N

N

The Global Land Carbon Cycle Simulated With
ISBA-CTRIP: Improvements Over the Last Decade

Christine Delire, Roland Séférian, Bertrand Decharme, Ramdane Alkama,
Jean-christophe Calvet, Dominique Carrer, Anne-laure Gibelin, Emilie

Joetzjer, Xavier Morel, Matthias Rocher, et al.

» To cite this version:

Christine Delire, Roland Séférian, Bertrand Decharme, Ramdane Alkama, Jean-christophe Calvet,
et al.. The Global Land Carbon Cycle Simulated With ISBA-CTRIP: Improvements Over the Last
Decade. Journal of Advances in Modeling Earth Systems, 2020, 12 (9), 10.1029/2019MS001886 .
hal-03419707

HAL Id: hal-03419707
https://hal.science/hal-03419707

Submitted on 18 Nov 2021

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License


https://hal.science/hal-03419707
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr

JAMES

RESEARCH ARTICLE
10.1029/2019MS001886

Special Section:
The CNRM Climate and Earth
System Models for CMIP6

Key Points:

« This paper documents the updates to
the biogeochemical module of the
ISBA-CTRIP land surface system for
use in the CNRM-ESM 2-1 Earth
system model

« The newly represented processes are
the leaching of carbon and transport
of dissolved organic carbon to the
ocean, fire with area burned and
carbon emissions, and land cover
changes

« The largest improvements in the
representation of net primary
productivity are due to improved
autotrophic respiration

Supporting Information:
« Supporting Information S1

Correspondence to:
C. Delire,
christine.delire@meteo.fr

Citation:

Delire, C., Séférian, R., Decharme, B.,
Alkama, R., Calvet, J.-C., Carrer, D., et
al. (2020). The global land carbon cycle
simulated with ISBA-CTRIP:
Improvements over the last decade.
Journal of Advances in Modeling Earth
Systems, 12, e2019MS001886. https://
doi.org/10.1029/2019MS001886

Received 9 SEP 2019
Accepted 17 APR 2020
Accepted article online 20 APR 2020

©2020. The Authors.

This is an open access article under the
terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and distri-
bution in any medium, provided the
original work is properly cited, the use
is non-commercial and no modifica-
tions or adaptations are made.

'.) Check for updates

A G ) s

SPACE SCIENCE

Journal of Advances in
Modeling Earth Systems @

The Global Land Carbon Cycle Simulated
With ISBA-CTRIP: Improvements
Over the Last Decade

Christine Delire! (2, Roland Séférian’ (), Bertrand Decharme’ (), Ramdane Alkama?® (%),
Jean-Christophe Calvet', Dominique Carrer', Anne-Laure Gibelin®, Emilie Joetzjer" (),
Xavier Morel® (), Matthias Rocher', and Diane Tzanos!

ICNRM, Centre National de Recherches Météorologiques, UMR3589 Université de Toulouse/Météo-France/CNRS,
Toulouse, France, 2European Commission, Joint Research Center, JRC, Ispra, Italy, 3Direction des Services
Météorologiques, Météo-France, Toulouse, France

Abstract we present the latest version of the ISBA-CTRIP land surface system, focusing on the
representation of the land carbon cycle. We review the main improvements since the year 2012, mainly
added modules for wild fires, carbon leaching through soil and transport of dissolved organic carbon to the
ocean, and land cover changes but also improved representation of photosynthesis, respiration, and plant
functional types. This version of ISBA-CTRIP is fully described in terms of land carbon pools, fluxes, and
their interactions. Results are compared with the previous version in an off-line mode forced by observed
climate during the historical time period. The two simulations are presented to demonstrate the model
performance compared to an ensemble of observed and observation-derived data sets for gross and net
primary productivity, heterotrophic and autotrophic respiration, above and below ground biomass, litter,
and soil carbon pools. New developments specific to the new version such as burned area, fire emissions,
carbon leaching, and land cover are also validated against observations. The results show clearly that the
latest version of ISBA-CTRIP outperforms the former version and reproduces generally well the observed
mean spatial patterns in carbon pools and fluxes, as well as the seasonal cycle of leaf area index. The trends
of the global fluxes over the last 50 years agree with other global models and with available estimates. This
comparison gives us confidence that the model represents the main processes involved in the terrestrial
carbon cycle and can be used to explore future global change projections.

Plain Language Summary The land surface exchanges energy, water, and carbon with the
atmosphere and partly controls the atmospheric CO, concentration. It is therefore crucial to represent
correctly the carbon cycle on land in models designed to be used in Earth System Models. We present here
the improvements made to the representation of the land carbon cycle by the land surface system
ISBA-CTRIP. We improved the representation of several processes using published data, and we added
processes that were not represented. The new version of the model performs better than the previous one at
representing the carbon fluxes and pools, when compared to a series of observation data sets. This evaluation
suggests that we can use ISBA-CTRIP to explore the changing climate and carbon cycle.

1. Introduction

Land surface models were developed in order to represent the energy, momentum, and mass exchange pro-
cesses taking place at the land surface (Pitman, 2003) in climate and weather forecasting models. Their com-
plexity and the number of process represented have increased through time since the pioneering work of
Manabe (1969), Charney et al. (1975), or Deardorff (1977, 1978), but they differ greatly in the choice of pro-
cesses included and in the degree of complexity used to represent each process. Coupled to
atmosphere-ocean models, they take part in the Climate Model Intercomparison Project (CMIP) to simulate
the past and future climate that is used in the successive Assessment Reports of the United Nations
Intergovernmental Panel on Climate Change (IPCC). Land surface models are also used to complement
missing data and estimate processes over large spatial scales, not available to in situ measurements. The
Global Carbon Project (Le Quéré et al., 2018) for instance presents for every year since 1959 a complete glo-
bal carbon budget using land surface/vegetation models to estimate the global land carbon sink.
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Interaction Soil-Biosphere-Atmosphere (ISBA) (Noilhan & Planton, 1989) is the land surface model devel-
oped at the research center (Centre National de Recherches Météorologiques; https://www.umr-cnrm.fr/)
of the French weather forecasting service (Météo-France). It is tied to the Total Runoff Integrating
Pathways (TRIP) river routing model (Oki & Sud, 1998) to calculate river discharges up to the ocean from
the ISBA-computed total runoff. The ISBA-TRIP land surface system (Decharme & Douville, 2007) was
included in the SURFEX numerical interface (Masson et al., 2013; available freely at https://www.umr--
cnrm.fr/surfex/), designed to ease both the coupling of ISBA-TRIP (and the ocean model) to all atmospheric
models of Météo-France and its use in off-line model. ISBA-TRIP was the land surface system of CNRM's
climate model, CNRM-CM5 (Voldoire et al., 2013), developed to participate to the Fifth Assessment
Report (AR5) of the IPCC. In parallel, CNRM developed its first Earth System Model CNRM-ESM 1
(Séférian et al., 2016) sharing all the physical components of CNRM-CMS5 but including a version of ISBA
that represents the cycling of carbon between the atmosphere, the land vegetation, and the soil.

The version of ISBA with carbon cycling (Calvet, 2000; Calvet et al., 1998) was used to study the effect of
drought in the Amazon Basin (Joetzjer et al., 2014; Joetzjer et al., 2015) and the Northern Hemisphere per-
mafrost carbon vulnerability (McGuire et al., 2016; Rawlins et al., 2015; Xia et al., 2017). The off-line studies
on the Amazon Basin and the results from CNRM-ESM 1 showed some important shortcomings. The model
for instance overestimated forest productivity globally and tree respiration in the tropics. It did not take into
account land use and land cover changes although numerous papers showed with models (see for instance
Pitman et al., 2009; Pielke et al., 2011) and with data (Alkama & Cescatti, 2016) their importance on the cli-
mate system in terms of biophysics and biogeochemistry. Similarly, fires were not represented despite their
role in the climate system through emissions of carbon species and aerosols, changes in vegetation, and soil
biogeochemistry (Pellegrini et al., 2017) but also their direct role on the physical climate through changes in
land surface properties, notably albedo (see for instance Rocha et al., 2012 Bonan, 2008, or Randerson
et al., 2006). These shortcomings prompted a thorough update of the biogeochemical module of
ISBA-CTRIP. In parallel, the land surface physics was also thoroughly upgraded (14 layer-discretized solu-
tion of the energy and water balance in soils, 12-layer snow model, etc.; see Decharme et al., 2019). The
resulting model serves as the land surface component of CNRM-ESM 2-1 (Séférian et al., 2019), the Earth
system of second generation developed by CNRM-CERFACS for the sixth Coupled Model
Intercomparison Project (CMIP6; Eyring et al., 2016).

The first goal of this study is to present the new version of ISBA-CTRIP, focusing on the changes that concern
the land carbon cycle: mainly the added modules for wild fires, carbon leaching through soil and transport of
dissolved organic carbon (DOC) to the ocean, and land cover changes, but also improved representation of
photosynthesis, respiration, and plant functional types (PFTs). The second goal is to describe the perfor-
mance of ISBA-CTRIP at replicating present-day observations and track to what extend improved or newly
represented processes impact the skill of ISBA-CTRIP. We focus on the mean state and the trends. In the
remainder of the document, we refer to the new version of ISBA-CTRIP as “ISBA_bgc6” and
“ISBA_bgc5” for the old. Section 2 is devoted to the description of the model focusing on the changes
between versions. Section 3 describes the simulation design and the observations used for evaluation. The
results are presented and discussed in section 4, followed by a brief summary and conclusions in section 5.

2. Model Description: ISBA_bgc6 in Comparison to ISBA_bgc5

We here describe the latest version of the biogeochemical module (see Figure 1) that is used in the CMIP6
exercise, especially in CNRM-ESM 2-1 (Séférian et al., 2019), stressing the differences with the module that
was used in CNRM-ESM 1. These changes are summarized in Table 1. The changes made in the land surface
physics and hydrology modules between CMIP5 and CMIP6 are described in Decharme et al. (2019) and we
only give here a brief summary.

