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Abstract. Land use change (LUC) is among the main an- southern Africa, the model is able to account for changes in
thropogenic disturbances in the global carbon cycle. Here walifferent forest cohort areas along with the historical changes
present the model developments in a global dynamic vegein different LUC activities, including regrowth of old forests
tation model ORCHIDEE-MICT v8.4.2 for a more realistic when LUC area decreases. Our developments provide pos-
representation of LUC processes. First, we included grossibilities to account for continental or global forest demo-
land use change (primarily shifting cultivation) and forest graphic change resulting from past anthropogenic and natu-
wood harvest in addition to net land use change. Secondsal disturbances.

we included sub-grid evenly aged land cohorts to represent
secondary forests and to keep track of the transient stage of

agricultural lands since LUC. Combination of these two fea-

tures allows the simulation of shifting cultivation with a ro- 1 Introduction

tation length involving mainly secondary forests instead of

primary ones. Furthermore, a set of decision rules regarding.and use and land use change (LUC) strongly modi es the
the land cohorts to be targeted in different LUC processesroperties of the Earth's surface, ecosystem services and
have been implemented. Idealized site-scale simulation hathe carbon and nutrient uxes between the land and the at-
been performed for miombo woodlands in southern Africamosphere. These activities have signi cant impacts on the
assuming an annual land turnover rate of 5% grid cell aregEarth's climate through both biogeochemical and biophysi-
between forest and cropland. The result shows that the modedal effects (Foley et al., 2005; Luyssaert et al., 2014; Mah-
can correctly represent forest recovery and cohort aging arismood et al., 2014). When a forest is cleared, the majority of
ing from agricultural abandonment. Such a land turnover pro-carbon stored in the above-ground biomass is lost ast6O
cess, even though without a net change in land cover, yield¢he atmosphere. Such loss can occur within a few years if
carbon emissions largely due to the imbalance between thee is used in deforestation (Morton et al., 2008), or more
fast release from forest clearing and the slow uptake fromslowly through decomposition of the slash left on the ground
agricultural abandonment. The simulation with sub-grid land (Houghton, 1999). Various products made from harvested
cohorts gives lower emissions than without, mainly becausevood, though, often take a few decades to degrade and return
the cleared secondary forests have a lower biomass carbahe carbon to the atmosphere (Mason Earles et al., 2012). In
stock than the mature forests that are otherwise cleared wheaddition, LUC changes the balance between litter input and
sub-grid land cohorts are not considered. Over the region ofieterotrophic respiration, resulting in changes in soil organic
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carbon (SOC) (Don et al., 2011; Guo and Gifford, 2002; Poe-found that including processes that have been previously ne-
plau et al., 2011; Powers et al., 2011). glected in DGVMs, including gross transitions and other land

Globally, LUC activities have contributed signi cantly to management processes such as crop harvest and manage-
historical anthropogenic carbon emissions. It is estimatednent, can lead to an upward shift of estimated LUC emis-
that about 800 Mha (1 Mh&a 10° ha) of forests were cleared sions. Their study thus highlights the importance of includ-
for agricultural purpose and that 2000 Mha of forests wereing these processes. Furthermore, to more robustly account
harvested during 1850-1999, giving rise to cumulative emis-for shifting cultivation and wood harvest, which often have a
sions of 124 PgC, or 33 % of the total anthropogenic emis-certain rotation length and mainly involve secondary forests
sions (Houghton, 1999). Houghton et al. (2012) reviewedof different ages, it is critical for DGVMs to include sub-
LUC emissions from multiple studies and estimated the an-grid differently aged land cohorts. This feature exists in some
nual global LUC emissions as 1.1PgC¥rduring 1980— DGVMs that combine with a forest gap model (e.g. LPJ-
2009, with an uncertainty of 0.5 Pg C yr. Different estima- GUESS; Bayer et al., 2017) but it would be dif cult to repre-
tions of historical LUC emissions by dynamic global vegeta- sent forest species change because different tree plant func-
tion models (DGVMs) show a spread as large as 1 Pg&yr tional types (PFTs) are mixed over a model grid cell. The
(see Fig. 1 in Houghton et al., 2012; see also Hansis et al.same also applies for LM3V (Shevliakova et al., 2009). Other
2015, for an even larger range among model estimations)so-called area-based DGVMs (Smith et al., 2001) such as
This is partly due to different forcing data used and initial ISAM (Jain et al., 2013) and LPX-Bern 1.0 (Stocker et al.,
carbon stocks simulated (Li et al., 2017) but also becaus€014) included secondary land tiles in the model but their
of different implementations of LUC processes in DGVMs capability to represent different rotation lengths in land use
(Prestele etal., 2017). Given the importance of understandingg limited. In the ORCHIDEE model, sub-grid forest cohorts
historical LUC emissions in projecting the future land-basedhave been recently included in the ORCHIDEE-CAN branch
mitigation potential, a more realistic representation of LUC mainly for forest management purposes (Naudts et al., 2015),
processes and land management in DGVMs is desirable. but a combination of both sub-grid land demography and

In most global studies, only net transitions were accountedyross land transition is still missing.
for in the LUC processes simulated by DGVMs (Le Quéré et Here we present the new model developments in OR-
al., 2015). Changes in land use over each model grid celCHIDEE that combine both sub-grid land cohorts and gross
are diagnosed as the difference in ground fractions of dif-LUC. The objectives of this study are (1) to document a new
ferent land cover types between two consecutive years. At & UC module, including sub-grid vegetation cohorts, forest
typical spatial resolution of 0.5or global applications (e.g. harvest, and gross LUC in the ORCHIDEE maodel, that can
TRENDY, Sitch et al., 2015; MsSTMIP, http://nacp.ornl.gov/ be run with and without sub-grid age dynamics; (2) to doc-
MsTMIP_simulations.shtml), such a scheme has ignored theiment through an idealized pixel simulation the simulated
simultaneous, bidirectional transitions between two vegetacarbon uxes from shifting cultivation or land turnover be-
tion types within the same grid cell (i.e. gross transitions). tween model set-ups with and without sub-grid age dynam-
Such gross transitions can arise from spatial upscaling ofcs; and (3) to document the model behaviour and forest age
LUC data or from certain land use activities. A typical ex- dynamics associated with the historical changes in LUC ac-
ample is shifting cultivation, a form of smallholder subsis- tivities. Whereas the current paper focuses on documenting
tence agriculture primarily occurring in tropical regions that new model developments and subsequent changes in model
involves clearing a forest for a non-permanent agriculturalbehaviour, a companion paper presents a global reanalysis of
land, which is often abandoned later. Shifting cultivation was historical LUC emissions (Yue et al., 2017).
historically important in many tropical regions for the subsis-
tence of indigenous people (Hurtt et al., 2011; Lanly, 1985),
although more recently it has been in the process of being sus  Methods
perseded by more intensi ed land management (Heinimann
etal., 2017). Forest management such as a clear-cut forwoogl1 Model developments to include sub-grid vegetation
harvest followed by replanting trees is another type of gross cohorts and gross transitions
transition. Although it does not entail any net change in land
cover (forest remaining forest), species choice and foresp.1.1 Original land use change module with net
management can have a signi cant effect on carbon stocks transitions only
and uxes (Erb et al., 2017).

More and more DGVMs started to include gross transi- The model version as the starting point for our development
tions and we provide an overview of them in Table 1. All is ORCHIDEE-MICT (r3247), a branch of the ORCHIDEE
models in Table 1 include shifting cultivation and wood har- DGVM (the major version is called the trunk version), the
vest except that shifting cultivation is not included in ISAM, land surface component of the French IPSL Earth system
and ve of them include sub-grid secondary land tiles when model (ESM). ORCHIDEE can simulate the energy, water,
accounting for LUC. A recent review by Arneth et al. (2017) and carbon uxes between the land surface and the atmo-
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Table 1. An overview of DGVMs with implemented gross land use change (shifting cultivation) and forest wood harvest.

