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1"#$%&'$) Amazonian forest plays a crucial role in regulating the carbon and water cycles in the global climate syste
However, the representation of biogeochemical fluxes and forest structure in dynamic global vegetatior{D@dels)
remains challenging. This situation has considerable implications for modelling the state and dynamics of Amazonian fo
To address these limitations, \weesent an adaptation of the ORCHIDEEN DGVM, a secondyeneration DGVM that
explicitly models tree demography and canopy structure with an allo#ased carbon allocation scheme and accounts for
hydraulic architecture in the satemleaf continuumWe use two versions of this DGVM: the first one (CAN) includes a
new parameterization fgkmazonian forest; the second one (CA$) additionally includes a mechanistic root water uptake
module, which models the hydraulic resistance of the water transfer from soil pores to roots. We compared the results
the simulation output of the OHanfO standard version of the ORCHIDEE DGVM (TRUNK) and with observations of
turbulent energy and GOfluxes at flux tower locations, of carbon stocks and stand density at inventory plots an
observatiorbased models of photosynthesis (GPP) and evapotratispir(LE) across the Amazon basin. CAR$
reproduced observed carbon and water fluxes and carbon stocks as well as TRUNK across Amazonia, both at local ¢
regional scalesln CAN-RS, water uptake by tree roots in the deepest soil layers during theedspn significantly
improved the modelling of GPP and LE seasonal cyesgecially over the Guianan and Brazilian Shieldsese results
imply that explicit coupling of the water and carbon cycles improves the representation of biogeochemical cycles
Amazonia and their spatial variability. Representing variation in the ecological functioning of Amazosfould be the
next step to improve the performance and predictive ability of new generation DGVMs.

1 Introduction

Amazonian rainforests store appimately half of the worldOs tropical forest carbon s(Belccini et al., 2012and play a

crucial role in global water, energy and carbon cyc{ilgahir and Bras, 1994; Werth and Avissar, 2002)e resilience and

1
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resistance of these forests to climate change is of great concern, especially since a significant portion of Amazaija will li
experience longerral drier dry seasons by the end of thé 2éntury(Boisier etal., 2015; Joetzjer et al., 201Fjuture
changes irthe rate ofcarbon sequested by Amazoniaould potentially lead the global climate system to a critipging

point (AhlstrSm et al., 2017; Lenton et al., 2008; Nobre and Borma, 2Q08) trigger positive carbon cycle climate
feedbacks fronforest diebackYet, large unceriatiesimpede the production of robufstture projectiors of changes in net
carbon uptak@ver AmazonigArora et al., 2013; Jones et al., 2013; Poulter et al., 20tQjrent model projections range
from no change, or an increase in tree biomass produ@iox et al., 2013; Huntingford et al., 2013; Rammig et al., 2010)
to largescale Amazonian diebag¢iox et al., 2004; Good et al., 2011)

An analysis of variancen simulation outputs frorhi2 Earth Systermodels (ESM)showed that certaintiesn projections
of terrestrial carbon uptalkare primarily drivenby model structur¢Lovenduski and Bonan, 2017hese uncertainties arise
from both the atmospher{@hlstrSm et al., 2012and the land surface compone(@®oth et al., 2012; Sitch et al., 2018)
land models (dynamic global vegetation models, or DGVMSs) large sources of uncertainty include thornagstainse to
droughts(RestrepeCoupe et al., 2016)and tree demographic proces¢Esher et al., 2010; R3dig et al., 2018)jost
DGVMs simulate the effect of water shortage on plant functioning by lowering leaf gas exchange ratesmustiglicative
water stress factor that depends on soil moig@reistoffersen et al., 2014)nd by including atmospheric water stress from
increased vapour pressure deficit in their parameterization of stomatal conductaticehi8Vsimplification, models
typically fail to capture tropical carbon and water flux seasonéfigulter et al., 2009; Restref@oupe et al., 2016)and
vegetation response to droudlbetzjer et al., 2014; Powell et al., 2018)few global DGVMs have recently adoptad
more explicit representation of the splantatmosphere water colunjga.g.,Bonan et al. 2014;Christoffersen et al.2014]

but much research is still needed to fully model these processes.