The land surface physics module of ISBA (Noilhan & Planton, 1989; Noilhan & Mahfouf, 1996) computes the
exchange of water and energy between the land surface and the atmosphere. In this version of the module,
energy and water balances are solved for one vegetation canopy, 12 snow layers and up to 14 soil layers where
soils are deep. The energy and water balances are influenced by soil texture, soil albedo, and soil carbon con-
tent. Evapotranspiration results from the direct evaporation of canopy-intercepted rainfall, from bare soil
evaporation and from vegetation transpiration controlled by stomatal conductance (see below). In contrast
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(a) ISBA_bgc5 (2012)

(b) ISBA_bgc6 (2019)
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Figure 1. Scheme of the biogeochemical modules in ISBA in its 2012 version (ISBA_bgc5) and 2019 version (ISBA_bgc6). (a) ISBA_bgc5 represented vegetation
photosynthesis leading to gross primary productivity (GPP), autotrophic respiration (Ra), vegetation mortality as turnover processes, and heterotrophic
respiration resulting from the decomposition of litter and soil organic matter, for nine fixed plant functional types (PFTs). (b) ISBA_bgc6 has an improved
representation of GPP and Ra for 16 PFTs whose area change yearly according to land cover change data. The carbon flux resulting from the land cover change is
called fLCC. ISBA_bgc6 also has a fire module that calculates area burned and carbon emissions (fire C). Finally, ISBA_bgc6 has a simple representation of
dissolved organic carbon (DOC) leaching through the soil and transported to the ocean.

Table 1

to most land surface models, ISBA with its river routing module CTRIP includes a representation of aquifers
(Vergnes & Decharme, 2012) that feed back on soil moisture content. It also represents inundation from
rivers in floodplains. A detailed description of the snow module is given in Decharme et al. (2016). A
detailed study of the land surface physics and hydrology, including the effects of aquifers and inundation
on the surface energy and water budgets, is presented in Decharme et al. (2019).

The land biogeochemical module in ISBA represents plant physiology (photosynthesis and respiration), car-
bon allocation and turnover, and carbon cycling through litter and soil (Calvet et al., 1998; Calvet &
Soussana, 2001; Gibelin et al., 2006, 2008). Carbon assimilation is calculated from air CO, concentration, leaf
temperature, and solar radiation considering C3 or C4 photosynthetic pathways.

2.1. Photosynthesis

Photosynthesis is represented by the semiempirical model proposed by Jacobs (1994), based on Goudriaan
et al. (1985) and implemented by Calvet et al. (1998). It uses the concept of mesophyll conductance defined
in this framework as the rate of photosynthesis under light-saturated conditions (Jacobs, 1994). As such, this
scheme does not explicitly account for the Michealis-Menten kinetics of the Rubisco enzyme formalized by

Main Characteristics of ISBA_bgc5 and ISBA_bgc6

Processes

ISBA_bgcs

ISBA_bgc6

Land surface physics
Vegetation description
Land cover changes
Vegetation dynamics
Photosynthesis
Hydraulic stress
Respiration

Radiative transfer
Specific leaf area
CO, downregulation
Fire

DOC/soil C leaching

Decharme et al. (2019)

9 PFTs, rock, ice, desert

No

No

Goudriaan et al. (1985), Jacobs (1994)
Calvet (2000), Calvet et al. (2004)
Goudriaan et al. (1985) and Jacobs (1994)

Goudriaan's (1986) 3-point Gaussian solution
Dependent on leaf N

Decharme et al. (2019)

16 PFTs, rocks, ice, desert

Yes, annual net changes

No

Goudriaan et al. (1985), Jacobs (1994) with updated parameters

Calvet (2000), Calvet et al. (2004), except for tropical forest (Joetzjer et al., 2015)
Goudriaan et al. (1985) and Jacobs (1994)

Vertical profile of leaf respiration for tree canopies, Added sapwood respiration
10-layer scheme with direct and diffuse radiation (Carrer et al., 2013)
Dependent on leaf N and dependence on CO, concentration

Following Arora et al. (2009)

Based on GlobFirm (Thonicke et al., 2001)

Simple parameterization
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Farquhar et al. (1980) and Collatz et al. (1992). Goudriaan's approach was originally chosen by Calvet
et al. (1998) because it uses conductances instead of enzyme kinetics and was conceptually closer to what
was used at the time in the land surface modeling community. Goudriaan's approach has the advantage
of being fairly simple, but its parameters are rarely measured by the ecophysiology community. Here, we
show how we recently related Goudriaan's main parameters to Farquhar's model to be able to use the eco-
physiology body of science and the TRY database in particular (Kattge et al., 2011).

The model uses an empirical light response function of net assimilation An to combine the effects of light
and CO, as limiting factors:

An = (Am + Rd) (1 —exp (_AmLfRd)) —Rd. @

Am is the asymptotic value of the light response curve of photosynthesis, Rd is the dark respiration, ¢ is the
initial light use efficiency, and Ia is the absorbed photosynthetically active radiation (aPAR). At very low
light intensity, this asymptotic exponential becomes approximately:

An =¢€la —Rd, 2)

reflecting that the photosynthetic rate is linearly related to the amount of aPAR at very low light intensity
and nonlimiting CO, conditions.

When light is not limiting, Am is limited by a maximum photosynthetic rate Ammax through another
asymptotic exponential:

3

— i—TI
Am = Ammax (1 —exp M),

Ammax

where gm is the mesophyll conductance, Ci the intercellular CO, concentration and I" the CO, compensa-
tion point. At low CO, concentrations, this equation is approximately equivalent to:

Am =gm(C; —T), 4)

stating that photosynthesis is linearly related to CO, concentration when CO, is limiting. In Goudriaan's
model, this relation defines the mesophyll conductance gm as the initial slope of the A-Ci curve. As such,
for C3 plants, gm can be related to Vemax, the maximum catalytic capacity of Rubisco in Farquhar's form-
alism (see Farquhar, 1980, eq. 42):

dA Vemax

gn=—(C;=1I)=

— 5
dc; r+Ke (1+2)

where K. and Ko are the Michaelis-Menten coefficients for CO, and O, respectively and O, is the oxygen
concentration.

We used this relation to calculate gm using Vemax values given by Kattge et al. (2009) for all tree PFTs.
For C4 plants (with I = 0), following Collatz et al. (1992), a% = k at low C; so that gm = k with k a constant
per vegetation type, here only C4 grasses. For crops, we used the values of Canal et al. (2014).

According to Jacobs (1994), Ammax is related to the ability of plants to allocate the products of the Calvin
cycle and to regenerate ribulose 1,5-biphosphate and can be directly related to the maximum catalytic capa-
city of Rubisco Vemax:

Ammax = | Vemax, O]

with [ = 0.5 for C3 plants (from Collatz et al., 1991, eq. A7) and [ = 1 for C4 plants (from Collatz et al., 1992,
eq. 5). We used this relation with Vemax values from Kattge et al. (2009) for all PFTs except one: for ever-
green tropical trees, we used Domingues, Martinelli, and Ehleringer, (2007) observed value for tropical
Amazonian sites (see Table 2).
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Table 2
ISBA Parameter Values in the bge5 and bgc6 Version
gm Ammax Nm SLA
(mm/s) (mg/m°/s) (mg/g) (m”/kg)
Vegetation type bgcs bgc6 bgcs bgc6 bgc5 bgc6 bgc5 bgc6
Temperate broadleaf cold-deciduous 3 1.8 2.2 1.3 20 21.3 12.2 15.4
Boreal needleleaf evergreen 2 1.9 2.2 14 28 12.1 133 5
Tropical broadleaf evergreen 1 1.2 2.2 0.5 25 17 14.6 8.3
C3 crops 1 1.8 2.2 2.2 13 13 14.8 14.8
C4 crops 9 9.8 1.7 1.7 19 19 10.3 10.3
Irrigated crops 9 9.8 1.7 1.7 19 19 10.3 10.3
C3 grass 1 1 2.2 1.7 13 13 14 14
C4 grass 6 1.7 1.7 13 13 5.7 5.7
wetlands 1 1 2.2 1.7 13 13 14 14
Tropical broadleaf dry-deciduous 3 1.2 2.2 0.9 20 21.3 12.2 15.4
Temperate broadleaf evergreen 3 1.9 2.2 1.3 20 16.9 12.2 8.3
Temperate needleleaf evergreen 2 1.9 2.2 14 28 12.1 13.3 5
Boreal broadleaf cold-deciduous 3 1.8 2.2 1.3 20 21.3 12.2 15.4
Boreal needleleaf cold-deciduous 2 1.2 2.2 0.9 28 194 13.3 10.1
Boreal grass 1 1 2.2 1.7 13 13 14 14
Deciduous shrub 3 1.6 2.2 1.2 20 21.5 12.2 15.4

Note. gm, unstressed mesophyll conductance (m/s) Ammax, the maximum photosynthetic rate (10~

kg COz/m /s); Nm, leaf nitrogen content per dry mass

(mg_N/g_dry_matter); SLA, specific leaf area (m /kgC). Nm and SLA are given for a 288-ppmv CO, level.

The temperature dependency of mesophyll conductance is given by an Arrhenius function, while standard
Q10 temperature response functions determine CO, compensation point, maximum photosynthetic rate,
and hence photosynthesis and respiration.

An important parameter in ISBA photosynthesis is the ratio of intercellular to atmospheric CO,, Ci/Ca. This
ratio is affected by the leaf-to-air vapor pressure deficit from a maximum value at zero deficit to a minimum
value for which stomatal closure happens (Jacobs, 1994). Stomatal conductance is finally deduced from the
assimilation rate taking into account cuticular conductance and diffusion competition between H,O and
CO, within the stomatal opening (see Jacobs, 1994). Hence, leaf-to-air vapor pressure deficit affects intercel-
lular CO, and, through photosynthesis, stomatal conductance. Soil water stress affects the mesophyll con-
ductance (see Joetzjer et al., 2015) and, through photosynthesis, stomatal conductance.

