof multiple alternative translation rules for estimating the potential effetdsmdiuse change

on landcover utilizing the LUH2 dataset, and the underlying land model embedded in it (GLNREvaluations of forest
coverand carborindicate thatRules 13 on average and globallyutperformother rules and are abproduce the closest
estimates of€ontemporary forest covard carbon tadiagnosticsThe evaluations alsconfirm that prior recommendation of
translation rule from HYDE 3.8Goldewijk et al., 2017¢orresponding to the Rule 1 could produce comparable estimates of
forest cover and vegetation carbon relativeiagnosticsDifferentiation between Rules3 depends largely on estimates of
vegetatiorcarbon because these rules produce equivalent estimates of fores€Coowearisons of carbon stock and gridded
difference in carbon density have shown fRalke 2 produce closerestimate®f carbon density thaRules 1 and3 relative to
diagnosticsHowever,given underlying uncertainty of the carbon density reference thaglifference betweeRules 1 2

and 3is small implying thedifferentiation of these ruteis not possiblén this studybasedon the difference alone

A key feature of this stuydis to explicitly link landuse change and lasmbver changeandto provide insights intothe
consequenceof choosing differentand-use translatiomulesin ESMs This studyquantitively characterizes historical land
cover change usinthe same underlying modef the LUH2, namelythe GLM2 Estimates of forest cover and vegetation
carbonbetween translatiorules could provide informationaboutsensitivitiesof ESMs to the LUH2 implementation. For
exampledespite of same lanagsetransitiors from the LUH2,Rules 14 still havea differenceof 43 Pg Gn LULCC emissions
during 18562000 Suchdifferencesoldy from landuse translatioraccouns for about 24% of thaange of estimated
vegetation carbon changdaring 18562005 betwere CMIP5 models(Jones et al., 20137Anotherfeature is the relatively
extensiveevaluation othe LUHZ2translation with multiple diagnostic datasdthe diagnosticlatasetsisedn this studycould
serveto evaluate ESNI such as forest cover range at global and country I8edides, this study alsemphasizeshe
necessarityf improving vegetation carbon estimatespecially irregionswith low forest covepr vegetation carboim order
to furtherdifferentiate translation rules.

In additional tothe nine rules designed in this studymany otherdesigns oftranslationrules are possible for LUH2
implementationin CMIP6 modelssuch as spatially or temporally varied rulésis important to nte that thedesigned
translatiorrulesof this studyare spatidy and tempordy constanmeaningand-use clangesat different regions oyearswill
result inthe same lanetover changéor a given translation rulendgivenland-use transitionsThis simplification mayresult

in errois in landuse change translatidrecausempacts of laneuse change on largbver could vanby regionsand time
Combination ofspatially/temporally variedulesand LUH2may produce betterstimates of forest cover and carbon density
than theenine rules of this studyHowever,spatially/temporally varied translation rules wibbtentiallyaddcomplexityto

the LUH2implementation in ESM3$vieanwhile, dentificationof such ruless sophisticateéndalsorequires diagnostics with

historical coveragdJncertainties in thesdatjnosticsshouldbe small enougim orderto differentiatevarious translatiorules.
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The estimated forest cover and carbon dynamics are subjecstvéiral assumptiofieing madgtheland-usechange dataset

being used, theand-cover propertiebeing evaluatedeference datasets, and thedels This study used the LUH2 dataset
because of its required used in CMIP6 and widespread used in other Stbditzsd cover propertiesldressed here include

two ciritical variables(i.e. forest cover and carbon stQakue to theibiophysical and biogeochemical significanbultiple
datasets based on remote sensing and other satereselected for evaluation with the intentioptiovide arobust reference

The use of GLM2 model was selected to provide the most internally consistent treatment of these issues given its role ir
producing the LUH2 datasegiven these considerationis,is possible that different results could be obtained for different
systemsAlthough multiple of satellitdbased langtover datasets were included, they disagree the presence or absence of forest
over low forest cover regions such as shrublands angdainsavannahs, and the discrepancies due to technical challenges
and disagreement of forest definition. In addition, global vegetation carbon mapping is still challenging and unceryain mainl
because of indirect proxies of biomass and paucity aitinmeasuremes and observations from spatincertainties in
vegetation carbon diagnostitimit the evaluation oftranslationrules such as differentiation of Rules3l Furthermore
dynamic of forest coveand vegetation carbdrom past to present interact with climate chaagd increasing atmospheric

COz, whicharenot considered in this studlinally, the carbon emissh estimatsusingthe sametranslatiorrules andand
usechange datasetay bedifferentusingotherESMIDGVMs.