In most DGVMs, water availabili in the root zone is quantified using the root biomasighted or root profileveighted
sum of soil layer moisture. Yet, this model structure overlooks the observation tHatreait water flow depends on soil
and root hydraulic properties, which yan time and spacéSperry et al., 2002A prevailing assumption is that the upper
soil layers, with higher root biomass, contribute more to soil water uptake. This however overloaict thatftree water
potentials preferentially equilibrate with the wettest part of the(Setimidhalter, 1997) process controlled not only by the
density of root tissue but also by thelgo-root resistance. In turn, the stikroot resistance is neimearly related to soil
water conten{Gardner, 1960)Overall, this approach could lead to an overestimation of the water stress experienced

trees.

Firstgeneration ObitgafO DGVMs are progressively being supersededebgnsigeneration DGVMs ZgDGVM). This
new generation of models is parilyspired by individualplantbased andoreststand model (e.g., Fyllas et al, 2014;

Fischer et al. 2016; MarZchaux and Chaye2017), and theyexplicitly represent forest dynansivia tree demography

2
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(cohortbased)and vertical competition for lighRgDGVMs are currently the statd-the-art tools to understand vegetation
reponse toclimatic perturbations over large spatial scalEsher et al., 2018)although they come with increasingly

complex parameterizations.

This study exploresthe relative contributios of tree demogaphic, canopy structure and hydraulic processesthe
Amazonian carbon and wateycles We presenseveralimprovementso the ORCHIDEEDGVM (Organizing Carbon and
Hydrology in Dynamic Ecosystems). The original version, henceforth called TRUNK, was descrilkethhgr et al.,
[2005]. Here, wehaveusd a recenteleaseppdated for the CMIP6 exercise (Peylin etialprep; https://orchidee.ipsl.fry.
The second model version, ORCHIDERAN (for Canopy, henceforth abbreviated to CAN), was fiescrbed byNaudts

et al. [2015] but was not parameterized for Amazonia. CAN includes (i) an explicit tree demograbhgizeidependent
carbon allocation, (ii) a vertical discretization of the radiative transfer and energy budget calc(Ryerset al., 2016)

and (iii) an explicit representation of tree hydraulic architecture, based on the scheme propdggdebyet al, [2006]

This study evaluates CANOs performance with a parameterization for humid tropical forest. Finally, we implementec
improved representation of the root water uptake process based on the Wéitkanfis et al, [2001] We called this new
version ORCHIDEECAN-RS (for RootSoil, henceforth abbreviated to CARS). It accounts for the lay¢o-layer
heterogeneity in soilo-root resistance tsimulate the pattern of plant water uptake.

By comparing simulations by these three versions of the same DGVM over Amazonia, our results shed light on crit
processes whose explicit representation would help to improve the performance of 2gDGVMs)arw ¢heir predictive

ability on the fate of the largest tropical forest on Earth.

2. Methods

2.1 Model description and experimental design

2.1.1 General model description

ORCHIDEE is a processased ecosystem model first describedKbiyner et al.,[2005]. It represents energy, water, and
carbon exchanges within the splantatmosphere continuum using a 4é@f approach. Carbon assimilation is based on the
leafscale equation oFarquhar et al, [1980] for C3 plants and is assumed to scale from leaf to canopy with APAR
(absorbed photosynthetically active radiajidecreasing exponentially with leaf area index (LAI), according to théebfg
approximation. Stomatal conductance is proportional to the product of nea&bnilation with atmospheric relative
humidity divided by atmospheric G@oncentration in theamopy Ball et al, 1987] Evapotranspiration (ET) is the sum of

evaporation from bare soil, evaporation of water intercepted by the canopy, and tramspifaéinspiration is controlled by
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the stomatal conductance, which is modelled as a function of water availability in the soil column and of a fixed rgot den
profile (de Rosnay and Polcher, 1998)