ISBA_bgc5 used Goudriaan's (1986) original 3-point Gaussian solution of the radiative transfer through
canopy. In ISBA_bgc6, this was replaced by a 10-layer canopy radiative transfer scheme including direct
and diffuse radiation (Carrer et al., 2013). Photosynthesis is calculated for each of the 10 layers and summed
to calculate canopy level assimilation.

2.2. Respiration

Joetzjer et al. (2015) showed that ISBA_bgc5 greatly overestimated leaf respiration in the Amazon Forest.
Following Van Heemst (1986), leaf dark respiration integrated over the canopy was originally parameterized
as a fraction of Am (Gibelin et al., 2006), the photosynthetic rate at high light intensities (equation 1):

Am
Rieat = T LAIL (7)

Am being constant throughout the canopy, this leads to identical respiration from the top to the bottom of
the canopy, and a negative carbon balance of the bottom canopy leaves because of light extinction.
Observations show that leaf respiration is positively correlated to area-based leaf nitrogen content, which
in turn is driven by light availability. We therefore follow Bonan et al. (2012), who proposed to scale leaf
to canopy respiration by using a vertical exponential profile of leaf nitrogen:
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Am
Rleaf = Texp(_kn LAI), (8)

where k;, is the within-canopy profile of photosynthetic capacity set to 0.2 according to Mercado et al. (2009)
and Bonan et al. (2011). This parametrization greatly reduces the leaf dark respiration of the canopy com-
pared to the original one. We chose to keep the same k,, value for all tree species for simplicity sake, but this
should be tested and revised in future versions.

ISBA_bgcs (Gibelin et al., 2008) did not allow for sapwood respiration. As described in Joetzjer et al. (2015),
we added a representation of sapwood respiration based on Kucharik et al. (2000):

Ryood = Bwood/lsapﬁwoodf (T)7 (9)

with Bygoq the woody biomass, A, the estimated sapwood fraction based on a theoretical sap velocity, the
maximum transpiration rate and the tree height. S04 = 0.0125 year is the maintenance respiration coeffi-
cient at 288 K and f(T) is given by Lloyd and Taylor (1994) version of the Arrhenius temperature function:

F(T) = exp (Eo (ﬁ - %)) (10)

with E, = 3,500°K, the temperature sensitivity, and T (in K), the vegetation temperature, calculated as the
weighted average of vegetation and soil surface temperature in ISBA (Noilhan & Planton, 1989).

This formulation was also adopted for the respiration of twigs and fine roots, Rewigs - root» USing a mainte-
nance respiration coefficient Biwigs_roots Of 1.25 year (Joetzjer et al., 2015).

Rtwigs'root = Btwigsmmﬁtwigsmmf (T) (11)

2.3. Vegetation Carbon Pools

Vegetation in ISBA is represented by a maximum of six reservoirs of biomass: leaves, stem/twigs, wood, fine
and coarse roots, and a small storage pool (Gibelin et al., 2008) that can be seen as a nonstructural carbohy-
drate pool. In the case of grasses and crops, wood and the coarse root reservoirs are not represented. Leaf
biomass is based on the carbon assimilated by photosynthesis and decreased by turnover, respiration, and
allocation to the other pools (see Gibelin et al., 2006, annex B). Leaf phenology results directly from the daily
carbon balance of the leaves. Leaf area index (LAI) is diagnosed from leaf biomass and specific LAI, which
varies as a function of leaf nitrogen concentration and PFT (see section 2.5). To allow for leaf growth after
dormancy, there is an imposed minimum leaf biomass. Mortality is represented as turnover with a
PFT-dependent turnover time for the wood and root carbon pools. It depends on climate conditions for
leaves and twigs. The evolution of the different vegetation carbon pools is calculated once a day, while photo-
synthesis and respiration are calculated every 15 min to an hour (depending on the forcing data).

2.4. Litter and Soil Organic Matter

The litter and soil organic matter module in ISBA is based on the soil carbon part of the CENTURY model
(Parton et al., 1988). The four litter and three soil carbon pools are defined based on their presumed chemical
composition, their location aboveground or belowground, and potential decomposition rates (or turnover
times). The litter pools (metabolic and structural, above and belowground) are supplied by the fluxes of dead
biomass from each biomass reservoir (turnover) as described in Gibelin et al. (2008). The decomposition pro-
cess is represented by organic matter cascading from pool to pool with different turnover times, releasing
CO, at each step. The three soil organic matter reservoirs (active, slow, and passive) are characterized by
their resistance to decomposition with turnover times spanning from a few months for the active pool to
240 years for the passive pool (Gibelin et al., 2008). The rate of decomposition of organic matter is deter-
mined mainly by soil moisture and temperature using a Q10 dependency following the formulation of
Krinner et al. (2005). The decomposition rate also depends on the lignin fraction and the soil texture follow-
ing Parton et al. (1988).

DELIRE ET AL.

6 of 31



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Advances in Modeling Earth Systems 10.1029/2019MS001886

2.5. Dependence of SLA on N Content and Link With Atmospheric CO,-Downregulation

ISBA does not represent N and P cycles, and nutrient limitation effects on photosynthesis and plant growth
are not represented explicitly. The model however has an empirically based reduction of leaf nitrogen con-
centration per unit mass with increasing CO, (Calvet et al., 2008) as proposed by Yin (2002) from a
meta-analysis of CO, enrichment experiments. The model also linearly relates SLA to leaf nitrogen concen-
tration per unit mass (Gibelin et al., 2006). As a result, specific leaf area decreases with increasing CO, con-
centration, which limits leaves growth and indirectly limits assimilation of atmospheric CO,. This trait
plasticity behavior has indeed been reported for a variety of species (Ainsworth & Long, 2005; De Kauwe
et al., 2014; Ishizaki et al., 2003; Medlyn et al., 2015; Yin, 2002) but with different strengths and explained
by more complex processes than those assumed in ISBA's simple empirical representation.

Nitrogen deficiency, regardless of CO, increase, not only affects SLA and other traits but also directly affects
photosynthesis (see for instance Norby et al., 2010). This effect is not represented in ISBA's physiological
module. In the absence of a full representation of nutrient cycles, we chose to use an ad hoc representation
of downregulation similar to Arora et al. (2009). Leaf level gross photosynthesis is multiplied by ¢, a factor
equal to 1 at preindustrial concentration (below COy.r = 288 ppmv) and decreasing with increasing CO,
concentration:

1+0.52 In g5

T 1109ImER

§(co,) (12)

For the time period simulated here (see section 3), ¢ varies from 1 in 1870 to 0.91 in 2010.

2.6. Plant Functional Types

ISBA_bgcs5 used nine PFTs (three tree types, three grass types, and three crop types) and three land covers
(bare soil, rock, and permanent snow and ice) derived from the ECOCLIMAP vegetation and soil database
(Masson et al., 2003). The tree types (broadleaf deciduous, needleleaf evergreen, and tropical broadleaf ever-
green) did not allow for a correct representation of plant types covering large or important areas like the
deciduous needleleaf forests of Eastern Siberia, the tropical deciduous broadleaf forests of subtropical
Africa, or the dry broadleaf evergreen forests in Mediterranean climates. We therefore added five tree types
distinguishing boreal and temperate types and one deciduous shrub type using the updated ECOCLIMAPII
database (Faroux et al., 2013). Similarly, we added an arctic grass PFT. The geographical distribution of bor-
eal, temperate, and tropical tree types is based on LPJ bioclimatic limits (Table 2 in Sitch et al., 2003). Arctic
grasses were defined using information present in the original ECOCLIMAP database. Shrubs were defined
as deciduous trees less than 2 m high. The resulting PFT distribution for year 2000 is given in Figure 2 with
the dominant vegetation type. The wetland and irrigated crop vegetation types are currently treated by the
model as simply grass and crops.

Vegetation height and vegetation and soil albedos are prescribed for all the surface types subgrid patches
based on a mean annual cycle at a 10-day time step. Vegetation and bare soil albedos in ECOCLIMAP are
derived from satellite observations (Carrer et al., 2014). The rooting depth is specified for each vegetation
type according to Canadell et al. (1996). It ranges from 0.5 to 1.5 m for tundra and temperate grassland
and from 2 to 8 m for forest. Carbon cycling, energy, and water balance in vegetation and soils are computed
separately for all the coexisting PFTs and cover types present in the grid cell. Land cover changes were not
represented in ISBA_bgc5, ECOCLIMAP being representative of the land cover of the 1990s.

2.7. Land Cover Change

ISBA_bgc6 does not represent natural vegetation dynamics, defined as the change in geographical distribu-
tion of natural PFTs in response to climatic changes. However, contrary to ISBA_bgc5 that used a fixed geo-
graphical distribution of anthropogenic land cover (crop and pasture), ISBA_bgc6 represents net land cover
changes. They are resolved at a yearly time step although the procedure might be used at a higher frequency
(monthly or daily). Net land cover changes (see Figure 1 in Stocker et al., 2014 for a definition of net changes)
are derived from the Land-Use Harmonized data sets (Hurtt et al., 2011) version 2.0h (LUH2.0h, http://luh.
umd.edu/data.shtml) using the ECOCLIMAP land cover distribution of the 1990s described in section 2. We
project LUH2.0h on the ISBA PFTs as follows:
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Figure 2. Distribution of dominant vegetation type in years 1700 and 2000 resulting from the combination of
ECOCLIMAP and LUH2.0h. (1) desert, (2) rock, (3) permanent snow and ice, (4) temperate broadleaf deciduous trees,
(5) boreal needleleaf evergreen trees, (6) tropical broadleaf evergreen trees, (7) C3 crops, (8) C4 crops, (9) irrigated C4
crops, (10) C3 grass, (11) C4 grass, (12) wetland, (13) tropical broadleaf evergreen trees, (14) temperate broadleaf
evergreen trees, (15) temperate needleleaf evergreen trees, (16) boreal broadleaf deciduous, (17) boreal needleleaf
deciduous, (18) boreal grass, and (19) deciduous shrubs.