Model name Reference Shifting Wood Number of vegetation Number of secondary Secondary vegetation
cultiva- harvest types land tiles types
tion
LM3V Shevliakova et al. (2009) Yes Yes Crop, pasture, pridpto 12tilesintotal Dynamic secondary
mary and secondary vegetation type
vegetation according to the
total biomass and
prevailing climate
ISAM Jain et al. (2013), Song et No Yes 20 PFTs: 10 forests, 21 tile for each sec- Tropical evergreen
al. (2016) pastures, 2 grasses, 2ondary forest type and deciduous forests,
savanna, 1 shrubland, temperate evergreen
1 tundra, 2 crops and deciduous forests,
and boreal forest
VISIT Kato et al. (2013) Yes Yes 14 PFTs: 81 tile for each sec- 13 natural PFTs
forests/woodlands, 1 ondary PFT
savanna, 1 grassland,
2 shrublands, 1 tundra
and 1 cropland
JSBACH Reick et al. (2013) Yes Yes 12 PFTs: 4 forests, B0  separate  sec-
shrubs, 2 grasslands, 2ondary lands
pastures, and 2 crop-
lands
LPX-Bern 1.0 Stocker et al. (2014) Yes Yes 10 PFTs: 8 woody, Ptile for each PFT 10 PFTs
herbaceous
LPJ-GUESS Bayer et al. (2017) Yes Yes 9 natural woody 1 tile per newly cre- Dynamic vegetation
PFTs, 2 natural grass ated secondary land type according to
PFTs; 3 cropland prevailing climate and
cohort functional PFT competition
types, 2 pasture PFTs
ORCHIDEE- This study Yes Yes 14 PFTs: 8 forests, 2ZNumber of tiles cus- 14 PFTs
MICT v8.4.2 grasslands, 2 pasturestomizable for each

and 2 croplands PFT

2Wood harvest was not included in Bayer et al. (2017).

sphere. The carbon module simulates vegetation carbon cyin many applications (e.g. CMIP5, https://portal.enes.org/
cle processes, including photosynthesis, photosynthate allanodels/earthsystem-models/ipsl/ipslesm; TRENDY, Sitch et
cation, vegetation mortality and recruitment, phenology, lit- al., 2015). To simulate historical LUC, a spin-up run is ini-
ter fall, and soil carbon decomposition. ORCHIDEE-MICT tiated with a given initial land cover map (i.e. a PFT map),
is a branch initially focusing on improving high-latitude pro- and then vegetation distribution is updated annually with pre-
cesses (e.g. soil freezing, snow processes, permafrost dynarseribed PFT map time series during the transient simulation.
ics, and northern wetlands) but is now under developmeniThe LUC module simply compares grid cell fractions of dif-

to include more processes. Of interest for this study is thaferent PFTs between the current simulation year and the next

the grassland management module developed in Chang gtar. Then 12 vegetative PFTs (all standard model PFTs ex-

al. (2013) is included (r2615). This allows for distinction be- cluding the bare soil PFT) are separated into two groups with

tween natural grassland and pasture that have been mixegkpanding versus contracting areas. Carbon stocks and asso-

together in previous LUC simulations by ORCHIDEE. ciated carbon uxes on shrinking PFTs are displaced to ex-
In ORCHIDEE, land cover types are represented as PFTspanding PFTs in proportion to their respective surface incre-

with each PFT being associated with a set of paramements.

ters. A typical model simulation consists of two stages:

a spin-up stage with stable or constant forcing data until2.1.2 Concept of gross transitions in relation to

the model reaches an approximately equilibrium state, to vegetation age structure

mimic an era with no appreciable human perturbation, and

a transient stage in which the model is forced with tempo-The numerical implementation of net transitions is straight-

rally varying forcings (e.g. climate, atmospheric £@and  forward. However, as explained in the introduction, this

cover). The LUC module prior to this study accounts for scheme omits important sub-grid gross land use transitions.

net transitions only (Piao et al., 2009a) and has been useRigure 1 uses an exemplary grid cell to illustrate the dif-
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Figure 2. Gross land use change involving forests with different
Figure 1. Schematic illustration of gross versus net land use changeages under a model scheme capable of representing sub-grid land
with each land cover type being represented using a single patclkohorts. The gure is adapted from Stocker et al. (2014). LUC here
within a model grid cell. The gure is adapted from Stocker et is similar to in Fig. 1, except that forest is no longer a single ageless
al. (2014).(a) Original fractions of forest and cropland before land patch but consists of two patches of primary and secondary forests,
use transitions. Dashed red rectangles indicate areas subject to LUI®. having an age structur@) The same area of forest is converted
and red arrows indicate land ow direction. Here LUC consists of to cropland as in Fig. 1a but conversion is made from primary forest.
a net loss in forest and a simultaneous bidirectional ow between(b) Consequently, a young cropland patch with rich legacy forest
forest and croplandb) Post-LUC fractions of forest and cropland soil C is established. Meanwhile, a very young forest patch is estab-
following the original LUC scheme of net transitions only in OR- lished due to the bidirectional gross land ux. Because the model
CHIDEE. Bidirectional land ow is omitted, with only cropland uses multiple sub-grid patches to represent vegetation age structure
area being expanded to account for its net increase as a result ¢br differently aged cohorts), merging of patches with different car-
the net forest loss, as indicated by the dashed red rectangle. The sdibn stocks is no longer necessary. Pgeglshows an alternative
carbon stock of the new cropland patch is an area-weighted meato (a) in which conversion of forest to cropland is made on a sec-
between that of the original cropland and the legacy stock from theondary forest. Correspondingly, {d), which shows the post-LUC
former forest. Carbon stock of the remaining forest patch is left in- state of(c), the established young cropland patch will have lower
tact. (c) Intermediate post-LUC land cover pattern after account- legacy soil C than that ib).
ing for gross transition. Both the net loss of forest and bidirectional
land ows are accounted for, with two young patches of forest and
cropland being establishef) Final state of post-LUC land cover s an area-weighted mean between the original forest patch
after accounting for gross LUC with no sub-grid cohorts. The car-not being impacted by LUC and the newly established forest
bon stockg of the_ remaining (orlgmal)_ forest and the newly createdyith 3 low carbon density that results from cropland aban-
forest are immediately merged fo_IIowmg LUC because there are NO%onment. Consequently the carbon stock of the grid cell is
sub-grid cohorts. The same apphgs for croplland as well. Note th%xpected to be smaller in Fig. 1d than in 1b and LUC carbon
although forest and cropland fractions are ultimately the sameasin _~.~ .~~~ _ . -
(b), the carbon densities are different. emission in Fig. 1d is conversely larger than in Fig. 1b.

Figure 1c represents the real land cover state after LUC,

while the merging shown in Fig. 1d is only a necessary sim-

pli cation when no sub-grid cohorts are represented in the
ference between the two LUC schemes: one accounting fomodel. Ideally, the model capability could be expanded to in-
net transitions only (Fig. 1b), and the other accounting forclude cohorts to represent the real world case as in Fig. 1c. In
gross transitions but with no sub-grid cohorts (Fig. 1c, d).addition, inclusion of sub-grid cohorts would allow not only
Although the areas of forest and cropland after LUC are iden-+the distinction between original intact forest and newly estab-
tical (Fig. 1b, d), carbon stocks for the same vegetation typdished forest but also among different forest cohorts (e.g. pri-
(e.g. forest) are different between the two schemes. Accordmary versus secondary forests) regarding which forest patch
ing to the net transition scheme, the carbon stock of the -to be cleared for cropland.
nal forest patch shown in Fig. 1b remains intact. But under Figure 2 illustrates a case in which gross LUC is combined
the gross scheme (Fig. 1d), the post-LUC forest carbon stockvith sub-grid cohort representation in the model. Here, mul-
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tiple patches within a grid cell are used to represent cohortated biophysical and biogeochemical variables are merged as
of a single vegetation type but with different ages since es-well following an area-weighted mean approach with a few
tablishment. These cohorts often have different carbon stockexceptions for discrete variables such as the applied forest
either due to different lengths in carbon accumulation timemanagement strategy.
(e.g. for forest) or due to different extents to which legacy ORCHIDEE-MICT also inherits this externalization fea-
soil carbon is present (e.g. for croplands establishing on forture from ORCHIDEE-trunk. Here we ported the codes
mer forests). The areas subject to gross LUC transition inof forest age class functionality from ORCHIDEE-CAN
Fig. 2a and b remain the same as in Fig. 1a (dashed retb develop the CFT functionality needed for LUC simu-
rectangles), but primary and secondary forests are clearelhtion with cohorts in ORCHIDEE-MICT. The code base
in Fig. 2a and b, respectively. Thus, LUC emissions fromto include sub-grid forest cohorts was migrated from
clearing of primary forest are expected to be higher due to itsORCHIDEE-CAN, with substantial adaptions being made in
higher biomass stock. Correspondingly, the legacy soil carrORCHIDEE-MICT. Except for this, all other LUC develop-
bon stocks on the cohort of new cropland are also highements have been achieved within the current study. Contrary
(shown in Fig. 2b and d). to ORCHIDEE-CAN (see above), ORCHIDEE-MICT uses
Figures 1 and 2 have shown the example of LUC transi-woody biomass to delimit different forest cohorts, with older
tions between forest and cropland, but other types of LUCsgcohorts having a higher woody biomass. Forest grows old
including forest harvest, can be handled in a similar way. Inby moving from the current cohort to the next one when the
the case of forest harvest, having cohorts avoids the simpliwoody biomass exceeds the cohort upper boundary. Except
cation of merging a young re-established forest after har- for the cohort boundaries, no further cohort-speci c param-
vest with the original forest, which serves as the exact sourceterizations have been performed, so essentially all cohorts
of harvest. This can effectively simulate forest managementre governed by the same set of biophysical and ecological
practices that induce rotations of different forest cohorts (e.gparameter values. However, in ORCHIDEE-MICT there are
see McGrath et al., 2015, for a forest management history inndeed some simple aging processes to proximate the key

Europe). changes when a forest grows old: notably, the net primary
production (NPP) allocation to below-ground sapwood de-