Future researchis neeed to investigateboth the robustness of these findings, and potentially identify betier
implementations. The CMIP6 LUMIP study is designed to quantify some of these éff@stence et al., 201&hrough
model intercomparison. Additional work on translation rule®ghl include possible spatial/temporal varyides partial
land clearing, and more land cover variables (e.g. forest age, height, soil carbon, energy aatiiocels onRules 13
differentiationwith better diagnosticsuch asannual lanecover mapgrom ESA Climate Change InitiativéCCI) (Lamarche
et al., 2017pnd lidarbased aboveground biomass from NAS&lobal Ecosystem Dynamics Investigati@EDI) mission
(Dubayah et al., 2020)

Code and datavailability. The source code tifie modifiedGLM2, source and citation of inputesultsof all translation
rulesand scrips for producing figures and tablesearchivedat https://doi.org/10.5281/zenodo0.3533792JH2 dataset is
available ahttp://doi.org/10.22033/ESGF/input4MIPs.11PFCC Tierl biomass is available attps://cdiac.ess
dive.lbl.gov/epubs/ndp/global_carbon/carbon_documentation.Btaakcind aboveground biomass is available at
https//doi.org/10.3334/ORNLDAAC/1337CCF, MODIS LC, GLCC, GFC, GLC2000 and GlobCowan be obtained
from http://www.landcover.org/data/treecovdittps://doi.org/10.5067/MODIS/MCD12Q1.006
https://doi.orgl0.5066/F7GB230Dhttps://earthenginepartners.appspot.com/sci@@d& globakforest
https://forobs.jrc.ec.europa.eu/products/glc2000/glc2000tp//due.esrin.esa.int/page_globcover.pdgpectively
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Figures & Tables
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Figure 1. Potential biomass density (a) and potential forest cover (b) in 850 estimated 8y M2 model.

20



Averaged satellite-based forest cover
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Figure 2. Forest cover in 2000 from the Areraged satellitebasedforest coverin (a), Rule 1,2, 3 in (b) and Rule 4 in ¢).
(d) and (e) are maps oforest cover difference between(b) and (a), and €) and (a) respectively
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Table 1. Rulesfor vegetation clearance during cropland, pasture and rangeland expansion dndiéates complete

removal of vegetation if the pr i mandigateanodegetadoo eemalavhen | an
land-use change occlg.  thdicates thatvegetationis only removed if the preceding land cover iforestedprimary or
forestedsecondaryland.

Transition Rule Rule 1 Rule 2 Rule 3 Rule 4 Rule 5 Rule 6 Rule 7 Rule 8 Rule 9

->Crop X X X X X X o 0] o
->Managed
X F X X O O X X @]
pasture
->Rangeland F F X 0] X o X @] X
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Table 2. Summary of landcover products used in thistudy including six satellitebased datasets and FAO FRA report.

Global Forest Area

Product Time Publication Data Type/Classification Scheme
(10s km2)

GLCC 40.89 19921993 Loveland et al. 2000 Land Cover (IGBP)
GLC2000 38.22 19992000 Bartholome et al. 2005 Land Cover (GLC 2000)
GlobCover 35.66 20042006 Bicheron et al. 2008 Land Cover (GlobCover)
MODIS LC 41.05 2001 Friedl et al. 2010 Land Cover (IGBP)
1 Kilometer Tree
Cover Continuous 42.74 19921993 DeFrieset al. 2000 Tree Percentage
Fields(TCCF)
Global Forest

4171 2000 Hansen et al. 2010 Tree Percentage
ChanggGFC)
FAO 40.55 2000 FRA 2015 National Censuses
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Table 3. Summary of carbon emissios due to LULCC from available studies at preindustrial and industrial period .

