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Abstract. While a majority of global climate models project

drier and longer dry seasons over the Amazon under higher

CO2 levels, large uncertainties surround the response of veg-

etation to persistent droughts in both present-day and future

climates. We propose a detailed evaluation of the ability of

the ISBACC (Interaction Soil–Biosphere–Atmosphere Car-

bon Cycle) land surface model to capture drought effects on

both water and carbon budgets, comparing fluxes and stocks

at two recent throughfall exclusion (TFE) experiments per-

formed in the Amazon. We also explore the model sensi-

tivity to different water stress functions (WSFs) and to an

idealized increase in CO2 concentration and/or temperature.

In spite of a reasonable soil moisture simulation, ISBACC

struggles to correctly simulate the vegetation response to

TFE whose amplitude and timing is highly sensitive to the

WSF. Under higher CO2 concentrations, the increased water-

use efficiency (WUE) mitigates the sensitivity of ISBACC to

drought. While one of the proposed WSF formulations im-

proves the response of most ISBACC fluxes, except respira-

tion, a parameterization of drought-induced tree mortality is

missing for an accurate estimate of the vegetation response.

Also, a better mechanistic understanding of the forest re-

sponses to drought under a warmer climate and higher CO2

concentration is clearly needed.

1 Introduction

The Amazon rainforest biome plays a crucial role in the

global climate system regulating the regional energy, water

and carbon cycles, and thereby modulating the tropical at-

mospheric circulation. The forest recycles about 25 to 35 %

of the Amazonian precipitation through evapotranspiration

(Eltahir and Bras, 1994) and stores about 10 to 15 % of

the global above-ground biomass (AGB) (e.g., Potter and

Klooster, 1999; Mahli et al., 2006; Beer et al., 2010; Pan et

al., 2011).

The vulnerability of the Amazon forest to climate change

is of great concern, especially as climate projections based on

the fifth phase of the Coupled Model Intercomparison Project

(CMIP5) show a between-model consensus towards dryer

and longer dry seasons in this region (Fu et al., 2013; Joetz-

jer et al., 2013). Beyond this model consensus, however, sub-

stantial uncertainties in the current assessments given uncer-

tainty in climate feedbacks and climate sensitivity to anthro-

pogenic forcing remain. They arise from many sources in-

cluding the limited ability of coupled ocean–atmosphere gen-

eral circulation models (OAGCMs) to capture the present-

climate global patterns of temperature and precipitation as

well as local vegetation–climate feedbacks (Jupp et al., 2010;

Shiogama et al., 2011).

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Land surface feedbacks also represent a significant source

of uncertainties for climate projections over the Amazon

basin (Meir et al., 2006; Friedlingstein et al., 2006; Poulter et

al., 2009; Rammig et al., 2010; Galbraith et al., 2010; Booth

et al., 2012). This was highlighted by the large spread in

the future Amazonian evapotranspiration response to climate

change among CMIP5 models (Joetzjer et al., 2013) and the

growing evidence that global evapotranspiration has already

been perturbed by human activities (Douville et al., 2013).

About half of the CMIP5 models are Earth system models

(ESMs) that simulate the global carbon cycle and account for

direct CO2 effects on plants, such as an increased water-use

efficiency (WUE), due to both photosynthesis (i.e., fertiliza-

tion effect) and stomatal closure responses to increasing at-

mospheric CO2 concentrations. Given the models’ diversity

and limited ability to capture biophysical mechanisms (e.g.,

Keenan et al., 2013), a process-oriented evaluation of the

current-generation land surface models (LSMs) is needed.

The Amazon forest is an ideal setting for evaluating land

surface feedbacks in land surface models. The Amazon is

projected to experience enhanced dry seasons in most CMIP5

climate scenarios, and possible though uncertain dieback of

the Amazon rainforest in some projections (Cox et al., 2000,

2004; Galbraith et al., 2010; Good et al., 2013; Huntingford

et al., 2013). Drought is likely to perturb biogeochemical

cycles, stress vegetation and disturb CO2 fluxes and carbon

stocks (van der Molen et al., 2011; Reichstein et al., 2013).