2.1.3 Expansion of ORCHIDEE-MICT capacity to creases with the time since establishment.
represent sub-grid vegetation cohorts In addition, we expanded the concept of CFT to crop-

lands, natural grasslands, and pastures. Cohorts are de ned

In order to simulate gross LUC combined with sub-grid with their soil carbon stocks for these herbaceous vegetation
vegetation cohorts as illustrated in Fig. 2, we expandedtypes; this is a de nition relevant to LUC emission calcu-
the ORCHIDEE-MICT capability to include sub-grid evenly lation. Because the directional change of soil carbon largely
aged cohorts. This necessitates multiple patches within a gridepends on the vegetation types before and after LUC and on
cell for a single PFT, which inherits most of the parametersclimate conditions (Don et al., 2011; Poeplau et al., 2011),
from its parent PFT (they still belong to the same PFT andideally agricultural cohorts from different origins should be
thus are largely physically similar). These patches are namedifferentiated. However, to avoid in ating the total number of
cohort functional types (CFTs) here, to be distinguished fromcohorts and the associated computational demand, as a rst
the original plant functional types. In this sense, the origi- attempt, we simply divide each herbaceous MTC into two
nal PFTs actually become “meta-PFTs” which were namedbroad sub-grid cohorts according to their soil carbon stocks
meta-classes (MTCs). As subsequent LUCs generate differand without considering their individual origins. We expect
ently aged CFTs, the computational demand will be greatlythat such a parameterization can accommodate some typical
increased. Hence, the number of CFTs within an MTC is lim- LUC processes, such as the conversion of forest to cropland
ited to a user-de ned number. where soil carbon usually decreases with time, but not all

ORCHIDEE-trunk has a feature called “PFT externaliza- LUC types (for instance, soil carbon stock increases when a
tion” that allows the creation of a new user-speci ed PFT by forest is converted to a pasture). The biomass or soil carbon
inheriting its parameters from an existing one. A user canthresholds that delineate different CFTs must be properly pa-
then modify speci c parameters at their convenience. Basedameterized in order to have sensible CFT segregation within
on this feature, the ORCHIDEE-CAN branch (the svn revi- different contexts of land use change. This will be further de-
sion number is 2566; Naudts et al., 2015, p. 2037) has develtailed in Sect. 2.2.3. In practice, for single-site simulations,
oped representation of sub-grid forest age classes (i.e. equithe parameterization could be set up via a con guration le
alent to our CFTs here). Each forest age class is an inherienumerating the thresholds for all CFTs. For regional appli-
tance of a given forest MTC. There, the transitions from onecations, an input le containing spatially explicit thresholds
age class to another were de ned by tree diameters. Whemvill be used.
a forest of a certain age class reaches its diameter limit, it The implementation of sub-grid cohort function types as
moves into the next age class, and is merged with the existinheritances of meta-classes and the corresponding hierarchy
ing forest patch of that age class if there is one. All associ-is exhibited in Fig. 3a. Tier 1 of the model parameterization

www.geosci-model-dev.net/11/409/2018/ Geosci. Model Dev., 11, 409-428, 2018



414 C. Yue et al.: Gross land use change module in ORCHIDEE-MICT v8.4.2

"HP%&  I"HS%'(UGH +,-.+]  1"#$%0(%12! 1"#$%0(%10#$%'(%-343%* "#$%&
)1&Y%56+$H%/3".7 | I"# g5 |
"# &%$ "# &%$
N1'%5*$37"-+.% "% aora -
633+ #+@UHAHS=S] % s
1 s
)110%5*$37"-+.% "8 e " g
23B#/* |63+ #+@%S+" =S ' 23%#/*
"# (e
8 .
# (s
)1 1BY563S+.%6 4, 4 1
,#_”,DsD/7 ' -

N18<%510%=$+//.+: :..z St
9%+/1.+:; e 9%+//.4;
)!11&&I51>%=$+//.+:
) 180651092 +#D$H] 1.1 %8 e
E+/*D$# g S AEE E+/*D$#
)!180%B1>%67+/*DSH. . ** g
"# grone P g
"# g5 "# g5
I"# 308 "# 55
"# s "# s
"# 598 | "# g8

Figure 3. Two parallel hierarchies from the model parameterization and land use change persgecBe-grid cohort function types

(CFTs) as inheritances of meta-classes (MTCs) and the corresponding parameterization hierarchy. There are in total 14 vegetative MTCs
corresponding to four vegetation types. The notation of gHNdicates that it inherits from MTCand belongs to thgth cohort (Cohoft).

Each forest MTC has six cohorts, with Cohobeing the youngest and Cohgthe oldest, whereas each herbaceous MTC is set tentatively

to have two cohorts. Darker colours indicate older cohglisWithin the gross LUC module hierarchy, Tier 3 remains the level of CFT,

but CFTs are reorganized to derive the Tier 2 information based on the level of cohorts under the same Tigjal Ascohort baring

the notation of Cohoyt; indicates it belongs to vegetation type “v” (where “v” could be forest, natural grassland, pasture, or cropland)
and meta-classi®. This reorganization of the hierarchy from the left to the right side is to prepare for properly allocating prescribed LUC
transitions rst onto the cohort level, then further to different CFTs within each cohort.

hierarchy corresponds to the four basic vegetation types (forthresholds of the rst cohort, so that forests will move to the
est, natural grassland, pasture, and croplands, abbreviated ascond cohort, and so on. At the end of spin-up, all forests
f, g, p, and c respectively). Tier 2 corresponds to meta-classethus end up in the oldest cohort of each MTC. The same case
in ORCHIDEE-MICT, which contain one bare soil MTC and applies to herbaceous MTCs, given that cohort thresholds are
14 vegetative MTCs, with each vegetative MTC belonging properly de ned (see more details in Sect. 2.2.3).
to one of the four basic vegetation types. Tier 3 corresponds Natural forest mortality in ORCHIDEE could be either
to CFTs. A CFT is noted as CK;T to denote that it inher- prescribed as a constant rate or dynamically simulated, but
its its parameter values from the MT@nd belongs to the in the case of prescribed vegetation cover, mortality takes ef-
j th cohort. For this study, forest MTCs contain six CFTs andfect by reducing the amount of existing biomass only, with
herbaceous MTCs contain two CFTs. The number of CFTshe coverage of the concerned forest patch being unchanged.
for each MTC is not hard-coded in the model and can beLikewise, recruitment increases forest individual density and
speci ed by users via a con guration le. updates leaf age and other relevant variables, but again, forest
With sub-grid cohorts, the model spin-up run is initiated coverage remains unchanged. These features are necessary,
with an input MTC map, essentially the same as in the cases the original ORCHIDEE model does not take into account
without sub-grid cohorts (recall that in Sect. 2.1.1 this MTC forest demography. As explained in Krinner et al. (2005,
map is called a PFT map). But the difference is that the ini-p. 8), recruitment sapling biomass is only incorporated when
tial prescribed areas (as fractions of grid cell area) of differ-the existing biomass is virtually zero while a larger-than-zero
ent MTCs are all assigned to their youngest cohorts. Duringground coverage is prescribed. These features remain the
model spin-up forest woody mass will grow to exceed the same when sub-grid cohorts are used, i.e. forest mortality or
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Table 2. A set of implemented rules regarding cohort selection for different land use change processes.

LUC process Cohort decision rule
Primary forest harvest Start with the oldest cohort, then move to younger ones
Secondary forest harvest Start with an intermediate cohort (con gurable), then move to older

ones, and nally to younger ones.
Clearing of forest for net Start from the oldest cohort, then move to younger ones.
land use change
Clearing of forest for land Start with an intermediate cohort (con gurable), then move to older
turnover ones, and nally to younger ones.
Conversion of herbaceous Start with the oldest cohort, then move to younger ones.
vegetation to forests or
other vegetation

recruitment does not modify forest cohort ground coverageset version 1 or LUH1 data) and the vegetation distributions
In addition, forest mortality and subsequent regeneration dusimulated by the dynamic vegetation module of JSBACH.
to forest res are handled in a similar manner. ORCHIDEE- We focus on including sub-grid land cohorts in the model
MICT has integrated a prognostic re module to simulate and implementing a set of hierarchical rules for which land
open grassland and forest res arising from both naturalcohorts are subjected to different LUC processes (Table 2).
and anthropogenic ignitions (Yue et al., 2014). Other forestThe allocation of natural lands into forest versus grasslands
disturbances, such as wind-throw, diseases, and insect ouin the model, and the reconciliation of LUH1 land cover dis-
breaks, are not explicitly considered in ORCHIDEE-MICT. tribution and model PFT map, are instead handled by inde-
Because of these reasons, after the spin-up, the only way tpendent preparations of reconstructed historical land cover
create secondary cohorts in the model is through LUC. map time series.