« LUH2.0h C3 and C4 crops are used directly as ISBA C3 and C4 crop PFTs.

« LUH2.0h anthropogenic pasture and rangeland are combined and used to compute the fraction of anthro-
pogenic grasslands and shrubs for ISBA. The partition between shrubs, C3, C4, and boreal grasslands in
ISBA is inferred from the partition of ECOCLIMAP in the considered grid cell. If ECOCLIMAP does not
include any of these PFTs in the considered grid cell, the fraction of combined pasture and rangeland from
LUH2.0h is assumed to be C3 grass.

« The other PFTs, including forested areas, are then scaled using the remaining fraction of land as given by
LUH2.0h and the partition between PFTs from ECOCLIMAP.

During these steps, we ensure that the fraction of rock and permanent ice as given by ECOCLIMAP remains
unchanged. To do that and to conserve as much as possible anthropogenic land cover changes given by
LUH2.0h, we do not conserve the partition between the other vegetation types of LUH2.0h especially the
forested areas. Before running this procedure, LUH2.0h is interpolated on ISBA spatial grid using a conser-
vative interpolation. To illustrate the approach, we show the resulting dominant vegetation types in Figure 2
for years 1700 and 2000, where we clearly see the increase in cropland over the midlatitudes.
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Table 3

Fraction of Aboveground Biomass Routed Toward the Three Anthropogenic Carbon Pools Following Land Cover Change
Vegetation type Veg — atm (=) Veg — Anth'® (=) Veg — Anth*® ()
Temperate broadleaf cold-deciduous 0.597 0.299 0.104
Boreal needleleaf evergreen 0.597 0.299 0.104
Tropical broadleaf evergreen 0.597 0.299 0.104

C3 crops 0.597 0.403 0.000

C4 crops 0.597 0.403 0.000
Irrigated crops 0.597 0.403 0.000

C3 grass 0.597 0.403 0.000

C4 grass 0.597 0.403 0.000
Wetlands 0.597 0.403 0.000
Tropical broadleaf dry-deciduous 0.597 0.299 0.104
Temperate broadleaf evergreen 0.597 0.299 0.104
Temperate needleleaf evergreen 0.597 0.299 0.104
Boreal broadleaf cold-deciduous 0.597 0.299 0.104
Boreal needleleaf cold-deciduous 0.597 0.299 0.104
Boreal grass 0.597 0. 299 0. 104
Deciduous shrub 0.597 0.403 0.000

When land cover changes from 1 year to the next, ISBA handles water and carbon conservation for all the
co-existing PFTs and cover types present in the grid cell. For water, changes in land water storage due to land
cover changes including different soil depth or interception of snow and rain over vegetation when forest is
replaced by grassland for instance are routed toward runoff using a water buffer with a characteristic time of
1 year. For carbon, a fraction of the aboveground biomass is routed toward three anthropogenic carbon pools
with annual, decadal, and multidecadal turnover times (fLUCycy_, ann+)- These anthropogenic pools repre-
sent the use of harvested biomass as grain/forage, paper fabrication, and construction. The fraction of bio-
mass routed toward these pools is given in Table 3. The aging processes in the decadal and multidecadal
anthropogenic carbon pools are represented as first-order systems with an exponential decay time of 10
and 40 years. The decaying fraction is released back to the atmosphere (fLUC 4, arm)- For the sake of sim-
plicity, and because the land cover changes are applied with a 1-year time step, we assume that all the
cleared aboveground biomass routed toward the annual anthropogenic carbon pool go directly to the atmo-
sphere (fLUCyeg — am)- The remaining biomass, the belowground biomass, is routed toward the metabolic
belowground litter pool (fLUCveg —. iitter)-

The carbon flux from the anthropogenic pool to the atmosphere is defined as the sum of the carbon fluxes of
the 10- and 40-year anthropogenic carbon buffer, that is, fLUC s yn—atm = SLUC Anm® —atm + SLUC Aonth®  atm-

Finally, when a new PFT is created within an ISBA grid cell, a minimum LAI and biomass is automatically
allocated to this new vegetation. We call this small annual flux of carbon the regrowth flux fLUCym — veg. In
this case, and because of the soil column paradigm used in ISBA (separate soil columns for each surface
type), the litter and soil carbon content for this newly created PFT is deduced from the total grid cell litter
and soil carbon balance.

2.8. Fire

The fire carbon module implemented in ISBA derives from GlobFIRM (Thonicke et al., 2001). It represents
natural wildfires over forest and grassland areas. The GlobFIRM fire fraction calculation is adapted to a daily
time step using the same methodology as Krinner et al. (2005). It has been recalibrated using Météo-France
fire occurrence measurements over the 2000s. It is set to zero when the carbon content of the surface litter is
below 200 gC/m? and when soil temperature is lower than 0°C or when the soil is frozen. It is also set to zero
when more than 20% of the grid cell is covered by croplands. Agricultural fires are not negligible (8-11% of
all fire occurrences in 2001-2003 according to Koronzi et al. (2006)) but are largely related to human practice
(see for instance Lin et al., 2014), and we only represent natural fires. The fire fraction ¢g,e governs all the
other fire-related process.
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Table 4

PFT-Dependent Fire Parameters: Fire Resistance and Emissions Factors for Carbon Dioxide (CO5) and Black Carbon (BC)
Vegetation type PPt (-) ‘%f(t)z (kgcoz/ ngryMalter) egfé (gBC/ ngryMatter)
Temperate broadleaf cold-deciduous 0.62 1.572 0.56
Boreal needleleaf evergreen 0.62 L3572 0.56
Tropical broadleaf evergreen 0.90 1.636 0.52

C3 crops 1. 1.646 0.46

C4 crops 1. 1.646 0.46
Irrigated crops 1. 1.646 0.46

C3 grass 0. 1.646 0.46

C4 grass 0. 1.646 0.46
wetlands 0.5 1.703 0.57
Tropical broadleaf dry-deciduous 0.90 1.636 0.52
Temperate broadleaf evergreen 0.62 1.572 0.56
Temperate needleleaf evergreen 0.62 1.572 0.56
Boreal broadleaf cold-deciduous 0.62 1.572 0.56
Boreal needleleaf cold-deciduous 0.62 1.572 0.56
Boreal grass 0.05 1.646 0.46
Deciduous shrub 0.60 1.572 0.56

Fire consumes living biomass pending on the fire resistance of each PFT (o™; see Table 4) and of the
water-to-biomass fraction in each compartment (i) of the plants ; (see Table 5). ; is consistent with estimates
used in other models (see for instance INFERNO of Mangeon et al., 2016).

ft 6 fi ft
Bgisturbed = Zi=1 (1 - pp t) X sz XiX ¢ﬁre7 (13)

where Bgif;mrbed is the total amount of living biomass impacted by fire.

Bpft

isturbed 18 Used to compute the fire-induced emissions of carbon dioxide (CO,) and black carbon (BC) using

the Akagi et al. (2011) emission factors for these two chemical species and for a given PFT (eléf(t)2 and egfct; see

Table 4).

o pft ppft
fVeg—>COz - prtecozBdisturbed. (14)

_ pft Hpft
fVeg—»BC - prteBCBdisturbed' (15)
The remaining fraction of the living biomass is added to the surface refractory litter (i.e., structural).

— pft _ ppft
f Veg—cLittersuf structural prtB B disturbed * (16)

In this fire module, only the surface litter is impacted by fire. All the young labile surface litters (i.e.,
metabolic) are consumed by fire and converted in CO, and BC using (Akagi et al., 2011) emission
factors. The old refractory surface litter is also impacted, but its consumption by fire depends on its

content in lignin (ligninpft). As a consequence, the fire emission for CO, or BC is computed as follows:

o pft . . .ooft .
chittersu,qu - prtex (CLlnersurf‘metabolic + llgl’llnp X Cthtersurf‘structural) X ¢ﬁre, (17)

where X is CO, and BC.

2.9. Carbon Leaching

The movement of water in and above the soil transports carbon stored in the soil. Part of the soil carbon is
dissolved in the water, and a fraction of this DOC leaves the soil laterally to enter the aquatic continuum,
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Table 5
Sensitivity of Plant Compartment to Fire Disturbance
Plant's compartments Leaf (=) Stem (—) Wood (—) Root (—)
i 0.85 0.80 0.3 0.05

be transported by the rivers and ultimately released to the ocean. Total anthropogenic and natural carbon
export from the soils to the inland waters is estimated to be around 1.9 PgC/year for the years 2000-2010,
among which roughly half reaches estuaries (Regnier et al., 2013). In between, DOC may be
mineralized, buried in sediments, and remobilized. The flux of carbon leached out of the soil is much
smaller than photosynthesis (around 110 PgC/year) or autotrophic and heterotrophic respiration (around
50-55 Pg/year) but is a nonnegligible carbon input to the global ocean. It is also essential for accurately
representing the patterns of ocean C flux (Resplandy et al., 2018). Therefore, it needs to be represented in a
model that is used as the land surface component of an ESM.

As mentioned in section 2.4, the soil carbon module in ISBA is based on the CENTURY model. In this frame-
work, we chose a simple approach to represent this leaching of carbon from the soil column and the input of
carbon to the ocean. We assume that a fraction of organic matter is dissolved in water at each step of the
decomposition cascade so that the mobilization of DOC is controlled by the same environmental factors
as decomposition in the model: soil temperature and moisture content (see section 2.4). But we consider that
it only happens in the saturated fraction of a grid cell or, in the case of superficial litter, the fraction that is
inundated. This approach is reasonable since bacterial and fungal decomposers are responsible for most of
the organic matter decomposition (Wetterstedt, 2010) and they indeed rely on water to access their substrate
(Marshner & Kalbitz, 2003).