The CAN version of ORCHIDEKEMcGrath et al., 2016; Naudts et al., 2018placed the bigeaf approach by a dynamic
threedimensional representation of the forest canopy. Forest tree demography, including recruitment, is simulated
distributing standevel net primary productivity (NPP) to a usgefined number of diameter classes following the-size
dependent allocation rule @feleuze et aJ.[2004] as originally implemented bBellassen et a|.[2010] Mortality due to
competition is based on a relationship between biomass and diameter, ithinseify (Reineke, 1933)This process has
been widely reported for temperate and boreal forests, but it has also been observed, albeit with a larger noise, in h
tropical forestgKohyama, 1992; Phillips et al., 2002; Pillet et al., 20Bgditionally, because actual transpiration is limited
by the amount of wat the plant can transport from the soil to its leaves, this is calculated as a function of the ratio of t
water potential difference between soil and leaves. This procedure accounts for the total hydraulic resistance of the v
pathway from roots toapwood and leaves, describedHbigkler et al, [2006] andNaudts et al.[2015]} CAN was originally
parameterized and evaluated for Aatitude forest{Naudts et al., 2015)'he main adaptations made to CAN for tropical
forests are presented below, with minor changes listed in the Supplementary Information.

2.1.2 ORCHIDEE-CAN: self-thinning and recruitment scheme

In CAN, competition for light among trees is simulated throughtbathing. The maximum number of trees {4y depends

on the mean stand diametery(@n), Fig. 1a) as follows:

e () @

with the parameters! !I'"" I(m) and! ! ! I'!I" estimated for tropical forests using publicly available {#o€l data
from the RAINFOR forest inventory netwo(Brienen et al., 2015)

In unmanaged tropical forests, the mortality of old trees takes place in parallel withctb#gment of young trees. To
account for this natural plant regeneration, we implemented a recruitment scheme where the number of recruited

(! ms300e: PET hectare and per year, Fig. 1b) is a function of the LAI using the following equation

Upmgoeee | 1™ THEIL DT Mg )
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This parameterization assumes that the number of recruits depends estamehbAl. Note that in this version recruitment
rate does not depend on the rate of canopy gap formation, in spitedehtloastrated importance of canopy openings for the

regeneration of natural forests.
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5 Figure 1. (a) selfthinning equation and (b) recruitment scheme for tropical forests in CAN
2.1.3 Implementing a dynamic root scheme
In CAN, the soil water potentiah the rooting zone! (- , MPa) is calculated as the weighted sum of the soil water potential
10 per layer [, MPa), weighted by the relative proportion of root biomass in each!layer An additive tuning factor!(, )
accounts for missing prosses, such as the hydraulic resistance at theasiinterfacgNaudts et al., 2015)
I O Q) I 3)
15 wherelL is the number of layers (L=12).
I, is calculated for each soil laykeand depends on the layer volumetric water contefl) (n* m™) following the Mualem
van Genuchten modélan Genuchten, 1980; Mualem, 1976)
20 1,()1 1 ,!—”((7!“#. S8 !)! T ) RNTRT e

where SWC(l)is soil water content in laydr!, and!, (m* m® are the residual and saturated SWC, respectively; and

P 1w % 11 lare the van Genuchten parameters. These parameters are-dextemelent (see Table Sl).cannot be

5
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lower thanthe soil water potential for hygroscopic wates f1Pa)(Larcher, 2003)

The use ofoot biomassveighted sum of soil layer moistuie Eq. (3)ignores the dependence of smiroot water flow on

soil and root hydraulic propertieBesides, the use of, loften leads to incorrect positive hydraulic potentials. We therefore
implemented a different computation!af , whereby! , is weighted byt -, !!!, the maximum amount of water (mmof m
s%) that can be absorbed by the roots in each layer, wisieli dlepends on the sdi-root resistancé, (MPa s mmof m’

2 and on a minimum root water potentiagh, , (MPa) (Duursma and Medlyn, 2@] Fisher et al., 2006; Williams et al.,

2001) Replacing Eg. (3) by the following equation in CAN leads to the version hereafter calledRSAN

Ly ! Z'E(l')'i;“')' With g ()1 10 (1) 011 gy /1 111 ®)

!y o iS @ parameter set @ MPa(Duursma and Medlyn, 2012The soilto-root resistancé . estimates the effective

pathlength for water transport from the soil matrix to the root suffaaedner, 196Q)and is computed as follows:

()

ON T O rg I 11T (6)