When entering transient simulations with LUC, younger In order to compare the simulation results from the gross
cohorts will begin to be created. From a modelling perspec-LUC module with the original net-transition-only LUC mod-
tive, the oldest cohorts in ORCHIDEE-MICT are somewhat ule, we separate the gross LUC areas into two additive terms:
equivalent to the primary lands (especially, the oldest foresinet change equivalent to the original net transition (pre-
cohorts are equivalent to primary forests), and other youngescribed by the matrii ) and land turnover for the bidirec-

cohorts are analogue to secondary lands. tional equal land uxes between any pair of land cover types
(prescribed by the matrid tyrmovey)- Similarly, the forest har-
2.1.4 Model developments to include gross land use vest information is prescribed in a third matNknarvest For
change and forest harvest, with and without the moment, information for all three LUC types is provided
sub-grid cohorts as a fraction of grid cell area. This is a deliberate choice,

mainly for the convenience of progressive stage-wise model
This section describes the implementation of gross LUC andievelopment. We will come back to the in uence of this
forest harvest with sub-grid CFTs. We focus on the imple-choice within the land use decision contexts in Sect. 4.
mentation with sub-grid cohorts because the same LUC pro- The key processes of the gross LUC module with CFTs are
cess without cohorts could be simply treated as a particulashown in Fig. 4, comprising in total six steps. The LUC mod-
case in which all MTCs have only one single cohort. The ule is called at the rst day of each year. Input data are the
module interface is designed to receive forcing informationthree matricesMnet and M wmover are both square matrices
on land area uxes among four basic land cover types of for-With a size of 4 by 4:
est (f), natural grassland (g), pasture (p), and cropland (c),
taking into account the current LUC modelling landscape
in DGVMs (as brie y reviewed in the introduction) and the
availability of LUC reconstructions (e.g. Hurtt et al., 2011).
The present developments are intended for the case in which
changes in vegetation coverage are only driven by histori-
cal LUC activities and so there is no need to use the dy-
namic vegetation module of ORCHIDEE. This is different
from the LUC implementation in JSBACH DGVM in Reick
et al. (2013) in which a lot of effort has been devoted to rec-
onciling the vegetation types in the forcing data (primary and ;
secondary natural lands in the Land-Use Harmonization data Q)
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ent comprising meta-classes within each cohort; refer also to
Fig. 3b). This is achieved in Step 2 as shown in Fig. 4. Be-

cause all the newly established lands, regardless of their orig-
inating LUC process, must belong to the youngest CFT of the

QSXW /38 6WHS &DOFXODWH WKH DUHI MTCs that comprise the target land cover type, the ultimate
! HDFK FRKRUW DQG HDFK OD H H H
POWULGHY FRVHU wist & 1 EROVWUXFY outcome of Step 2 is a single (large) mathkncrt, nmtc
WXUQRHHBLYHY /88& KLHUDUFK\ LQ )LJ E (nCFT: no. of CFTs; nMTC: no. of MTCs), which indicates

_ the area transferred from each CFT to the youngest cohort of
v . .
S VAW RI GHFLVLRQ UXBFvIS TRVl ewAs R the MTC concerned. The rules to convert LUC matrices _|nto
D Rouvhvw ILQDO /8& PDWH  SURGXR' components oM nceT nvtc depend on LUC types and will

E . . . . .
= g:;“*““ Oca)7 core FROOHF be explained in detail later. But as long as Step 2 is nished,
i the remaining steps are rather straightforward.
6WHS &ROOHFW OHJDF\|FDUERC i [ i ”
|OX[HY IURP DOO VRXUFH &)1V WK Step 3 handles for.est wood collgctlon (here .colle'ctlon
FRPSULVH WKH DUHD RI WRH QHZC rather than “harvest” is used, to avoid the confusion with for-
\RXQJHVW FRKRUW RI O JLYHQ . .
est wood harvest, which is a means of forest management),
i from forest being converted to other land cover types, and

6WHS (VWDEOLVK D SUR[) SDWFK i
U DWH G \RXQIHVW &)7 FLWK LW forestry harvest (forest remaining forest). We assume that a

WKH VXP RI FRQWULEXWLRQV E\ Dt certain fraction of above-ground woody biomass (i.e. sap-
i wood and heartwood) is lost as instant £0x into the at-
SWHS OHUJH WKH SUR[Y|SDWEK mosphere (i.e. due to on-site disturbance), and that the re-

HILVWLQJ \RXQJHVW &)7 SDWF maining wood is collected as wood product pools. Step 4 in-

volves the proper displacement of associated carbon stocks
* RWKHU and uxes from the donating CFTs to the newly established
VXEURXWLQYV (youngest) cohorts of MTCs, after wood collection. Notably,
the legacy carbon stocks in litter and soil collected from
the donating CFTs are transferred to the newly established
youngest CFTs. Then in Step 5, each youngest CFT cohort is
established and initialized, with its fraction of grid-cell area
being the sum of contributing areas given by each source
CFT. Finally, in Step 6, a newly established cohort is merged
with the existing youngest CFT cohort if there is one. When
where the elemerft;>; denotes the land ux from land cover merging stocks or uxes between the newly established and
typei toj, with i andj being elements of the vector of [f g existing CFTs, an area-weighted mean approach is followed:
p c]". The diagonal elements_gorrespond to !and fr.actlons Xnew al€@ewC Xexisting  ar€axisting,
intact from any land use transitions and are simply ignoredXmergedD C arean— ; (2)
in the LUC module. By de nitionMnoveris a symmetric aredew xisting
square matrixM parvestiS @ matrix with only two elements: wherex is the variable in question (e.g. leaf biomass, soil
harvest area from primary and secondary forests. carbon stock)Xnew andXexisting are the values of the newly
As explained in Sect. 2.1.3, the construction of CFTsestablished patch and the existing patch before merging re-
within the model follows the model parameterization hier- spectively, anmergedis the value of the composite patch af-
archy shown in Fig. 3a. The cohort age subjected to LUC ister merging. The variables argg and aregisting are patch
one of the most important considerations in LUC decisions,areas of the newly established patch and the existing patch
especially in the context of land turnover and forest harvestrespectively.
This necessitates a re-organization of the CFTs to derive the We now return to Step 2, explaining the different rules
LUC hierarchy shown in Fig. 3b, in which Tier 2 informa- used to build thé hcrt: nmTc components for different LUC
tion is about areas of different cohorts of the same land covetypes. We start wittM harvest by assuming that it precedes
type, and Tier 3 remains on the level of CFTs. Thus, Step 1 inconversion of forest to other land cover types (i.e. land
the LUC module (Fig. 4) is to construct the LUC hierarchy, turnover or net LUC). As is explained, the LUC module is de-
i.e. to calculate within the model the areas of each cohort forsigned to receive externally prescribed harvest information,
each vegetation type. especially from the widely used LUH1 reconstruction (Hurtt
When implementing LUC matrices, all information of et al., 2011), rather than to determine harvest volume inter-
land transitions between the four basic land cover typesally within the model. The LUH1 distinguishes between
must rst be downscaled on the cohort tier (i.e. decision harvests from primary and secondary forests and non-forest
on which cohort is subjected to LUC) and then on the CFTvegetation but in ORCHIDEE only harvest from forests is
tier (i.e. how LUC-affected area is distributed among differ- considered. The harvest information is provided as both for-

Figure 4. Schematic representation of the new LUC scheme in
ORCHIDEE-MICT v8.4.2 accounting for net land use change, land
turnover, and forest harvest in combination with sub-grid cohort
representation.
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est area and harvested biomass in LUH1. Here we used th®able 3. Fractions of above-ground woody biomass lost immedi-
area information (a deliberate choice that will be discussed irtely to the atmosphere during a forest clearing and channelled to
Sect. 4). Because of this, ensuring the consistency betweeH)- and 100-year turnover wood product pools. These fractions are
the harvest area in the forcing and that being actually realdifferent depending on forest biomes.

ized in the model is an important consideration. Moreover,

as we want to compare simulated LUC impacts between the Tropical ~ Temperate  Boreal
two model con gurations with and without sub-grid cohorts, forest forest  forest
itis necessary to ensure that exactly the same LUC areais re- Finstant 0.897 0.597  0.597
alized in both con gurations. This involves a set of decision Fioyr 0.103 0.299  0.299
rules to properly allocate the prescribed harvest area into dif- Fiooyr 0 0.104 0.104

ferent forest cohorts (Table 2).

Implementation of primary forest harvest is straightfor-
ward: we always start with the oldest cohort and move se- . )
guentially downwards to younger ones if older cohorts are A nur_nbe_r of studies reported that fallow lengths for shift-
exhausted until the prescribed harvest demand is ful lleding cultivation could range from a few years to more than
(Table 2). For secondary forest harvest, we start with inter-20 years depending on different regions, with the majority
mediately aged cohorts. But if the existing area of interme-P€ing 1040 years (Bruun et al., 2006; Mertz et al., 2008;
diately aged cohorts is not suf cient to ful Il the prescribed Thrupp et al., 1997; van Vliet et al., 2012), and there is a
harvest area, we are left with two options to either search up{€ndency in reduction of fallow lengths possibly because of
wards for older cohorts or downwards for younger ones. Welncréased population pressure (van Vliet et al., 2012). Hurtt
decide to rst search upward and then search downward, ifet @l- (2011) assumed a mean residence time of 15 years
all cohorts older than the intermediate age still cannot ful-for shifting cultivation for tropical regions in the LUH1 re-