For example, during the 2010 Amazonian drought, the net

CO2 uptake by a large area of the Amazon forest was re-

duced (Gatti et al., 2014). Severe droughts can also lead to

tree damage, causing mortality and increased fire hazards

(Nepstad et al., 2004; Phillips et al., 2009, 2010; Anderson

et al., 2010), thereby reducing the carbon sink capacity of

the Amazonian biome (Fisher et al., 2007; Mahli et al., 2008;

Phillips et al., 2009; Lewis et al., 2011). Drying of the Ama-

zon, coupled with higher temperatures and atmospheric CO2

concentration, may have nonlinear effects on water and car-

bon exchanges between soils, vegetation and the atmosphere

(Berry et al., 2010).

The ability of land surface models to simulate response

to drought can be tested using data from field experiments

which manipulate precipitation inputs. Model validation was

one aim of the two throughfall exclusion (TFE) experiments

carried out in the eastern Amazon (at the national forest re-

serves of Tapajós and Caxiuanã, in eastern Amazonia) during

the large-scale biosphere–atmosphere (LBA) experiment in

Amazonia (Nepstad et al., 2002; Meir et al., 2009; da Costa

et al., 2010). Such field experiments are extremely useful to

assess and improve the parameterization of hydrological, car-

bon and other ecosystem processes in LSMs (Galbraith et al.,

2010; Sakaguchi et al., 2011; Powell et al., 2013). In partic-

ular, the simultaneous availability of soil moisture, sap flow

and photosynthesis measurements provides a unique oppor-

tunity to evaluate the water stress function (WSF) used in

such models to represent the soil moisture effect on plants’

stomatal conductance (Powell et al., 2013).

In this study, we evaluate how the ISBACC (Interac-

tion Soil–Biosphere–Atmosphere Carbon Cycle) land sur-

face model represents the vegetation response to persistent

soil moisture deficit in both observed present-day and ideal-

ized future climates. First, we briefly describe the ISBACC

LSM developed at CNRM (Centre National de Recherches

Météorologiques, Toulouse, France) and the in situ observa-

tions from the two TFE experimental sites (Sect. 2). We then

conduct a detailed evaluation of the ability of the ISBACC

LSM to capture drought effects on both water and carbon

budgets, comparing fluxes and stocks at the TFE versus con-

trol sites (Sect. 3). We explore the model sensitivity to the

WSF parameterization and to an idealized increase in CO2

concentration and/or temperature. Finally, we discuss the im-

plications of our results for modeling the Amazon rainforest

sensitivity to climate change (Sects. 4 and 5).

2 Model, observations and methods

2.1 ISBACC

2.1.1 Model description

The ISBA (Noilhan and Planton, 1989; Noilhan and Mah-

fouf, 1996) land surface model computes the exchanges of

water and energy between the land surface and the atmo-

sphere. In order to account for the interactions between cli-

mate and vegetation, Calvet et al. (1998) implemented a car-

bon assimilation scheme (A-gs). ISBA-A-gs does not ex-

plicitly account for enzyme kinetics but instead employs a

semi-empirical response function which distinguishes be-

tween CO2 and light-limited regimes, following the approach

of Jacobs (1994). The effects of temperature on photosyn-

thesis arise from the temperature dependencies of the CO2

compensation point (0), mesophyll conductance (gm), and

the maximum photosynthetic rate (Am,max) via standard Q10

response functions. The standard ISBA-A-gs equations de-

scribing these dependencies are given in Calvet et al. (1998)

and Gibelin et al. (2006), and those relevant to the drought

response are described in Sect. 2.1.2. The A-gs scheme only

accounts for the evolution of leaf assimilation and biomass.