Here,!, (m?) is the root length per unit of soil volume, and is a function of the specific root length (SRL), with SRL set at :
m g* (Metcalfe et al., 2008)and of the fine root biomass density per lay@t#$%&! g (1), in g m):
L) 1"H#S%&! yuge, (DI"# 5 1, (M) is onehalf of the man distance between roots, computed follow{hgwman,
1969)

1! (ﬁl) ) @

and!, (m) is the mean fine root radius, set at 0.29 0(Bonan et al., 2014) 14 (mmol m's* MPa®) is the saturaid
hydraulic conductivity for the soil (see section 2.1.3). In CAK$%&! 14440, IS calculated following the allocation scheme
relying on the pipe model theorshinozaki, 1964; Sitch et al., 2008hd it is verticdy discretized per soil layer by
multiplying by! .y (1).

2.1.3 Soil characteristics

In all three versions of ORCHIDEE considered in this study, the relationships between saturated hydraulic conductiy

volumetric water content, and matrix potehtare described by the Mual®man Genuchten modéran Genuchten, 1980;
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Mualem, 1976) using the parameters estimated@srsel and Parrish[1988]for the 12 soil texture classes of the United

States Department of Agriculture (USDA) classification.

Figure 2. (a) USDA soil types interpolated at -Hegree resolution over the Amazon used as a forcing to ORCHIDEE,
where GS and BS squares represent thBuianan and Brazilian Shields respectivelyand (b) the soil water retention
curves ( , versus SWC) pralicted by the Mualemvan Genuchten equation (Eq. 4) for the three dominant USDA soil
classes in Amazonia. Parameter values are given in the Sl (Table S1).

The spatial heterogeneity of soil structure in Amazonia is related to the geology of the area with old, highly weathered ¢
(Precambrian substrates) over the Brazilian and Guianan Shields contrasting with the much younger Cenozoic geology ¢
Andes ad western AmazonigQuesada et al., 2011)his is reflected in the USDA map of soil types, with mainly clayey
(12) soil type over the shields, and loam (6) @fa-loam (9) over the rest of Amazonia (Fig. 2a). The Mualem
Genuchten equation (Eq. 4) implies lower water availability for plants in clayey soils than for those in loamlaearclay

soils, at a given soil water content (i.e., more negative valués the same SWC; Fig. 2b).

2.1.4 Simulations

To investigate the effect of both hydraulic processes and model structure on the simulated forest dynamics of Amazonie
compared outputs from the TRUNK version as used in the $Igttel Intercomparison Project (CMIPg&he CAN (v2290)
version parameterized for tropical forests, and GRSL All three versions were run using 13 plant functional types (PFTs)
and the multiayer diffusion schemealp Rosnay et gl2002]considering a 4netre soil depth and 12 soil layd3ampoy et
al.,2013)

Firstly, simulations were performed at three sites across Brazil and French Guiana for which\eddynce measurements
were availabldda Rocha, 2004 Santarem KM67 (K67), Manaus KM34 (M3@a Rocha et al., 200@)nd Paracou (GFG)

(Bonal et al., 2008)The evergreen tropical forest PFT cover was used. All simulations used hourly local meteorologic

7
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forcing. Each site corresponds to one of thgomaoil texture classes according to USDA soil classification (Fig. 2 and
Table 1). Secondly, regional historical simulations were performeelagfee spatial resolution over the Amazonian forest
using upscaled gridded climate forcing data from CRUNCRERich combine monthly data from the Climate Research Unit
(CRU) and éhourly fields from the National Center for Environmental Prediction (NGRBRI et al., 2014 Table 1). All
simulationsstarted from a ser@nalytical spirup (Lardy et al., 2011jo equilibrate carbon and hydrological variables by
recycling climate data from 1981 to 2000 undeoastant CQ@concentration set to 370 ppm.

Table 1. Summary of the simulations. All four simulations were run with the TRUNK, CAN and CANRS versions.