Il the prescribed harvest demand (Table 2). This rule allows construction data. Based on these reports, we assume forest
potential temporal changes in harvested area to be accommélearance for shifting cultivation to occur primarily in sec-
dated, as explained in Fig. 5. Under such a scheme, (1) at thandary forests an_d treat it S|m|If_;1rIy as seconda_ry for_est har-
very beginning (after spin-up) and before the existence of an))/est when allocating the pres_crlbed LL_JC area into d|_ffer(_ant
secondary forests, harvest will start with the oldest cohort,cohorts (Table 2). The only difference is that the destination
i.e. corresponding to harvest of primary forests (sometimesland cover remains forest in the case of forest harvest but is
because of the inconsistency between the input harvest infor@ricultural land in the case of shifting cultivation. For all
mation and existing forest cohort structure in the model, secother land transfers in shifting cultivation (e.g. pasture to for-
ondary forest harvest could be prescribed for pixels in which€St), e start exclusively from the oldest cohort and move
only primary forests exist in the model). (2) If harvest area dowWnwards to younger ones (Table 2). For net LUC, prior-
of secondary forests remains stable, then as soon as suf cier#y i again given to older cohorts followed by younger ones
intermediately aged cohorts are created via conversion of pri(TaF"e 2). . ]
mary forest to regrowing younger cohorts, a corresponding Finally, we still need to downscale the LUC area in each
stable rotation cycle would be maintained in the model ascohort to its component CFTs. This is done by allocating the
well. (3) If the harvest area increases, the upward searchingUC area in each cohort to its member CFTs in proportion
would allow additional harvest of primary forests (i.e. area [0 the existing area of each CFT.
subject to the stable rotation is expanded). (4) If the harvest
area decreases, moving cohorts from younger to older oneg.1.5 LUC processes that remain unchanged in the
independent of any LUC activities would allow the restora- model
tion of older cohorts — e.g. a consequence of abandonment
of forest management. (5) Finally, the downward searchingORCHIDEE simulates two wood product pools with a
for younger cohorts after exhausting all other older cohortsturnover length of 10 years and 100 years. Fractions
is solely to ensure the consistency between prescribed inpuif above-ground woody biomass as instant on-site losses
harvest area and that actually realized in the model. HenceFinstany @and entering into the two wood product pools
this scheme is designed in order to faithfully implement the (F1oyr, Fio0oyr) follow the values in the original net-
prescribed harvest areas in the model with an explicit contransition-only LUC scheme (Piao et al., 2009a), as shown in
sideration of forest successional states (i.e. primary or secTable 3. Other biomass compartments (i.e. leaves, ne roots,
ondary). But when this is not possible because of inevitablecoarse roots, fruits, and reserve pool) are transferred to lit-
mismatch between the model and forcing data, harvest areasr pools during forest harvest or deforestation. Carbon in
of primary and secondary forests could mutually compensatéhe two wood product pools is then released into the atmo-
for each other in the model to ensure that their prescribed tosphere according to the pools' respective turnover time, and
tal harvest area remains realized. this ux contributes to the overall land carbon balance as a
source term (see the next section).
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Figure 5. Rules of selection of forest cohorts in secondary wood harvest to account for the dynamics in harvest area dagRiurtes

of selection of forest cohorts (blue arrows). Clear-cut harvest (1) rst starts with intermediately aged cohort, then moves to older cohorts
until the oldest one; (2) if the prescribed harvested area still cannot be satis ed, then the harvest will move back to the even younger cohorts
(3) to the youngest one until the prescribed harvested area is ful lled. Independent of the harvest activity is the movement of forests from
younger cohorts to older ones because of growth (grey arrdl)sExample of cohort dynamics along with temporal changes in the harvest

area shown in the black curve: (1) before the onset of any harvest activity (i.e. after the model spin-up), only the oldest cohorts are available
so harvest starts with the primary forest; (2) for a stable harvest area, a steady-state cycle involving only secondary forest is established
(intermediate secondary cohorts being harvested is represented by the blue arrow, and younger growing cohorts are represented by gre
arrows); (3) then with an increase in harvest area, more primary forests are harvested; (4) nally, in this example, the harvest area decreases
and older cohorts are restored.

Other processes relevant to LUC are left unchanged withwhere NPP is the net primary production, and all uxes with
the original model version. In particular, crop harvest is ap-F denoting outward carbon uxes from the land system (they
plied to cropland CFTs with a fraction of 45 % of biomass are assigned a negative sign following the ecosystem conven-
turnover being harvested in the model and exported outsid¢ion, indicating that carbon is lost from ecosystems), with
the ecosystem (Piao et al., 2009a). Pasture CFTs are also hdfg; for the instantaneous carbon ux during LUC (e.g. car-
vested in the same fashion. Agricultural harvest and associbon release arising from site preparation, land-clearing burn-
ated uxes to the atmosphere through food consumption oring), Fwoog for the delayed carbon release due to wood prod-
livestock feeding are assumed to happen locally in the modelct degradatiorf-yr for heterotrophic respiration from litter
during the same year of harvest, without considering spaand soil organic carbon decompositiény for agricultural
tial relocation through international trade. Fires are simulatecharvest on both croplands and pastures, Bgdirefor car-
with a prognostic module, but as explained in Sect. 2.1.3, rebon sources from pastures other than harvest, i.e. export of
disturbances do not lead to creation of young cohorts, bueinimal production and methane emissions (see Chang et al.,
only their carbon consequences (e.g. emissions, vegetatio015, for details)Finst and Fwoog are both uxes on an an-

mortality) are included. nual timescale that depend only on wood mass at the time
of forest clearing and the respective wood product degrada-
2.2 Simulation set-up tion rates (see Sect. 2.1.5)4R is simulated at a time step of
30 min and depends on soil temperature and moiskig
2.2.1 De nition of land-use change emissionsuc) is simulated with a prognostic re module SPITFIRE (Yue et
and carbon ux sign convention al., 2015).

. The LUC emissionsE yc) are quanti ed as the differ-
The land carbon balance simulated by ORCHIDEE-MICT gnce in simulated NBP between two paired simulations, with

v8.4.2 (i.e. net biome production or NBP), when land use| yc (or a speci ¢ LUC process) included in one simulation
change is included, is de ned as but not the other one:

NBPD NPPC FlnstC FWoodC Fur C FFireC Fan C Fpasturé
3) ErLuc D NBPLuc  NBPcontroi 4)
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where NBRyc and NPBoniro are NBP simulated with and other model forcings (climate, atmospheric £@tc.) are
without LUC. A negativeE| yc denotes a carbon source to held constant, with climate input data recycling the year of
the atmosphere, i.e. the ecosystem carbon sink is reduced b&901 (CRUNCEP v5.3.2 climate data) and atmospherig CO
cause of LUC. This de nition follows Pongratz et al. (2014, concentration being xed at 350 ppm. The model is tested for
p. 178) and is also the same as used in TRENDY (Sitch et hypothetical scenario of constant annual land turnover with
al., 2015) simulations and the existing global carbon budge6 % of grid cell area between forest ang €opland. Forest
analysis (Le Quéré et al., 2016). As explained by Pongratzarvest of the same annual areal fraction is expected to have
et al. (2014), such a de nition quanti es the net LUC ux a largely similar impact. The spin-up was run for 450 years
because it integrates both emissions to the atmosphere (e.gntil biomass and soil C stocks reached equilibrium and the
deforestation) and uptakes by potentially recovering vegetamean annual NBP was close to zero without including any
tion (e.g. agricultural abandonment). More speci cally, this LUC. Starting from the spin-up, a transient simulation with
corresponds to the de nition “D3” using uncoupled DGVM the prescribed LUC matrix was performed for 100 years.
simulations in Pongratz et al. (2014, Eq. 15c, p. 187), which

contains instantaneous uxes, legacy uxes, and “loss of ad-2.2.3 Simulation over southern Africa

ditional sink (source) capacity (LOAS)".

Instantaneous uxes refer to the carbon emissions directlySubsequently, the model behaviour has been documented for
arising from LUC, often occurring within the rst year since a real-world case over the region of southern Africa (south
LUC (Finst in our case). Legacy uxes arise from the read- from the Equator of the African continent). All three LUC
justment of carbon stocks to the new type of vegetationtypes occurred historically in this region, making it ideal
and/or the changes in management intensity over time (Porto demonstrate model behaviour regarding forest cohort dy-
gratz et al., 2014), and LOAS refers to the carbon sink—namics as presented in Fig. 5. This regional simulation serves
source difference between the actual land cover after LUCa single purpose — to further exemplify model features that
and the otherwise potential one under environmental pertureannot be suf ciently demonstrated over a grid cell.
bations. All other ux terms on the right side of Eq. (3) ex-  The regional simulation is performed at &solution for
ceptFinst contribute to the legacy uxes and LOAS. Here, 1501-2005. We used the land use reconstruction from LUH1
as our model development mainly distinguishes the biomassovering 1501-2013 (Hurtt et al., 2011, http://luh.umd.edu/
carbon of secondary forests, it is expected thgt: and data.shtml#LUH1_Data) re-gridded from the original 0t&®
Fwood Will be the major uxes to in uence the simulated a 2 spatial resolution. From the LUH1 data set we derived
ELuc. To facilitate the demonstration of model behaviour, the matrices of the three types of LUC: net land use change,
we refer toF st and Fywoog collectively as LUC-associated land turnover, and wood harvest. Land turnover information
direct uxes and their variations will be examined in detail is extracted from LUH1 as the minimum land uxes between
by using an idealized grid cell simulation. two vegetation types. Wood harvest from primary and sec-