Time
Reference Carbon Emissions (Pg C) LULCC types
span
Preindustrial Period
Reick et al., 2010
) 11001850 80
(bookkeeping model)
. Cropland/Pasture Change
Reick et al., 2010
11001850 47
(DGVM)
Pongratz et al., 2009 850-1850 53 Cropland/Pasture Change
Stocker et al., 2011 until 1850 69 Cropland/Pasture Change, Urban
Industrial Period
Houghton 2Q0 18502006 156 Cropland/Pasture Change, shifting cultivation in tropics,vemad harvest
Houghtonand Nassikas . o )
2017 18502015 145 Cropland/Pasture Change, shifting cultivation in tropics, and wood har
Shevliakova et al.,2009 18502000 164- 188 Cropland/Pasture Change, shifting cultivation in tropics, and Wwaoekst
Pongratz et al.,2009 18502000 108 Cropland/Pasture Change
Reick et al.,2010
) 18501990 153
(bookkeeping model) Cropland/Pasture Change
Reick et al.,2010 Cropland/Pasture Change
18501990 110
(DGVM)
Stockeret al.,2011 18502004 164 Cropland/Pasture Change, Urban
Le Quéréet., 2018 18502014 195 Cropland/Pasture Change, shifting cultivation in tropics, and wood har
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Figure 3. (a) Global forest area resulting fromtranslation rules from 850 to 2015; (b)Comparison of global forest area
in 2000 betweenremote sensing and FAQ(shown as black bars)and results of translation rules (colored bars) (c)
Annual changerate from 1850 to 2000 Positive value indicates the forest loss
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Table 4.Forest area (16 km2) in 2000 ofeight countries with the largest forest areg and all other countriescombined

( 6 Ot hestimatéd)by the Qranslation rules, rangecompiled from satellite-baseddatasetsand FAO report.

ForestArea (10s km2) Range from
Country Rule satellite-based
Rule 4 Rule 5 Rule 6 Rule 7 Rule 8 Rule 9
1,2,3 products and FAO
Russian
) 8.72 9.15 8.80 9.23 9.01 9.44 9.10 6.65-8.62
Federation
Brazil 461 5.69 489 5.9% 5.05 6.12 5.33 41959
Canada 559 5.63 559 5.64 5.76 5.81 5.77 3.27-4.36
United States
. 2.81 294 3.06 3.19 3.62 3.76 3.87 2.65-3.36
of America
China 2.04 322 2.4 3.61 2.45 3.63 2.8 134214
Democratic
Republic 1.57 1.61 1.60 1.64 1.63 1.67 1.66 1.57-2.11
of the Congo
Indonesia 1.3 1.3 1.36 138 158 1.60 1.4 0.991.64
Peru 0.76 0.78 0.78 0.80 0.77 0.79 0.79 0.69-0.79
Others 10.02 1147 1086 1231 1163 13.08 1248 12.2317.08
World 3742 4180 3938 4376 4152 4589 4348 3566-4274
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Figure 4. Global average of absolute difference in forest area betweanaps estimated bytranslation rules, and each of

the six satellite based forest cover mapas well asthe averagedsatellite-based forest covemap.
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Table 5. Summary of LULCC carbon emissions &timated by the 9translation rules and those from other studies in
Table 3

o o Emission Range from Estimation using
Translation Carbon Emissions Estimation (Pg C)
Table 3 LUH1
Rule
8501850 18502000 19501960 8501850 18502015 19501960
Rule 1 72 175 20
Rule 2 70 170 19
Rule 3 77 185 22
Rule 4 55 142 16
Rule5 63 146 17 47-80 108195 26
Rue6 41 104 11
Rule7 28 107 13
Rule8 5 65 7
Rule9 13 67 7
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Figure 5. Carbon emission due tovegetation (forests and nofforests) removal in expansion of managed pasture and
rangeland. Black line represents emissios from pasture expansion in LUH1 Orange and green lines represent
emissiors from expansion of managed pasturand rangelandand from expansion of just managed pastureespectively

in LUH2 . Note that the pasture category in LUH1 corresponds to managed pasture and rangeland together in LUH2.
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Figure 6. As in Figure 5 butthree regions: (o) Africa; (c) East, South, Central and West Asia (d) North America. (a)

illustrates the defined boundaries of (b} (d).
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