Simulation Soil type USDA Meteorological data Period
name
K67 clay-loam 9 In situ meteorological 20022004
local M34 loam 6 9 20032005
measurements (hourly)
GFG clay 12 2007-2009
regional REGIONAL | USDA _texture CRU-NCEPv7.1 (6 hourly) | 1981:2016
maps (Fig. 2)

2.2 Observations used as benchmarks

2.2.1 Site data

At all three tropical forests sit€Bonal et al., 2008; da Rocha et al., 2Q08¢asurements include hourly turbulent sensible
(H) and latent (LE) heat fluxes, and net ecosystem carbon exchange (NEE) made using -twvarayce technique
(Baldocchi et al., 2001; Shuttleworth et al., 198@yoss primary productivity (GPP) and ecosystem respiration were
retrieved from NEE using the algorithm Beichstein et al.[2005] Flux data are noisy, aridollinger and Richardson
[2005] evaluated the relative uncertaintytéf LE and CQ fluxes derived from eddgovariance measurements to be around
25% for a temperate site. For edclyvariance data, energy balance closure is a good proxy for data ¢ualign, 2002)
Wetherefore calculated the overall energy balance ratio as the ratio of the sum of outgoing radiation (LE + H) divided by
sum of incoming radiation averaged over the study pdkidtson, 2002) K67 and GFG showed a consistent energy closure
(ratio of 1.008 and 0.96 respectively), but at M34 energy fluxes should be interpreted carefully as energy closure was
achieved (ratio of 0.69).

Reported LAI, baal area (BA), and canopy height, (references in Table 2), were used to benchmark-lthelsite
simulations. At K67, a vertical soil moisture profile was availgblepstad et al., 2007At GFG, oldgrowth forest plots
were surveyedGourletFleury et al., 204; Ho Tong Minh et al., 2016We used tree diameter and height measurements

(for 1592 trees) from the 2014 inventory on a 6.25 ha plot. Forest inventories used in this study only included trees meas
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above a DBH of 10 cm. Data from a site neaGfG that had been cleaut in 1976 and then left to regenerate were also

used to evaluate forest regeneration in CAN and G¥\[Chave et al., in prep].

2.2.2 Regional datasets

To evaluate GPP patterns and seasonality at regional scale, we used the monthly global obisaseatiGPP model
FLUXCOM, running from 1981 to 2013 and produced at 0.5j resolution using different methddsrbgntana et a).
[2016] and Jung et al. [2017] We calculated the median of the following three methods, namely ANNs (artificial neural
networks), RF (Random Forest) and MTE (Model Tree Ensemble) and chose the mefiasgrboy asslop et al.[2010]

to retrieve GPP by fitting a respiration model to nighttime NEE values. All methods were highly consistent (not show
Compared to the global network of flb@wer measurements, pemances were reasonable in terms of annual mean and
spatial pattern representatior?(R0.7) and mean seasonal cycle (0.67°<R.77), but they showed a low predictive power
for interannual variabilitf Tramontana et al., 2016\Iso, GPP (and other fluxes) were better predicted in temperate climate
sites than in the tropics due to a smaller amount of training data being av@italblentana eal., 2016)

For ET, we used the remotely sensed GLEAM v3.1a proddattens et al. 2017 and references withimjterpolated at 41
degree resolution from 1981 to 2016. To illustrate the uncertainties associated with this global dataset, GLEAMv3.1
compared to the ET measurement at K67 (M34) between 2000 andM6fra et al, [2018] found a relatively strong
bias of 0.77 (0.99) mmtand low correlation0.08 (0.32).

Furthermore, we used a compilation of 413 ground inventories across Amazonia presevitexthdmgd et al, [2014. Basal
area (BA) was directly calculated from diameter measurements, and aboveground biomass (AGB) was retrieved usin(

threeparameter moist tropical forest allometric modeCbiave et al.[2005]

3. Results

3.1 Sitelevel evaluation of the models

While TRUNK has been evaluated over Amazoft®tirana et al., 2014; Guimberteau et al12, 2014) CAN has been
evaluated for European forests oryl three model versions (TRUNK, CAN and CARIS) predicted the yearly mean state
of forest features (such as LE, GPP, LAI) with a bias < 20% at the three test sites (Table 2). CAN aR& prablicted
more productive forests with higher biomass (higher LE, GPP, AGB, LAI) than TRUNK. At M34, CAN andRSAN
overestimated LE, but the energy budget was not closed at this site (see M&tRaNK simulated an AGB lower than
the observed one, af@AN and CANRS generally overestimated AGB, especially at K67, where the overestim&any

and CANRS was 25% and 31%, respectively. This overestimation of AGB may possibly result from recent disturbanc
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[Pyle et al., 2008] that the models did not take accountFinally, CAN and CANRS tended to underestimate tree height

and overestimate basal area (Table 2).