The model developments presented here enable us to makmndary forests in LUH1 is used, while wood harvest from
two parallel simulations that include LUC: with and without non-forest is not. Climate forcing data are from CRUNCEP-
sub-grid age dynamics. Their simulatédyc can thus be v5.3.2 at a 2 resolution. For the spin-up, climate data were
compared to separate the effect of including sub-grid age dyeycled from 1901 to 1910, with atmospheric €€ncentra-
namics. Henceforth, for briefness, we denote the simulatiortion xed at the 1750 level (277 ppm). In the transient sim-
without sub-grid age dynamics &gelessand the one with  ulation, atmospheric C£concentration began to increase in

age dynamics aSage 1750 and climate data were varied starting in 1901. The dy-
namic vegetation module was turned off in order to apply
2.2.2 ldealized simulation on a single grid cell the prescribed historical LUC. Factorial simulations are con-

ducted to highlight changes in areas of different forest co-
We conducted an idealized grid cell simulation with pre- horts when different LUC processes are included, as shown
scribed land cover and LUC matrices to compare in de-in Table 4.
tail the simulated carbon pools and uxes betwegge and Each forest MTC has six CFTs to represent six cohorts.
Sageless The geographical coordinates of the simulation site The woody mass thresholds are set in a way that they cor-
are9.25S,18.25 E on a 0.5 global grid, in the north of An-  respond roughly to the woody masses at ages of 3, 9, 15,
gola, Africa, where the miombo woodlands are known to be30, 50 years, and the mature or primary forest (with an
subject to practices of shifting cultivation. The ESA CCl land age greater than 50 years) during the spin-up simulation for
cover map for the 5-year period of 2003—-2007 (https://www. Cohort to Cohorg respectively. The Cohaywith an age of
esa-landcover-cci.org/) shows a dominant fraction of tropi-15 years is the primary target for secondary forest harvest
cal deciduous broadleaf forest for this grid cell. Hence, forand land turnover (or shifting cultivation), corresponding to
the idealized experiment, the initial vegetation compositionthe mean residence time of 15 years of shifting cultivation as-
is prescribed as 85 % tropical deciduous broadleaf forests andumed in LUH1 data (Hurtt et al., 2011). We set two CFTs for
15% G croplands. As we will focus on the LUC impacts, each herbaceous MTC with a high and low soil carbon den-
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Table 4. Factorial simulations to examine forest cohort dynamics tion. SagelessaNd Sage Share the same biomass accretion with
when including different LUC processes: net land use change, landime during the spin-up, bBgeshows a succession of forest
turnover, and wood harvest. The plus sig (ndicate that the  cohorts — with biomass moving from one cohort to the next
correspondiqg processes (m_atrices) are inpluded in th_e simulati_onS(Fig_ 6a, b). At the end of the spin-up, all biomass is found in
Only simulations with sub-grid age dynamics are carried out, with copgry, (j.e. the oldest cohort), with an initial forest cover of
S0yge having no LUC activities to Sge including all LUC pro- 859,

CesSes. More differences emerge when entering the transient sim-
ulation. Above-ground biomass Bhgelessshows an initial
sharp drop followed by a more gradual decline under con-

Simulations and LUC processes included

Simulations  Net land Land  Wood stant land turnover because biomass of the single forest
use change turnover harvest patch is constantly diluted by merging with the new forest
Sluge patch with a low biomass, which is established as a result of
Slage C land turnover (see also Fig. 1). Below-ground biomass, how-
S2age C C ever, shows a corresponding initial drop but then slightly in-
S3ge c c c creases. Eventually, both above- and below-ground biomass

stocks inSagelessreach a new equilibrium, which is lower
than their values at the end of the spin-up. By contrast, in

sity. The CFT thresholds of soil carbon stock are the same foSage the fraction of Cohogt declines with the start of the
all herbaceous MTCs. We rst calculate the maximum soil transient simulation because of conversion to cropland. This
carbon stock of all MTCs (including the forest ones) at the decline continues until the 12th year, after which the re-
end of spin-up for each grid cell, and cohort thresholds aremaining Cohor covers only 30 % of the grid cell (Fig. 6h).
then taken as this maximum value and its 65 % value. Be-Younger cohorts are progressively created as forests restore
cause the energy balance in ORCHIDEE-MICT is resolvedafter shifting agriculture abandonment, with the Coh¢ire.

for the average of all CFTs over a grid cell, and the hydrolog-the youngest one) appearing during the initial 6 years af-
ical balance is resolved for three sub-grid water columns (i.eter the start of LUC, after which its biomass is moved into
the water column of bare soil, forest, and herbaceous vegetd=0hort (Fig. 6¢, d). Cohod starts to appear at the 12th year
tion), we expect the factors in uencing soil carbon decompo-When biomass in Cohgrtoves into it. Then its coverage de-
sition (e.g. soil temperature, soil moisture) to have little vari- clines as this cohort, rather than Coloi$ used as the source
ation among CFTs of the same MTC. This justi es the small for shifting cropland, according to the model rule that sec-
number of herbaceous CFTs for the sake of computation ef -ondary forestis taken prior to primary forest in land turnover
ciency. Overall, this feature of separating herbaceous MTC4Fig. 5). After the initial 15 years (the rough age of Cobart
into multiple cohorts is coded more as a placeholder for thethe fractions of Cohogt Cohorp, and Cohog reach a dy-
current stage of model development rather than having solid'amic stable state. As Cohgit being constantly converted
scienti ¢ signi cance. Fully tracking soil carbon stocks of t0 cropland, it has never developed into Cojant Cohors.
different vegetation types and their transient changes follow-This explains the zero fractions of these two latter cohorts in

ing LUC would require a much larger number of cohorts than Fig. 6f and g.
used in this study. While the above-ground biomass continuously grows dur-

ing the spin-up, the below-ground biomass rst increases
with time and then slightly declines before reaching the

3 Results equilibrium value. This is because ORCHIDEE-MICT has
a preferential allocation of NPP to below-ground sapwood
3.1 Grid cell simulations with and without sub-grid when forests are young. The small decline in below-ground
forest age dynamics biomass in the late spin-up stage thus results from an almost
stabilized NPP (under a big-leaf approximation), a reduced
3.1.1 Temporal patterns of biomass carbon stock below-ground allocation, and a constant mortality. Because
during the spin-up and transient simulations of this feature, ORCHIDEE-MICT creates a higher below-

ground biomass in younger forest cohorts (e.g. Cohamnd
Figure 6a and b exhibit the evolution of above- and below-Cohorg in Fig. 6a and b) irSgethan the single forest patch
ground biomass for botBagelesstiNdSage Simulations for the  in Sagelessin the transient simulation. However, the above-
spin-up and transient simulation for a test grid cell located inground biomass in younger Cohpend Cohor in Sage is
Angola. The results for th8,ge simulation are shown for in-  lower thanSygeless The difference in biomass in uences the
dividual cohorts (Cohogtto Cohorg). For this test an annual simulatedE| yc between these two simulations, as we will
forest—cropland turnover of 5% of the grid cell area was im-discuss in detail later.
posed. Figure 6¢c—h present changes in the ground fractional
cover of different forest cohorts during the transient simula-
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Figure 6. Biomass carbon stock as simulated by two model con gurations witl&gt(es} and with sub-grid age dynamicSige comprised

of Cohory to Cohorg) for (a) above-ground biomass affid) below-ground biomass. Data shown are the biomass accumulation during the
spin-up simulation (which lasts for 450 years, from year 0 until the end of the dashed line) and transient simulation (which lasts for 100 years)
in which an annual forest—cropland turnover with 5 % of the grid cell area is applied. Forest clearing for cropland primarily targes Cohort
Vertical grey lines indicate the end of the spin-up and the start of transient simulations. @xA@lsshow ground coverage by different

forest cohorts as fractions of grid cell during the transient simulation only.