During the decomposition of each carbon pool (litter and soil carbon), the flux of carbon dissolved in water
fDOC (gCm>s™) is calculated as

fDOCq; = %fl (T1)*f, (w1 )*mobil*max(fsat, fflood)*Cag;, (18)

for the aboveground reservoirs C,g; and

fDOCy,; = %*fl(Tz)*fz(wz)*mobil*fsat*Cbgi, 19)
)

for the belowground reservoirs Cygj. T1 and wy are the soil surface temperature and moisture content, T, and
w, are the temperature and moisture content averaged over the first meter of soil. f; and f, are the environ-
mental functions (see egs. 1-5 of Morel et al., 2019) and 7; and 7; are the turnover times of the different litter
and carbon reservoirs. mobil = 0.005 is the maximum fraction of litter or soil carbon mobilized and dissolved.
This empirical parameter is inspired from modeling work by Langerwisch et al. (2016) and Irmler (1982).
Since we chose not to represent the processes happening in the rivers and lakes once the SOC has left the
soil column, we use a value of mobil that ensures the right order of magnitude of DOC reaching the ocean.
fsat is the fraction of the grid cell where soil is saturated and fflood the fraction of the grid cell inundated. A
complete description of the hydrological cycle in ISBA is given in Decharme et al. (2019).

The total flux of DOC leaching from the soil, fDOCy () = 23,fDOCygi + 2,,fDOCyy;, is then routed toward
the closest river channel. Within the river, the DOC content (DOC in gC) is handled by CTRIP as
oDOC v(t)

ot =AfDOCy — TDOC(t)v (20)

where A is the area of the considered ISBA grid cell, v(¢) and L represent the velocity of the river flow (in m/s)
and the length of the river in the grid cell. As mentioned before, equation 20 does not include biogeochem-
ical or sedimentary processes that would modify DOC concentration during its course in the river channel.
CTRIP does not include other carbon-related chemical species such as dissolved inorganic carbon which
would enable the computation of air-water carbon exchange.
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3. Model Configuration and Observation Used
3.1. Model configuration

To document the impact of the changes between ISBA_bgc5 and ISBA_bgc6 on the simulated carbon
cycle, we performed two paired model simulations (1860-2016) on a 1° X 1° global terrestrial grid driven
by the same climate data and soil boundary conditions. ISBA_bgc6 was forced by changing land cover
from LUH2.0h as described in the previous section. ISBA_bgc5 ran with constant vegetation cover given
by ECOCLIMAP representative of the land cover in the 1990s. The model simulations went through an
initial 350-year spin-up procedure where soil carbon and vegetation biomass were allowed to reach an
equilibrium state representative of 1860. During this initial spin-up period, the soil biogeochemistry mod-
ule was subjected to a numerical acceleration procedure to reduce the computational burden. Litter input
from vegetation turnover and decomposition from litter pools and soil carbon was assumed to occur at 50
times the normal rate during the first 150 years. During the next 50 years, the acceleration rate was lin-
early reduced to 1. The last 150 years ran without acceleration. Vegetation woody biomass underwent a
similar numerical acceleration procedure during the first 30 years with an acceleration rate of 5.
Consequently, the spin-up period for soil carbon is about 7,500 years and 150 years for vegetation bio-
mass. This method similar to Kucharik et al.'s (2000) was successfully tested at point scale in different
climate conditions.

The historical climate forcing used is the CRU-NCEP v7 data set from Viovy (2018) covering 1901-2016, with
global atmospheric CO, concentration from Meinshausen et al. (2017). The initial spin-up period assumed a
preindustrial CO, concentration of 286.4 ppmv and was driven by recycling years 1901-1920 from the cli-
mate forcing. Years 1860 to 1900 were simulated using the same 1901-1920 period twice but with the actual
observed CO, concentration. The CRU-NCEP product has a 0.5° spatial resolution and a 6-hr temporal reso-
lution. ISBA uses a 900-s time step and interpolates in time the climate forcing. To limit computing time, we
degraded the original spatial resolution to 1°. To focus our comparison on the representation of the carbon
cycle, we used the new physics of the model described in Decharme et al. (2019) in both versions of
the model.

The soil textural properties and the soil carbon content affecting the physical soil properties (Decharme
et al., 2016) are given by the Harmonized World Soil Database (HWSD; http://www.fao.org/soils-portal/
soil-survey/soil-maps-and-databases/harmonized-world-soil-database-v12/en). The topographic informa-
tion comes from the 30-arcsecond resolution GTOPO30 data.

3.2. Evaluation data

We use an ensemble of available global observations derived from remotely sensed data, in situ data, or com-
binations of remotely sensed, in situ eco-physiological data, census data, and climate reanalysis to evaluate
the model simulated carbon fluxes and pools:

« The FluxComV1 data sets for gross primary productivity (GPP) and terrestrial ecosystem respiration.
These products come from the FLUXCOM project (Jung et al., 2016, 2017; Tramontana et al., 2016).
They combine remote sensing and meteorological data to upscale the global network of eddy covariance
FLUXNET tower data (Jung et al., 2009). They have a daily time step, a 0.5° spatial resolution and cover
1980-2014 (http://www.fluxcom.org).

« The satellite derived GPP and net primary productivity (NPP) product from the Numerical Terradynamic
Simulation Group: MODIS17A3 (Zhao et al., 2005). This product derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) on board the U.S. National Aeronautics and Space
Administration (NASA) Earth Observation System (EOS) satellite Terra has a yearly time step and a
1-km spatial resolution to compare with model results (NASA LP DAAC, 2017). It covers years 2000-
2013 (https://modis.gsfc.nasa.gov/data/dataprod/mod17.php)

« The Harvested Area and Yield for 175 crops data set described in Monfreda, Ramankutty, and
Foley (2008) to compare crop NPP. This land use data set combines national, state, and county level cen-
sus statistics with a global data set of croplands, on a 5-min X 5-min spatial grid and is representative of
the years 2000 (http://www.earthstat.org).

« For heterotrophic respiration, we use the data set from Hashimoto et al. (2015) that combines in situ data
from the Soil Respiration database (Bond-Lamberty et al., 2018) and global gridded climate data. It is
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Figure 3. Gross primary productivity (GPP). (a) Mean of 12 FluxCom products, (b) simulated with ISBA_bgc5, (c) simulated with ISBA_bgcé6, and (d) zonal
average observation-derived and simulated GPP. The gray shading indicates the spread between the FluxCom products. (e) ISBA_bgc5 minus observation
derived and (f) ISBA_bgc6 minus observation-derived.

based on data from 1965 to 2012 and has a 0.5° spatial resolution (http://cse.ffpri.affrc.go.jp/shojih/data/
index.html).

The simulated burned area is compared to the yearly maps at 1° resolution of burnt area derived from
satellite data, census data, and vegetation by Mouillot and Field (2005). CO, emissions from fire come
from the Global Fire Emissions Database, Version 4.1 (GEFD4, van der Werf et al., 2017; Randerson et
al., 2017) (https://www.globalfiredata.org/data.html).

The DOC originating from soil carbon leaching is compared to the global, spatially explicit, multielement,
and multiform model of nutrient exports by rivers (NEWS2, https://marine.rutgers.edu/globalnews/data-
sets.htm) described in Mayorga et al. (2010). This product was calibrated at global scale using nutrient
export observations at river mouths and allowed a spatially distributed comparison with our simulation
results. The simulated riverine DOC flux to the ocean is also directly compared to river data from Dai
et al. (2012).

The aboveground biomass carbon (ABC) data set is derived from satellite-based passive microwave obser-
vations of the vegetation optical depth (Liu et al., 2015). The data set covers 1993-2012 at a yearly time
step and a 0.25° spatial resolution (http://wald.anu.edu.au/data_services/data/global-above-ground--
biomass-carbon-v1-0/). Additional regional data sets are Thurner et al. (2014) for the midlatitude to high
latitude of the Northern Hemisphere and Saatchi et al. (2011) and Baccini et al. (2012) for the tropics (see
Table S1 in the supporting information).

Aboveground Litter Carbon comes from the “Global Database of Litterfall Mass and Litter Pool Carbon
and Nutrients” (Holland et al., 2015). It includes site measurements of among others aboveground litter
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Table 6
Global Carbon Fluxes and Pools Derived From Observations Described in Section 3 and Calculated by ISBA_bgc5 and ISBA_bgc6
Observation ISBA_bgcs ISBA_bge6
derived
Total Total Bias Spatial correlation Total Mean bias Spatial correlation

GPP (1980-2014) 115 +/— 6.5 129 0.13 0.93 110 —0.03 0.93
NPP? (2000-2013) 44.6 39.9 —-0.05 0.67 41.1 —0.04 0.81

48.5 49.3
Rab (2000-2013) 53.4 76.1 0.25 0.89 56.5 66.3 0.04 0.89

89.8
Rh (1962-2012) 46.9 37.7 —0.08 0.74 37.2 —0.08 0.84
TER (1980-2014) 924 +/— 3.4 126 0.28 0.92 104 0.1 0.92
GPP-TER 22.6 3 6
Fire C emissions (1997-2015) 2.14 - - - 2.71 0.004 0.41
DOC flux 0.18 - - - 0.13 - -
fLcc® (2000-2009) 1.3+4+/—0.7 0.79
Biomass 399 - - 488 - -
ABC 348 324 —-0.17 0.70 438 0.75 0.79
Aboveground litter 295 157
Belowground litter 115 123
SoilC 1613 1611 0.16 0.54 1520 —0.45 0.56

Note. Total fluxes are in PgC/year and mean biases in kgC/ mz/year.