Table 2. Comparison of TRUNK, CAN and CANRS against observations made at K67, M34 and GFG. Mean
percentage bias between the observations anmdodel results are highlighted in green when < 20%, in blue when
between 20 to 40% and in red when > 40%.

VARIABLE |[Site [OBS RUNK CAN CAN-RS [Refs and remarks
K67 86
LE M34 79
(W m?) GEG  h19 Eddy-covariance measuremerfBonal et al., 2008
da Rocha et al., 2009)
GPP K67 8.2
(umol CO, M34 [7.9
m?s™) GFG 9.7
AGB K67 [148+3 (Pyle et al., 2008)ecently disturbed plot
(tC had) M34 [180+ 10 [99 (Malhi et al., 2009b)
GFG [203 102 (DuboisFernandez et al., 2012)
LAl K67 6.4+0.1 (Malhi et al., 2009a)
(m2 m?) M34 5.6+0.2 (Malhi et al., 2009ajhemiphoto method)
GFG B8.6+0.7 jB.0 [Granier et al., 199p (Demon Laf Area Method)
ICanopy K67 [29.1+7.2 | 19 19.1 (Meyer et al., 2018}Fig. S3) mean canopy heig
Height M34 26.7+£6.8 | model (CHM) at 1 m resolution from LIDAR ar
(m) GFG [29.7+9.5 ¢ 19.4 20.2 associated standard deviation
Basal Area K67 [B1 F [Huntgr et al., 200B
2 1 M34 27 F [Rodrigues et al., 2091
(m ha’) GFG (1.6 F [Ferry et al., 2006 (Table 4)

3.1.1 Seasonal water and carbon fluxes

Looking at the time series of LE, GPP and NEE at the three sites, the three model versions displayed reasonable score

temporalcorrelations between observations and simulations varying from 0.6 to 0.8; the normalized standard deviation

RMSE ranked from 0.5 to 1 (Fig. 3). CARS represented the standard deviation better than TRUNK, but not the
correlation. CANRS outperformed BN at two of the sites, K67 and GFG, but not at M34 where the two models had &

similar performance (Fig. 3).
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Figure 3. Taylor Diagrams (Taylor, 2001)for: (a) LE, (b) GPP and (c) NEE, at three Amazonian sites equipped with
a eddyflux tower systems. These quantities were calculated among hourly values removing nighttime values (defined
by downwelling shortwave radiation ! 5 W m'?). In a Taylor diagram, correlation extends radially from the origin.
The blue concentric lines indicate identical ratios of standard deviation of the simulated flux to the observed flux. The
grey lines represent identical root mean square errors (RMSE) of the centredufes.

The effect of the soilo-root resistanceveighting scheme on LE and GPP was strongly influenced by the soil type (Table :
and Fig. 2). Little difference between CAN and CA$ was observed at site M34, because there, the soil is loamy,
implying alow water stress most of the year. At site GFG however, sail is clayey implying a high water stress during the |
season, and CAIRS performed better than CAN, which underestimated LE and GPP by about 31% and 54%, respectivt
during the dry season. Atat site, TRUNK was also found to overestimate the seasonality of the fluxes. For site K67 with
clayeyloamy soil, implying an intermediate water stress, GRSl buffered the dry season drop in LE and GPP simulated by
CAN during the first (2002) and thirgears (2004). In 2003, CARS simulated a decrease in LE and GPP two months
sooner than CAN (Figs. 4 and 5).

CAN-RS better simulated the flux seasonality compared to CAN for soils prone to water stress during the dry seasor
buffering the effect of drught stress. CANRS performance was comparable to TRUNK with, at daily tte@s, a better
representation of the variability for all fluxes, but lower correlations for carbon fluxes (Fig. 3xRSAdimulated a midday
depression for GPP during dry seasowhich is not apparent in the data, resulting in a lower correlation betweer

observations and simulations than for the TRUNK version (Fig. 4).
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Figure 4. Observed and simulated LE (W rif) at the three sitesLeft panels show the average diurnal cycle for each
month over three years; and right panels, monthly mean time series. Grey shaded areas indicate dry seasons (here

defined as periods with precipitation less than 100 mm per month).
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Figure 5. Observedand simulated GPP (ImolCO, m? s?) at the three sites. Left panels show the average composite
monthly diurnal cycle for each month over 3 years; and right panels, monthly mean time series. Grey shaded areas
indicate dry seasons (here defined as periodstiprecipitation less than 100 mm per month).