3.1.2 LUC-associated direct carbon uxes 3.1.3 LUC emission and its disaggregation into

underlying component carbon uxes
As shown in Fig. 7a, itBageless the instantaneous carbon ux
resulting from LUC follows the same temporal pattern asAs de ned in Eq. (4), the net LUC carbon emissidd (ic)
the above-ground biomass, as it is simulated as a xed fracis diagnosed as the difference in NBP between the LUC sim-
tion of above-ground woody mass (sapwood and heartwoodylation and the control one. Since NBP is further a compos-
(see Sect. 2.1.5). IBqge for the initial 12 years, Cohayt  ite ux determined by carbon uptake and releases (Eq. 3),
(undisturbed mature forest) is cleared, so that the instantathe difference inE_yc age aNdELuc agelesscan be disaggre-
neous LUC carbon ux is higher than that 8geless(Where gated into the effect of each underlying ux, which differs
the biomass of the single forest patch is reduced immedibetween the LUC simulation and the control simulation. Fig-
ately when the land turnover starts). After that, the instanta-ure 8 presents such disaggregation. All positive values indi-
neous ux shows a stark drop ifage When Cohor enters  cate an enhanced carbon uptake or diminished release in the
the land turnover. Since then until the end of the simulation,LUC simulation compared to the control one, whereas neg-
Sagekeeps a constantly lower instantaneous ux tiBageless  ative values indicate the reverse cases (i.e. negative values
because the LUC-perturbed equilibrium biomass is higher inindicate a contribution to enhanég yc).
the latter case (Fig. 6a). As a xed 10% of above-ground First of all, Sygeless(N0 age dynamics) simulates a larger
woody biomass enters the wood product pool with a 10-yeamagnitude (i.e. a larger absolutg yc value) of mean
turnover time, delayed carbon emissions from wood prod-annual E yc than Syge (with age dynamics) by about
uct degradation in both simulations are smaller than the in26 gCm 2yr 1. Second, for both simulations, the simulated
stantaneous LUC carbon uxes. They peak around the 12thE| yc is an outcome of LUC-associated direct uxes being
year after LUC and remain stable afterwards (Fig. 7a). Over-compensated for by changes in other uxes, all of which have
all, Sygehas a higher LUC-associated direct carbon ux than an effect to reducgyc in this example: NPP, heterotrophic
Sagelessfor the rst 12 years and a lower one afterwards respiration, re carbon emissions, and agricultural harvest.
(Fig. 7a). The cross point for the cumulative LUC-associated NPP is higher in LUC simulations than in the control. This
direct uxes equal irSageandSagelesdS around the 20th year is because young forests are established in the former case
(Fig. 7b). When summing over the whole simulation period (either by merging with existing forest patch or not), leading
(100 years), the cumulative uxes I84gelesare lower inSage to a younger leaf age than in the control simulation, which is
by about 11kgCm?, or 110gCm 2yr ! (Fig. 7b) than  parameterized to have a higher photosynthetic capacity than
Sageless older leaves in the model. This suggests the model can some-
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Figure 8. Mean annual carbon ux differences between the LUC
and control simulations over 100 years for an annual forest—
cropland turnover with 5 % of the grid cell area for two model con-
gurations: without (blue) and with sub-grid age dynamics (green).
Positive (negative) values indicate contributions to enhanced carbon
sink (source) in LUC simulation compared to the control one, either
by stronger (weaker) carbon uptake or smaller (stronger) carbon re-
lease E| yc is shown as a negative value here, i.e. the LUC simu-
Figure 7. (a)Carbon uxes directly associated with LUC (negative lation has a lower NBP than the control one, indicating an effect of
values for carbon lost from ecosystems): instantaneous ux (dashnet carbon source by LUC.
dotted line), ux from wood product degradation (dotted line), and
the total ux (solid line) for simulations with (green) and without
(blue) sub-grid age dynamicéb) Cumulative LUC-associated di- the same process, i.e. a reduction in above-ground standing
rect uxes (the sum of instantaneous and wood product degradatiorhjomass. LUC simulations also result in lower agriculture
uxes) for simulations with (green) and without (blue) sub-grid age parvest Ean, from cropland) although there is no change
d%’”%/m";shDat"?‘ dare”ShOW? fo;;g annual forest-cropland turovey, e cropland area; this is due to lower biomass in young
of5% of the grid cell area for years. crop, as the crop harvest is assumed as a constant fraction of
the biomass turnover (i.e. routine mortality) at a daily time
step. The lower crop biomass in the LUC simulations here is
what integrate the effect of recovering young forests or inter-pecause crop saplings are established on the rst day of each
mediately aged forests with a higher productivity than the calendar year, right before the seasonal biomass peak for the
old-growth forests, as reported by Tang et al. (2014) usingSouthern Hemisphere, which arti cially reduces the standing
observation data. biomass.

Averaged over the LUC simulation period of 100 years, Overall, the lowerE yc magnitude iNSage is a result of
both Sage and Sagelessshow lower heterotrophic respiration the lower LUC-associated direct uxes having been partly
(FHRr) than the control. This is because the biomass stock igompensated for by a higher heterotrophic respiration. The
lower in the LUC simulations (despite a higher NPP, biomassrelative magnitudes betweedy yc age and ELyc agelessare
turnover is accelerated due to site perturbation and wood coldominated by these two uxes, while other uxes play a less
lection in the process of clearing forest for cropland), causingimportant role.
less litter input and fewer soil carbon stocks (data not shown).

The Sagesimulation shows a much smaller reductiorFigg, 3.2 Forest cohort area changes as a result of historical
mainly because a higher below-ground litter is maintained, land use change over southern Africa

which results from a high below-ground litter input out of

land turnover, driven by a high below-ground biomass, as ex-One of the useful features of our model development is to ac-
plained in Sect. 3.1.1 (Fig. 6a). count for sub-grid forest age dynamics as a result of histori-

Decreases in re carbon emissionse(e, from prognos-  cal LUC, as illustrated in Fig. 9 for southern Africa. When
tically simulated natural res but not land-clearing res) in no LUC is included (SO, the control simulation shown in
the LUC simulations in contrast with the control are be- light blue), the areas of all forest cohorts are constant over
cause the above-ground litter (dominant fuel for res) is re- time. Except that younger cohorts have a very small area
duced by land turnover. Reductions in re emissions, and(< 0.1 Mkn?) (Cohort and Cohori, probably due to im-
reductions in heterotrophic respiration, are thus driven byproper cohort thresholds on a very small number of grid
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Figure 9. Areas subject to historical land use change and the resulting modelled temporal changes in areas of different forest cohorts in
southern Africa(a) Areas subjected to historical land use change in which forests are involved. Data are from the LUH1 reconstruction
(Hurtt et al., 2011) after adaption for ORCHIDEE-MICT. Three types of LUC activities are shown and their effects elucidated by factorial
simulations (Table 4). These are forest loss (blue dashed line) and gain (black dashed line) resulting from net land use change, forest involvec
in land turnover (both loss and gain in equal amount, green dashed line), and forest area subjected to wood harvest (red dashed line)
(b)—(h) Areas of forest cohorts (Cohartthe youngest; Cohagt the oldest) for four factorial simulations (Table 4) in which no land use
change occurs in SO, and the three LUC types are added in a factorial set-up in S1 (net land use change, blue solid line), S2 (net land use
changeC land turnover, green solid line), and S3 (net land use ch@rgad turnovelC wood harvest, red solid line). Noyescale values in

(a) and(h) differ from others.