4The MODIS NPP product contains missing data. The first line gives simulation results on the nonmissing data mask. The second line gives the total/average
land values. “Observation-derived Ra is estimated using FluxCom GPP minus MODIS NPP for 2000-2013. CFlux from Land Cover Change (fLCC):
Estimates from bookkeeping methods, see Table 5 from Le Quéré et al., 2018.

mass and litter carbon dating from 1827 to 1997 (https://daac.ornl.gov/VEGETATION/guides/Global _
Litter_Carbon_Nutrients.html).

» Belowground organic carbon fraction comes from the Harmonized World Soil Database v1.2 (FAO/
ITASA/ISRIC/ISSCAS/JRC, 2012). We derived the organic carbon mass using soil density data from the
database (http://webarchive.iiasa.ac.at/Research/LUC/External-World-soil-database/HTMLY/).

« The LAI3g product derived from the third generation of the Normalized Difference Vegetation Index
(NDVI3g) by the Global Inventory Modeling and Mapping Studies (GIMMS) group. The NDVI3g from
the Advanced Very High Resolution Radiometer (AVHRR) sensors was released for the period 1981 to
2011 (Zhu et al., 2013). The original 15-day time resolution and 1/12° spatial resolution was averaged
to a monthly time step and 1° spatial resolution. We compare the peak and minimum LAI computed as
the maximum and minimum of the average seasonal cycle (https://daac.ornl.gov/VEGETATION/
guides/Mean_Seasonal_LAIhtml).

It is important to notice that these global data sets are observation derived but are not true observations and
may have large uncertainties and biases. We use them as benchmark for large-scale evaluation, but the
model was also evaluated at local scale with Fluxnet data (see Joetzjer et al., 2015).

4. Skill Assessment of Key Land Surface Variables Against
Present-Day Observation

For each flux and pool, we present a comparison between observation-derived data and the results of
ISBA_bgc5 and ISBA_bgc6 forced by the same atmospheric forcing, CRU-NCEPv7. The comparison is done
for the period covered by the data, usually 1980-2010. We here mainly focus on the mean state. Interannual
variability was studied by Bastos et al. (2018), who looked at the response of several models to the 2015
El Nino.

4.1. Carbon Fluxes

GPP is the primary driver of the carbon cycling in vegetation and soils as it is the input flux of the system in
the model. We compare the geographical distribution of the annual mean-simulated GPP to the average of
the 12 reconstruction products of the FluxCom project described in section 3 (Figures 3a-3c). The spread
between these observation derived products is presented in the zonal mean (Figure 3d). Compared to these
reconstructions, the simulated GPP is greatly improved in the ISBA_bgc6 version compared to the
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Figure 4. Autotrophic respiration (Ra). (a) Mean of 12 FluxCom GPP products minus MODIS NPP (see Figure 5), (b) simulated with ISBA_bgc5, (c) simulated
with ISBA_bgc6, (d) zonal average observation-derived GPP-NPP and simulated Ra, (e) ISBA_bgc5 minus observation derived, and (f) ISBA_bgc6 minus

observation derived.

ISBA_bgcs (Table 6) especially in the tropical forests and in Eastern North America where the strong over-
estimation of gross photosynthesis is reduced. For the tropical forests, this is mainly due to the strong reduc-
tion in the maximum photosynthetic rate Ammax (from 2.2 to 0.39 mgCO,/m?/s; see Table 2) as suggested
by the Domingues et al. (2007) values for Amazon species that directly reduce assimilation rates (see equa-
tion 3). In general, all forested zones have reduced GPPs with the new version of the model (Figure S1). This
isalso linked to the reduction in Ammax deduced from the Kattge et al. (2009) Vemax values using equation 6
resulting in smaller maximum photosynthetic rates for trees (see Table 2). In the boreal forest, GPP is now
underestimated. Needleleaf trees in particular, boreal and to a lesser extent temperate, are not productive
enough, especially in summer (Figure S2). Here, it is mainly the strong reduction in specific leaf area
(SLA see Table 2 from 13.3 to 5.0 m?/kg) from the TRY database that plays a role. The smaller SLA leads
to a smaller area of leaves per unit of carbon assimilated and a reduced area to photosynthesize. To a lesser
extent, the reduction in Ammax (from 2.2 to 1.4 mgCOz/mz/ s) deduced from the Kattge et al. (2009) Vemax
values using equation 6 also plays a role. Compared to MODIS-derived GPP, ISBA_bgc6 also overestimates
GPP in the tropics and underestimates it in the midlatitude to high latitude (Figure S3).

Autotrophic respiration (Ra) can be roughly calculated as the difference between the observation-derived
GPP and NPP. ISBA_bgc5 generally overestimated Ra, especially in the forests (Figure 4b). This bias is
greatly reduced by ISBA_bgc6 (Table 6). This improvement is partly due to the improvement in GPP (leaf
dark respiration depends on assimilation; see equation 7) but mostly to the modified leaf dark respiration
parameterization applied to tree PFTs. Joetzjer et al. (2015) showed that ISBA_bgc5 strongly overestimated
leaf dark respiration in the Amazon Forest. Following Bonan et al. (2011), they used a vertical profile of leaf
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Figure 5. Net primary productivity (NPP). (a) MODIS NPP with the missing data in gray. The same mask is applied to the simulation results: (b) simulated with
ISBA_bgcs, (c) simulated with ISBA_bgc6, (d) zonal average observation-derived NPP and simulated, (e) ISBA_bgc5 minus observation derived, and
(f) ISBA_bgc6 minus observation derived.

nitrogen applied to dark respiration in the canopy that decreased autotrophic respiration despite the added
sapwood respiration that was neglected in ISBA_bgc5. We applied this vertical profile of leaf nitrogen and
sapwood respiration to all tree PFTs in ISBA_bgc6 (see section 2.2). As a result, autotrophic respiration
decreases in all forests in ISBA_bgc6 compared to ISBA_bgc5 (Figure S4).

NPP is generally improved in all regions of the world compared to MODIS-derived data (Figure 5 and
Table 6). This improvement can be traced to the improvement in GPP, mostly a reduction of forest GPP
due to the use of updated parameters mentioned above (Figure S5). In tropical forests however, NPP was
greatly underestimated by ISBA_bgc5 despite an overestimated GPP. This low NPP was due to the strongly
overestimated leaf dark respiration as mentioned above and is corrected by the assumed vertical profile of
leaf N (Joetzjer et al., 2015).

The crop NPP map of Monfreda et al. (2008), representative of year 2000 shows that both versions of the
model tend to overestimate crop productivity, although slightly less with the new version (Figure 6). In
ISBA, crops have physiological parameters distinct from grasses (Ammax, Gmes, etc.; Table 2), but their phe-
nology depends on the carbon balance of the leaves as it is the case for grasses. There is no planting and har-
vesting dates which tend to overestimate the crops growing season in most regions of the world and partly
explains the overestimation of NPP. One exception to this high crop NPP is Western Europe and is probably
due to the fact that ISBA was originally developed and tuned for France and Western Europe (see for
instance Canal et al., 2014).

Carbon use efficiency (CUE) is the fraction of assimilated carbon that is used for growth. For plants at the
community level, it is calculated as the ratio NPP/GPP (Manzoni et al., 2018). It represents the capacity of
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Figure 6. Crop NPP. The value in each grid cell corresponds to the NPP of the crop as if it was covering the whole grid cell. (a) FAO NPP with the missing data in
gray. The same mask is applied to the simulation results: (b) simulated with ISBA_bgc5, (c) simulated with ISBA_bgc6, (d) zonal average observation-derived NPP
and simulated, (e) ISBA_bgc5 minus observation derived, and (f) ISBA_bgc6 minus observation derived.

an ecosystem to transfer assimilated atmospheric C to biomass and depends on vegetation type, stand age
and climate (Delucia et al., 2007; Manzoni et al., 2018; Xia et al., 2017). Being the ratio of the net flux to
the input flux to vegetation, it is also a good indicator of the inner working of the model. Despite being a
big-leaf model without representation of forest age structure, ISBA_bgc6 simulates tropical evergreen
forest with a CUE close to 0.3 that compares reasonably well with data from Malhi et al. (2009)
(Figure S6). This is a great improvement from the 0.1 value of ISBA_bgc5 (Joetzjer et al., 2015). In
general, the decrease in Ra in forests results in an increase in CUE. Tropical deciduous forest and
temperate forests have CUEs from 0.3 to 0.6, within the range reported by Zhang et al. (2014) and He
et al. (2018). However, for boreal forests, the decrease in Ra results in CUE values around 0.7, a little
higher than the maximum value of 0.65 theoretically derived by Amthor (2000) or much higher than the
0.5 given by Zhang et al. (2014) for high latitudes. ISBA_bgc5 already simulated too high values for boreal
ecosystems (Xia et al., 2017), and this bias is reinforced by ISBA_bgcé.

Heterotrophic respiration (Rh): Compared to the estimations of Hashimoto et al. (2015), both versions of the
model underestimate heterotrophic respiration (CO, emitted by soil C decomposition) in the mid to high
latitudes (Figure 7). This has now been traced back to an overestimated lignin content of the litter that
reduces the decomposition rate in the CENTURY model. ISBA_bgc6 overestimates heterotrophic respiration
in the Tropics compared to Hashimoto's work. This is the result of the changes in carbon cycling in tropical
forests as described in Joetzjer et al. (2015): the reduced autotrophic respiration increases NPP, leading to
increased litterfall and larger litter and soil carbon pools (see section 4.3, Figure S7). The resulting hetero-
trophic respiration around 0.8 kgC/mz/year is coherent with in situ observations from the Amazon
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Figure 7. Heterotrophic respiration (Rh). (a) Hashimoto et al. (2015) data, (b) simulated with ISBA_bgc5, (c) simulated with ISBA_bgc6, (d) zonal average
observation derived and simulated, (e) ISBA_bgc5 minus observation derived, and (f) ISBA_bgc6 minus observation derived.