3.1.2 Soil volumetric water content and transpiration

To better understand the effect of the new root water uptake scheme, we focus here on the K67 sitdireshere
observations of the variation of soil veatcontat with depth are available. Deviations between observations and simulations
may be due to using soil texture and van Genuchten parameters frof8t#esoil parameterizatioN these mightleviate

from actualsoil at K67 (Figs. 6bd). Besides, soil water content tended to be lower in € than in CAN, especially
during the dry seasons, in agreement with a higher LE simulated byRSA(Fig. 4).

For the years 2002 and 2004, the ¢@ifoot resistance scheme implemented in the multilayer soil model allowedRSAN
to overcome the too strong tree water stress simulated by CAN during dry seasons (Figs. 4 ahd Stayed close to
zero (Fig. ). Wet season rainfall restocked soil layers with water from top to bottom (Fig. 6d), and most layers th
contributed to the transpiration flux (Fig. 6f). As the dry season progressed, the topsoil layers became drier duerto strc
evaporation and harshroot competition, which induced a shift of water uptake towards deeper and wetter soil layers (Fi
6f), where the soito-root resistance was lower (Eq. 6) anghfigher (Eq. 7). Since the 2003 wet season was drier (1276

mm) than the ones in 2002 @& mm) and 2004 (1849 mm) (Fig. 6a), the amount of precipitation was insufficient to
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recharge the soil after digeason depletion (Fig. &1). This translates intstrong hydrological stresduring the 2003 dry
seasonwith daily! . reaching-2.3 MPa(Fig. 6e). This failure to completely recharge the soil profile caassidnificant

reduction in the simulated LE and GRP2003(Figs. 4 and 5).

Figure 6. Daily times series from 2002 to 2004 at K67 of (a) precipitation, (b) observed soil moistymefile, (c) soil
moisture (SWC) profile simulated in CAN (d) and soil moisture (SWC) profile simulated in CANRS, (e) soil water
potential in the rooting zone { ), and (f) simulated soil profile of the contribution of each layer to total root water
uptake Egac(l) from CAN -RS, defined as Ea(l) divided by the sum of B, across all layers.
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3.1.3 Forest structure

We found that both CAN and CARS both correctly reproduced forest establishment from bare soil based on empirical da
on forestregeneration (Chave et al., in prep) in French Guiana near GFG (Fig. 7), starting with a fast increase in AGB

5 BA, which levelled off as selthinning began.
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0 20 40 60 80 100 0 20 40 60 80 100
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Figure 7. Dynamics of (a) the aboveground biomass (AGB) and (b) basal area simulated by thi#ferent versions of
ORCHIDEE saoil during the first hundred years after clear-cut, compared to tree inventory data in the regeneration
experiment ARBOCEL (REF) (Chave et al., in prep).

10

The representation of the forest by CAR$ (or CAN), while more rdigtic than a bigeaf model (such as TRUNK),
remains an approximation because it considers only 20 classes of tree diameter asgeuidico(single PFT) parameters
within the forest. When comparing the simulated and measured forest structure at GG disiest inventory and
measured tree heights (Fig. 8), CA$ and CAN showed a realistic diameteight allometric relationship (Fig. 8a) and a

15 diametersize distribution with many small trees, and few large trees (Fig. 8b). However, the number idbiaisliwas
slightly overestimated in CANRS with 800 trees Wacompared to 600 trees h&rom the forest inventory.
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Figure 8. Forest structure modelledin CAN-RS compared to forest inventory data over nosdisturbed plots at
Paracou (French Guiana), with (a) allometric relationship between tree diameter and tree height for the 20 simulated
diameter classes in CANRS plotted in colours compared to 1592 mearements; plotted in grey, the diameteteight
allometric equation for tropical forest proposed byChave et al.[2014} Eg. (6a); (b) mean diameter distribution per
hectare for CAN-RS compared to the 2014 forest inventory of a 6.25 ha plot in Paracou.