cells), almost all forests are found in Cohprivhich resem-  shown in Fig. 9a (green dashed line). The area of Cghort
bles mature forests. In S1 where only net LUC is consideredhowever, does not see as much increase as in the two younger
the area of Cohogtdecreases consistently over time due to cohorts because forests of Cohodre the primary target
conversion of forest to other land cover types (Fig. 9a). Oc-for clearance in land turnover and thus are incessantly con-
casional increases in areas of other younger cohorts are alseerted back to (shifting) agriculture. As a result, about half
present, corresponding to the periods when forest gain hapef mature forests (Cohgjtare left intact from LUC by 2005
pens due to net LUC, for instance, afforestation or reforesta{Fig. 9h). Most interestingly, when there is a decline in the
tion around the 1700s and in the latter half of the 20th cen-turnover-impacted area around the 1700s (the green arrow in
tury (Fig. 9a). This is consistent with our rule that forest from Fig. 9a), a corresponding decline in the area of Cqhisrt
abandonment of agriculture is established in the youngest cafound because these forests move into the next cohort. This
hort (Fig. 5b — on the right), and progressive movement ofpattern of decrease in the current cohort accompanied by the
forests from younger to older cohorts is also visible as theaccording increase in the next one then propagates into other
small waves in the curves of Fig. 9b—f. older cohorts with time, which results in a delayed increase
In the S2 simulation with both net LUC and land turnover, in Cohort around the 1750s (Fig. 9g), and nally in Cohgrt
large areas of younger forests, in particular of Cohartd  as well (but less prominent because of its already large area).
Cohorp, begin to appear as a result of continual creation of This demonstrates the model feature of older forest recovery
forests from land turnover and subsequent moving of forestdn case of decreased land turnover or wood harvest, as ex-
from Cohorg to Cohorp. Their temporal changes over time plained in Fig. 5b (right-hand side). Last, when we further
follow those of the forest area subject to land turnover, asinclude forest harvest in the S3 simulation, because wood
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harvest area only started to rise in the middle of 20th cen-4ncluded a dynamic decision rule regarding the ages of co-
tury, larger areas of Coharand Cohort are found compared horts to be targeted in different LUC processes or the possi-
with S2 in the latter half of the last century, and forest areability of targeting different cohort ages in different geograph-
in Cohorg is accordingly lower, being converted to younger ical regions. ORCHIDEE-CAN is especially designed to ad-
cohorts as a result of harvest. dress forest management and species change. Although cer-
tain LUC such as wood harvest and net land cover changes
are included, a more comprehensive LUC scheme addressing
4 Discussion gross change is missing (Naudts et al., 2015).
The gross LUC combined with sub-grid cohorts presented
DGVMs, either used in an of ine mode or coupled with cli- here has shown some promising results. We rst con rmed
mate models, are powerful tools to investigate the role of pasthat including gross LUC leads to additional carbon emis-
and future LUC in the global carbon cycle perturbed by hu-sions. However, these additional emissions tend to be overes-
man activities (Arneth et al., 2017; Le Quéré et al., 2016).timated when secondary forests are not explicitly accounted
Therefore, a more realistic representation of LUC processefor. The idealized grid cell simulation explained the mecha-
in these models is a scienti ¢ priority. We included two new nism driving such overestimation 8gejesssimulations well.
features in ORCHIDEE-MICT v8.4.2: gross LUC and forest The results presented here are closely linked with our model
wood harvest, and sub-grid vegetation cohorts. In a recenparameterization and in particular the decision rules regard-
review (Prestele et al., 2017), proper representation of grossg which forest cohorts to apply for speci ¢ LUC processes
LUC or sub-grid bidirectional land turnover has been iden- (Table 2). Land turnover and secondary forest harvest are pa-
ti ed as one of the three major challenges in implementing rameterized to target intermediately aged cohorts as a prior-
LUC in DGVMs for credible climate assessments, despiteity. This is the core mechanism driving the lower LUC emis-
that these have already been pioneered by some models (Taions when sub-grid forest age structure is accounted for.
ble 1). Large underestimation of LUC emissions would occur As a preliminary effort to demonstrate the model be-
when gross LUC is ignored, as is shown by several model rehaviour, the land turnover parameterization is heavily tied
sults reviewed in Arneth et al. (2017). with the input LUC forcing data (LUH1), so that the age of
Shifting cultivation, or forest wood harvest, or more for- Cohorg (as the primary target for land turnover) is set as
est management in general, often involves a stable fallow 15 years, following the assumed mean residence time of
length or rotation cycle, which involves secondary forestsshifting cultivation in the LUH1 data set (Hurtt et al., 2011).
rather than primary ones. In tropical regions, fallow lengths The model simulations showed that this parameterization is
in shifting cultivation range from 10 to 40 years (Bruun et crucial because it largely determines the rotation length in
al., 2006; Mertz et al., 2008; Thrupp et al., 1997; van Vliet the model and consequently the amount of carbon stocks sub-
et al., 2012), with a tendency of reduction in fallow length. jected to LUC and the difference in estimated LUC emissions
In Latin American tropics, agricultural abandonment has al-between the two model con gurationSdge and Sageles}. In
ready led to prominent growth of secondary forests (Chazdorhis regard it should be noted that the information on rota-
etal., 2016; Poorter et al., 2016). Forest management, includtional lengths of shifting cultivation or forest harvest is spa-
ing wood harvest, is more common in temperate and borealially unbalanced and that at present no systematic global
regions. In European forests, rotation lengths depend on treeompilation exists. The universal setting used in this study is
species, regional climate, and management purposes, rangirye to the absence of such a compilation. In fact, because the
from 8 to 20 years in coppicing systems in southern Europethresholds in woody mass to distinguish forest cohorts could
to 80-120 years in northern countries (McGrath et al., 2015)be con gured via a spatial map in the model and such maps
The prevalence of secondary forests associated with land ussuld vary among different years, and because the primary
and LUC therefore calls for their representation in DGVMs, cohort target is not hard-coded and can be parameterized as
especially when modelling LUC. well, it is rather straightforward to apply temporally and spa-
To our knowledge, Shevliakova et al. (2009) performed thetially different rotation lengths in the model. Such a feature is
rst study to include both sub-grid secondary lands and grosswell considered in the model development design and could
transitions in the LM3V model, but the number of PFTs and be tested when information on spatially and temporally ex-
secondary land tiles are limited in their study (up to in to- plicit forest rotation lengths or associated biomass thresholds
tal 12 secondary land tiles compared with 50 in our study).is available.
Stocker et al. (2014) included secondary land in LPX-Bern In the following paragraphs we will discuss the decisions
1.0 but only one tile of secondary land is available. Yang etthat were marked as deliberate and their potential impacts
al. (2010) examined the contribution of secondary forests toon modelled LUC stocks and uxes. First, the LUC module
terrestrial carbon uptake using the ISAM model by explic- developed is intended for usage within DGVMs and forced
itly including secondary forest PFTs, but they did not in- with external data sets that provide information on land ows
clude the dynamic clearing of secondary forests nor shift-between different land cover types. Itis notintended to super-
ing cultivation in LUC. Therefore, none of these studies havesede a LUC model per se, which simulates LUC using other
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available social and economic information such as popula-and regional forest age distribution using independent age in-
tion, food demand, wood demand, etc. (Hurtt et al., 2011).formation from either forest inventory or remote sensing. The
In this sense, the LUC module implementation has to in-model version used here has incorporated the developments
evitably take into account the details of information in forc- in pasture and cropland modules (Chang et al., 2015; Wang
ing data that are available and to reconcile the potential miset al., 2017). On a regional scale such as Europe, where the
match between the model and forcing data. For example, theomprehensive forcing data are available, it is possible to go
LUC module presented here can accommodate forest wootleyond the carbon emissions only by LUC activities, but also
harvest from primary and secondary forests when these twdo include LUC-induced changes in emissions of other green-
sources are distinguished in the forcing data, but hierarchihouse gases such as methane and nitrogen oxide.

cal decision rules are also made when the model and forcing

data disagree (e.g. Fig. 5), for example, when prescribed sec- .

ondary forest wood harvest can actually harvest a priman® Conclusions

forest in the model if all younger cohorts are exhausted. .
young We have presented new developments made in a global veg-

Second, because of this clearly de ned border of the "~ X
LUC module to use land areas as the input information,_etat'on model to include gross LUC and forest wood harvest,

model output from ORCHIDEE-MICT can potentially dis- in combination with explicit representation of sub-grid forest
agree with the socio-economic information used to gener—age dynamics. Furthermore, a set of decision-making rules

ate the LUC forcing data. For instance, crop yield simu- regarding the land cohorts to be targeted in different LUC

lated by ORCHIDEE may differ with that used to convert processes have been implemented. The presented simulation

food demand and consumption to cropland area, so that Sm{_es;ﬂtsdare speci ¢ o'f tk]:e OTF?HIBE\E/;\'/\'MCJVmZdeL bui thted
ulated crop output or food production may disagree with methods are generic Tor other s. We demonstrate

historical food demand in the real world. The same appliesthroth an idealized pixel simulation that gross LUC leads to

to forestry wood production: simulated harvest wood vol- agditional emisgiops but accounting for sub-gr.id land cohorts
ume might disagree with the wood volume actually usedy'e!ds lower emissions than not. Over the region 9f sc_)uthern
to generate the harvest area information — the harveste frica, the model is able tolaccount for changes in d.'ﬁefe”t

wood biomass information is provided in the LUH1 data orest cohort areas alpng W.Ith the temporal changes in differ-
set but not used as an input in the current stage of mode‘f’nt LUC processes, including regrowth of old f_orests when_
development. This largely raises the issue of to what ex-".L‘.lC area decrgases. Our developments provide the POSSI-
tent the information that drives LUC decisions can be in- bility of accounting for forest demography when evaluating

ternally integrated into DGVMs, for example, to directly LUC impacts on global carbon cycle and climate.

use crop production, rather than cropland area, or wood

volume, rat.her than for.(aSt harves.t "’.‘rea.as the model irlput('Zode availability. The source code for ORCHIDEE-MICT ver-
One potential obstacle is that statistical information (e.g. ONsion 8.4.2 is available online (https://forge.ipsl.jussieu.fr/orchidee/

wood volume demand) is often available on a regional basig,o\ser/branches/ORCHIDEE-MICT/tags/ORCHIDEE_MICT _
(FAO global forest resource assessment, http://www.fao-Orgél_uc_SA_z) but its access is restricted to registered users.

forest-resources-assessment/en/; Eurostat, http:/ec.europRequests can be sent to the corresponding author for a username
eu/eurostat/data/database), and complex decision-makinghd password for code access. ORCHIDEE-MICT is governed
rules are needed to disintegrate such information on spaby the CeCILL license under French law and abides by the rules
tial grids that DGVMs are operated on. But in general andof distribution of free software. One can use, modify, and/or
over the long term, land use or land management decisiontgdistribute the software under the terms of the CeCILL license
need to be integrated directly into DGVMs. ORCHIDEE- as circulated by CEA, CNRS, and INRIA at the following URL:
CAN has integrated forest management decisions based ditP:/www.cecill.info.

simulated tree diameters and stand density, so that harvested

wood biomass is actually a model output that can be vali-

dated against historical statistical data (Naudts et al., 2016).other supplementary information that may be useful in reproducing

The developments .pr_eser.lted hgre mainly build on %he authors' work can be obtained by contacting the corresponding
model structure that distinguishes differently aged cohorts.,

Nonetheless, we have built a better tool to address the im-

pacts of historical LUC on carbon cycle and climate with

these developments. Forest demographics, which are showompeting interestsThe authors declare that they have no con ict
to have greatimpact on the current Northern Hemisphere cargf interest.

bon sink (Pan et al., 2011; Piao et al., 2009b), either as a re-

sult of active afforestation, agricultural abandonment, or nat-

ural regeneration, could then be explicitly investigated. Theseacknowledgements<Chao Yue and Wei Li acknowledge the
developments also make it possible to verify modelled globalEuropean Commission-funded project LUC4C (no. 603542).
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