(0.8-1.5 kgC/m?/year, Malhi et al., 2009) but higher than the values around 0.6 deduced by Hashimoto
et al. (2015).

Fire and carbon-induced fire emissions were not represented in ISBA_bgc5. The emissions are calculated in
ISBA_bgc6 based on the computed burned area (section 2.8). The model reproduces correctly the overall dis-
tribution of fires with the largest percentage of burned land in semiarid regions, mostly the Sahel and S-E
Brazil, peaking around 10°N and 15°S (Figure 8). The model overestimates burned areas in the Southern
Hemisphere and the North American South West. Globally and averaged over 1981-2000, ISBA_bgc6 simu-
lates 4.37% compared to the 4.26% estimated by Mouillot and Field (2005). Fire-induced carbon emissions
follow this area distribution with peaks of emissions around 10°N and 15°S (Figure 9), but emissions are lar-
gely overestimated especially in the S Hemisphere compared to van der Werf et al. (2017). Globally, these
fluxes of C are small compared to NPP (2 or 3 PgC/year compared to 45 PgC/year). But in fire prone areas
like the Sahel, carbon emissions due to fire may account for up to one fourth of local NPP, and the fire mod-
ule should be revised in the future.

DOC originating from soil carbon leaching and its transport by the river system is only simulated in
ISBA_bgc6. We compare the simulated leached C with the yield map of DOC from the NEWS2
observation-derived product (Mayorga et al., 2010). The DOC yield corresponds to the total mass flux
of DOC exported by the river divided by the river basin area (Figure 10a). The largest DOC sources
are the Amazon Basin and Indonesia, S-E Asia, tropical Africa, and the midlatitude to high latitude
of the Northern Hemisphere. Qualitatively speaking, the model presents similar patterns with the high-
est C leaching fluxes in the Amazon Basin, Indonesia, S-E Asia, and to a lesser extent, the boreal forest
(Figure 10b). The largest fluxes of DOC are simulated in regions where heterotrophic respiration is high.
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90N

This was expected since we assumed that the mobilization of DOC is controlled by the same
environmental factors as decomposition in the model (see section 2.9). In the Amazon, C leaching
from the soil is high because temperature and soil moisture conditions are favorable for
decomposition. In the high latitudes, C leaching is high despite low decomposition rates because soil
C content is high. Compared to the Mayorga et al.'s data set, the amounts however are smaller
(Table 6 and Figure 10). This was expected because we deliberately chose to get the right order of
magnitude delivered to the open ocean without simulating the removal processes in rivers and estuaries.
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Compared with the available data for the largest rivers of the world, ISBA-CTRIP simulates well the total
yearly DOC flux over the whole river basin (Figure 11). However, as mentioned by Dai et al. (2012), it is
obvious that this flux is mostly dependent on river discharge, well simulated by ISBA-CTRIP (see
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Figure 11. (a) River discharges, (b) DOC flux, and (c) DOC concentration of some the largest rivers in the world.
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Figure 12. Aboveground biomass. (a) Liu et al. (2015) data set, (b) simulated with ISBA_bgc5, (c) simulated with ISBA_bgc6, (d) zonal averages,
(e) ISBA_bgc5 minus observation derived, and (f) ISBA_bgc6 minus observation derived.

Decharme et al., 2019 for a detailed analysis of ISBA-CTRIP hydrology). For most large rivers the simulated
DOC flux is smaller than the observed. Again, this is expected since we wanted the right amount reaching
the open ocean without representing the removal processes in the estuaries that may remove from 2% to
30% from the rivers (see Dai et al., 2010 and references within).

DOC concentration on the other hand is more indicative of the processes, and as expected, our very simple
parameterization is not sufficient to correctly represent the observed variability in DOC concentration
between rivers. Some of the largest DOC concentrations are seen in the Arctic rivers (Yenissey, Lena, and
Ob) that drain permafrost C rich area. As mentioned earlier, ISBA simulates the highest soil C stores in
the high latitudes but fails to represent some of the very high carbon contents from Scandinavia to
Eastern Siberia, including the large swamps and peat bogs in the Ob River Basin or in Canada. The model
simulates correctly permafrosted soils from the physical point of view (see Decharme et al., 2019) with a
coherent vertically discretized solution of both Fourier and Darcy's laws. Soil biogeochemistry however is
not discretized and uses the average temperature and soil water content over the first meter of soil to calcu-
late decomposition rates and soil C mobilization. This affects the amount of C decomposed and leached and
can be seen mostly during the thawing and freezing phases (see Morel et al., 2019). Moreover, the model cur-
rently represents upland C processes, while the largest stores are located in wetlands.

4.2. Carbon Pools

4.2.1. Vegetation biomass

Aboveground biomass in ISBA is calculated as the sum of leaves, stem/twigs, trunk, and the numerical sto-
rage pool. Overall, the distribution of aboveground biomass reflects the forest distribution (Figure 12).
Compared to the Liu et al. (2015), both versions of the model tend to overestimate biomass in the boreal
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Figure 13. Aboveground litter pool. In situ observations from Holland et al. (2015) excluding reported management in
circles and simulated results in background. (a) Simulated with ISBA_bgc5 and (b) simulated with ISBA_bgc6.

and temperate forests, although slightly less with ISBA_bgc6 (Figure S8). Data using radar data give even
lower estimates for temperate and boreal forest aboveground biomass (Table S1) indicating room for
improvement in the model (Thurner et al., 2014). Following the changes in NPP, tropical evergreen
forests where biomass was too low with bge5 (Figure 12e) have now too much aboveground carbon
(Figure 12f and Table S1; Baccini et al., 2012; Saatchi et al., 2011). This general overestimation of
aboveground biomass is partly due to an insufficient allocation to roots in forested ecosystems by
ISBA_bgc6 (and ISBA_bgc5). Instead of a ratio of total biomass to aboveground biomass (TBC/ABC)
around 1.26 for tropical forests and 1.24 for temperate and boreal forests as suggested by Liu et al., 2015
based on literature review, ISBA_bgc6 results in TBC/ABC ratios of 1.21, 1.13, and 1.11. Another reason
for the overestimation of woody biomass is the very simple representation of mortality as a constant
turnover for the stem and coarse root pools. The only disturbances considered are fire and land cover
change in the case of ISBA_bgcé.

4.2.2. Litter Pools

There are very few data sets on aboveground litter, let alone belowground litter, to evaluate models. One
exception is the “Global Database of Litterfall Mass and Litter Pool Carbon and Nutrients” (Holland
et al., 2015) including site measurements of among others aboveground litter carbon dating from 1827 to
1997. To compare our simulation results, we excluded data with reported management. Overall,
ISBA_bgc6 simulates much less aboveground litter (Figure 13) than ISBA_bgc5 (Figure S9) and has values
that are more in the range of the in situ observations on all continents, except N America. This reduction
in aboveground litter is mainly due to the effect of fire that consumes aboveground litter (see section 2.8)
and was not represented in ISBA_bgc5. The tropical forest is the only biome with increased aboveground
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Figure 14. Soil carbon content. (a) HWSDv1.2, (b) simulated with ISBA_bgcs, (c) simulated with ISBA_bgc6, (d) zonal averages, (e) ISBA_bgc5 minus
observation-derived, and (f) ISBA_bgc6 minus observation-derived.

litter because NPP and hence litterfall have increased while humidity limits fire. Belowground litter is very
similar between the two versions of the model (Table 5).

4.2.3. Soil organic carbon

Compared to the observations to 1-m depth, both versions of the model strongly underestimate soil organic
matter in the Ob basin, Scandinavia, along the Laurentian lakes and in Alaska (Figure 14). These pools how-
ever are in permafrost area and result from the history of climate since the last deglaciation. As such, they
cannot and should not be reproduced with a land surface model forced by present day climate. However,
even with a realistic climate forcing for the whole deglaciation and Holocene, ISBA_bgc6 would not be able
to correctly represent soil organic matter in the high latitudes because it is missing some important processes
(Guimberteau et al., 2018). CENTURY's bulk approach of soil carbon does not allow a detailed vertical repre-
sentation of the carbon that is frozen and thawed, as mentioned in the section on DOC. The model also does
not represent bioturbation and cryoturbation, the processes responsible for carbon mixing in the soil (Koven
et al., 2013). It also does not represent peat soils. In the tropical forests, the negative bias in soil carbon of
ISBA_bgcs5 is mostly corrected with ISBA_bgc6 due to the higher NPP resulting in higher turnover, the input
flux to the litter and soil carbon pools. In the other regions, both versions of the model tend to overestimate
soil carbon under forest and croplands, although slightly less with ISBA_bgc6 thanks to the reduction in
non-tropical forest NPP (Figure S10). This is in part related to the overestimated lignin content as mentioned
earlier. In managed lands, the too large soil carbon is partly explained by the fact that neither version of ISBA
represent grazing in pastures and crop harvesting. The amount of litterfall in managed land is therefore over-
estimated resulting in a too large input flux to the soil carbon pool.
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Figure 16.

ISBA_bgc6 simulates overall less soil organic carbon than ISBA_bgc5 (Table 5). The decrease comes mainly
from the boreal, temperate forests, and, to a lesser extent, dry tropical forests and is related to the reduction
in aboveground litter. Tropical forest soil carbon has increased again because of the increased NPP in the
region. Tundra has also increased soil carbon content with ISBA_bgc6, due to the slightly increased NPP
and the lack of fire.