In CAN simulations we found more trees (930 treed) haut with a smaller mean diameter (Fig. 9a). The higher GPP in
CAN-RS than in CAN (especially during the dry season; Fig. 4) allows-&8No grow more large trees, (Fig. 9a), leading
to a higher séithinning effect, and slightly fewer saplings and poles than in CAN (Fig. 9b). This difference in fores
structure translates into a higher AGB than in CAN (228 versus 206'tTakle 2).
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Figure 9. Comparison between CANRS and CAN for: (a) mean trunk diameter per cohort, and (b) number of trees
per cohort. Cohorts are illustrated as coloured bars numbered from 1 to 20, at Paracou, French Guiana (GFG).

3.2 Regional evaluation

3.2.1 Carbon and water fluxes
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Compared to the in situ fluxes at the three sites, both TRUNK and-R®&MNimulated ET and GPP reasonably well, except
at M34 (Fig. 4 and Table 2). At regional scale, however, both models slightly overestimated annual LE (Fig. 10) and C
(Fig. 11) when compared to the regional GLEAM LE and FLUXCOM GPP products. Differences can be partly explained b
the fact that at local scale, models were forced with hourly local meteorological data, while for regional simulatiods we u

5 the 6hourly CRUNCEP fields. Anther explanation is the large uncertainties associated with the regional products over tt
tropics. For example, both models correctly simulated total ET as compared with the ET produbirfgoet al. [2011]
covering the 1982008 period (Fig. S1).

ET ard GPP simulated by CAIRS reproduced the spatial pattern from GLEAM ET and FLUXCOM GPP, with higher

10 annual fluxes in the northeast and southwest of Amazonia, and lower GPP along the southeast border (Figs. 10a;c, 11 a
CAN-RS these patterns were migidriven by a relatively high downwelling shortwave radiation, and higher precipitation in
these areas (Fig. S2). TRUNK simulated a more homogeneous pattern and was less sensitive to climate gradients than
RS.

15 Figure 10. Annual mean (1982008) ET simulated by (b) TRUNK and (c) CANRS compared to the GLEAM
product (a).

Figure 11. Annual mean (19842013) GPP simulated by the TRUNK (b) and CANRS (c) compared to the
20 FLUXCOM GPP product (a).
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CAN-RS simulatechigher annual mean ET and GPP than CAN over the Guianan and Brazilian Shields (Fig. 2, Fig. 1.
Fig. 13a). Comparison of monthly time series averages across the shields (Figs. 12a and 13a) showsRBagi@édNa
better fit than CAN for both ET (0.81 rsus 0.21 in the Guianan Shield, and 0.52 versus 0.40 in the Brazilian Shield) an
GPP (0.42 versus 0.32 in the Guianan Shield, and 0.73 versus 0.67 in the Brazilian Shield). CAN simulated a dr¢
reduction in LE and GPP during the dry seasons (Fig.a88)even in the months following, while CARS simulated a
higher dryseason ET and GPP that better matched theseligon observations (Figs. 12b and c, Figs. 13b and c) and
simulated a more realistic SWGPP relationship (Fig. 14).

Figure 12. (a) Diffeence in predicted annual mean evapotranspiration (ET) between the
simulations of CAN-RS and CAN from 1982 to 2016. Comparison of the reference (GLEAM) and
simulated ET (TRUNK, CAN and CAN-RS) mean seasonal cycle over (b) the Guianan Shield, and
(c) the Brazilian Shield, including all pixels with at least 50% cover by evergreen tropical forest.
The envelopes represent the monthly minimum and maximum over the entire period for each
variable.

Figure 13. (a) Difference in predicted annual mean GPP betweehd simulations of CANRS and
CAN from 1981 to 2013. Comparison of the observed GPP and simulated GPP (TRUNK, CAN
and CAN-RS) mean seasonal cycle over (b) the Guianan Shield, and (c) the Brazilian Shield.
Envelopes describe the minimum and maximum values ev the considered period, including all
pixels with at least 50% cover by evergreen tropical forest.
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