4.3. Vegetation and Soil Turnover Time

Turnover times, estimated as the ratio of a carbon pool to its input flux, may be used as tool to understand
how a model might behave in climate change simulations in terms of carbon cycling (Koven et al., 2015; Wu
et al., 2018). Here, we chose to estimate vegetation turnover time as biomass/NPP and soil turnover time as
“dead carbon”/NPP, where dead carbon represents litter and soil carbon. To be exact, turnover times should
be evaluated at equilibrium. But to be able to compare them with the available data set, we use the last
30 years of our simulations. The input flux to the litter and soil carbon pool should be the mortality flux
(dead leaves, branches, plants), not available from data. However, at equilibrium, this flux is equal to
NPP. This is why we estimate soil turnover time as the ratio of litter and soil carbon to NPP. Much care
should be however taken with the observation derived turnover times since they are calculated as ratios
of not necessarily coherent satellite-based estimates.

For vegetation, the model tends to overestimate turnover time in cropland and forests with the exception of
tropical Africa (Figure S11) and underestimate it in grasslands, especially in drylands (central Australia,
Sahel, Brazil's Nordeste). This overestimation is coherent with the fact that the model does not represent
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Figure 16. Regional average seasonal cycle of LAI from the LAI3g product and simulated by ISBA_bgc5 and ISBA_bgc6. See Figure 15a for the regional masks.

disturbance mortality explicitly for forests and harvest for croplands. For grasslands, it is more complex to
interpret in part because the biomass reservoir is smaller and the ratio is more sensitive to uncertainties
in the fluxes and pools. For soils, the turnover bias map is rather similar to the soil carbon bias map:
positive biases almost everywhere except in the peat soils in the high latitudes.

The improvements in NPP, biomass, and soil carbon between the two versions of the model translate into
turnover times. However, some features of the biases are mainly explained by missing processes such as for-
est disturbances and crop harvest for vegetation turnover times (Figure S11) and peat carbon for soil turn-
over times (Figure S12).

4.4. Leaf Phenology

4.4.1. Peak LAI

LAI has a strong effect on surface energy, water, and especially carbon fluxes because it determines the area
of leaves that absorbs and reflects radiation, may photosynthesize and transpire. Contrary to most land sur-
face models, there is no phenology model in ISBA, and LAI is directly the result of the leaf carbon balance. As
such, LAI is both a major determinant and a result of carbon fluxes. Peak LAI, calculated as the maximum of
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Table 7

Global Fluxes Averaged Over Years 2006-2015 and Linear Trends Over

Years 1960-2015

the average seasonal cycle of monthly LAI is reduced in ISBA_bgc6
compared to ISBA_bgc5, mostly over forests, especially tropical but
also boreal (Figures 15d and S13). Compared to the LAI3g, this

ISBA_bges ISBA_bgc6 reduced peak LAI is an improvement in the tropics, India and S-E

2006-2015, 1960-2015, 2006-2015, 1960-2015, Asia where the model used to overestimate LAI (Figures 15e and

mean linear trend mean linear trend 15f). In the boreal forest, ISBA_bgc6 now slightly underestimates

GPP 1407 0.535 1171 0.299 peak LAI, from the Pacific NW to central and E Siberia. For most
NPP 49.1 0.141 49.8 0.113 vegetation types, the smaller peak LAI is related to the reduced max-
Ra 91.69 0.394 67.25 0.187 imum photosynthetic rate Ammax, decreasing GPP and NPP and
Rh 45.06 0.101 43.62 s hence LAL as it results from the carbon balance of the leaves. In the
Ei?eccﬂux ggﬁ :g 3 18_4 tropical forests, where NPP is actually increasing, the reduced peak
fL.CC ) ) 111 34103 LAI is mostly due to the drop in SLA (14.6-8.3 m?/kg) suggested by
NEP? 4.03 0.039 6.20 0.023 the TRY database for tropical evergreen trees. In the boreal forests
NBP® 4.03 0.039 231 0.02 the strong reduction in specific leaf area for conifers, both boreal

Note. Total fluxes are in PgC/year and linear trends in PgC/year2.

and temperate (from 13.3 to 5.0 m*/kg) from the TRY database also

INEP = NPP-Rh ’NBP = NEP-DOC-FireC-fLCC. plays a major role that adds up to the reduction in Ammax.

4.4.2. Amplitude and phase

Figure 16 shows the average seasonal cycle for large regions, Northern Hemisphere and Southern
Hemisphere extratropics, the tropics, and some specific regions: the Amazon, the Sahel, the Great Plains,
and the Eurasian Boreal forest. With the exception of the Amazon Basin, the amplitude and phase of the
cycle are well reproduced by the model, especially with ISBA_bgc6. However, the month of the peak and
the timing of senescence are delayed by 1 month, whatever the model version or atmospheric forcing.
This might be related to the calculated leaf longevity in ISBA. The amplitude of the seasonal cycle in the
Amazon Basin is too small compared to the LAI3g product and out of phase. This is because leaf phenology
in the Amazon does not depend only on the carbon balance of the leaves (see Joetzjer et al., 2015 for
a discussion).

4.5. Flux Trends

We assess the trends of the simulated carbon fluxes because of their relevance for the carbon budgets (Le
Quéré et al., 2018). Whatever the model version, the largest positive trends are simulated for GPP
(Table 7), representing the “input” flux to the system. This increase in carbon assimilation is due to the
CO, fertilization effect, the increase in water use efficiency for water-limited ecosystems and to more favor-
able climate conditions like a longer growing season at high latitudes. The fertilization effect and the
increased water use efficiency are directly the result of the increased atmospheric CO, concentration.
ISBA_bgcs had a very high fertilization effect that was strongly reduced in ISBA_bgc6 because of the depen-
dency of SLA on CO, concentration and the ad hoc downregulation parameterization (see section 2.5). As
mentioned earlier, changes in the other main fluxes (NPP, Rh, etc.) respond mostly to the changes in GPP
and the trends are more modest. These trends however are hard to evaluate. The trend of our simulated land
net carbon uptake (NBP) compares favorably with the estimated value of 0.03 +/— 0.02 PgC/year? reported
by Ciais et al. (2019) for the trend in the total land carbon sink from 1960 to 2016. As it is the case with most
land surface models, ISBA simulates a positive trend in the net carbon flux because the increase in photo-
synthesis (GPP) is larger than the increase in autotrophic and heterotrophic respiration. However, contrary
to what is reported by Bond-Lamberty et al. (2018), ISBA does not simulate an increasing trend of the ratio of
Rh to GPP and might therefore overestimate the terrestrial sink in the future.

5. Summary and Conclusions

The carbon cycling module of ISBA was greatly/largely updated throughout the 2010 decade. The model now
takes into account land cover changes, wild fires, and leaching of carbon from the soil, processes that were
neglected in previous versions. The existing processes were also revised, mainly modifying tree leaf dark
respiration and using the TRY database for updating photosynthesis and leaf traits parameters. The compar-
ison of the results of two versions of the model with a present-day atmospheric forcing shows that the gross
vegetation carbon fluxes (GPP and Ra) are greatly improved through mainly a general decrease in GPP and a
strong decrease in Ra for trees. The net flux NPP is also improved mainly for tropical forests. Vegetation
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biomass has increased in the tropics where it was underestimated, and the high bias is reduced in the midla-
titude to high latitude. The amplitude of the average seasonal cycle of LAI is also improved with ISBA_bgcé6,
mostly due to a reduced peak LAI. The phase of the seasonal cycle is well reproduced by the two versions of
the model despite a 1-month delay for the timing of peak LAI and senescence. For the litter and soil compart-
ments, the most striking change is seen in the aboveground litter pool that is almost reduced in half, espe-
cially in the mid to high latitudes. Fires are the main reason for this strong reduction. Soil carbon is
improved in the tropical rainforests but is generally overestimated in midlatitudes, slightly less with
ISBA_bgc6. The trends of the carbon fluxes are also reduced with ISBA_bgc6, and the trend of the net flux
(NBP) is comparable to published estimates.

The newly represented processes have little impact on the global carbon fluxes. Fire carbon emissions, LCC
related emissions, and DOC flux together are one to two orders of magnitude smaller than photosynthesis
and respiration. They are also smaller than the change in global GPP due to the updated parameters (117
vs. 140 pgC/year). They are however of the same order of magnitude as the net ecosystem production and
are crucial to get a reasonable estimate of the land carbon sink. They also affect other fluxes and pools, like
the reduction of aboveground litter due to fire. But they are also needed when running in coupled mode
within the Earth System Model CNRM-ESM as DOC is one of the main inputs of C to the global ocean
(Resplandy et al., 2018) and fires and LCC also affect the physical climate (see for instance Saha,
D'Odoricco, & Scanlon, 2017 for fire and De Noblet-Ducoudré et al., 2012 or Lawrence & Chase, 2010
for LCC).

The results of this comparison indicate several areas of improvement for the ISBA biogeochemical module.
The satellite-derived and ecological data suggest that the model underestimates the productivity of boreal
forests and overestimates their CUE, pointing to possible improvements in the representation conifers.
The overestimation of crop NPP compared to the census-based data indicates the need to take into account
a distinct crop phenology. The overall overestimated tree biomass shows the need to better represent distur-
bances and in particular mortality only represented by turnover. In order to correctly represent the carbon
cycling in the high latitudes and the CH4 emissions, the vertically discretized biogeochemical soil carbon
module developed by Morel et al. (2019), currently used on arctic peat sites, should be extended and tested
on upland sites and applied to the whole boreal and arctic regions. Work should also be done on the sea-
sonal cycle of LAI to improve the timing of the peak and senescence. The very simple fire module, repre-
sentation of nutrient limitation, and DOC yield modules should also be improved. Despite these caveats,
the comparison of the simulated present-day mean carbon fluxes and pools with the available
observation-derived data from the arctic to the tropics gives us confidence that the model correctly repre-
sents the main processes involved in the terrestrial carbon cycle. The trends of the global fluxes over the
last 50 years, at least for the net land biosphere sink, are in agreement with other global models and with
the available estimates suggesting that the combined response of the processes to the CO, increase and
changing climate is reasonable.
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