Gibelin et al. (2008) introduced a C allocation scheme and a

soil carbon module to represent the other pools and fluxes of

carbon in the plants and in the soils. This latest version, called

ISBACC, is used in this study. To better simulate soil moisture

content in the deep Amazonian soils, we use the multilayer

soil diffusion scheme implemented in ISBA and described

by Decharme et al. (2011, 2013). In addition, the canopy ra-

diative transfer scheme developed by Carrer et al. (2013) is

used.

Geosci. Model Dev., 7, 2933–2950, 2014 www.geosci-model-dev.net/7/2933/2014/
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Table 1. ISBACC: notation and main equations for the photosynthesis model.

Symbols Units Definition

Am kgCO2
m−2 s−1 photosynthesis rate (light saturated)

Ca ppmv atmospheric CO2 concentration

Ci ppmv leaf internal CO2 concentration

Ds g kg−1 saturation deficit at the leaf surface

Dmax g kg−1 saturation deficit inducing stomatal closure

f unitless coupling factor

f0 unitless coupling factor at saturating air humidity (Ds = 0)

f ∗
0

unitless coupling factor in well-watered conditions and at saturating air humidity (Ds = 0)

fmin unitless coupling factor at maximum air humidity deficit (Ds =Dmax)

0 ppmv CO2 concentration compensation point

gm mm s−1 mesophyll conductance defined as the light saturated rate of photosynthesis (Jacobs, 1994)

g∗m mm s−1 gm in well-watered conditions

gs mm s−1 stomatal conductance

Equations

gm =
Am
Ci−0

; at high light intensity and low Ci (Eq. 1)

f =
Ci−0
Ca−0

(Eq. 2)

f = f0 · (1−
Ds
Dmax

)+ fmin ·
Ds
Dmax

(Eq. 3)

The ISBACC photosynthesis model relies on the concept

of mesophyll conductance (gm), also called internal conduc-

tance. As defined by Jacobs (1994), gm quantifies the slope of

the CO2 response curve at high light intensity and low inter-

nal CO2 concentration (Ci). It can be interpreted as a param-

eter to model the activity of the Rubisco under these condi-

tions (cf. Table 1, Eq. 1). ISBACC uses a constant unstressed

value of gm (gm*) for each vegetation functional type (PFT).

ISBACC also defines a ratio f which relates Ci to ambient

CO2 (Ca) (Table 1, Eq. 2) that decreases linearly with in-

creasing atmospheric humidity deficit (Table 1, Eq. 3). As-

similation is calculated from light, air humidity, Ca, the ratio

f and stomatal conductance (gs), which measures gas (CO2

and H2O) exchange between the leaves and the atmosphere,

is deduced from the assimilation rate. The sensitivity of gm

to the soil water availability is quantified by a WSF, as ex-

plained below.

2.1.2 Water stress functions

The WSF is an empirical representation of the effect of

soil moisture stress on transpiration and photosynthesis. In

ISBACC, soil water content (SWC) affects transpiration and

photosynthesis through changes in gm and/or f0 (Table 1),

depending on the PFT and its drought strategy (Table 2).

We test the two ISBACC plant strategies (Fig. 1) proposed

by Calvet et al. (2004): the drought-avoiding strategy (blue

curve) for isohydric plants and the drought-tolerant response

(purple) of anisohydric plants. One potential model limita-

tion is that these parameterizations were derived from mea-

surements made on saplings of Pinus pinaster and Quercus

petraea (Picon et al., 1996), and have not been calibrated for

mature trees or tropical species. In addition, we could not

find experimental evidence for a direct effect of soil moisture

on Ci that would support a function of f0 = f (soil wetness

index, SWI) (Fig. 1, top right) and ISBACC-simulated pho-

tosynthesis and transpiration for tropical rainforests is highly

sensitive to f0, because the air is often close to saturation.

Therefore, in addition to testing the existing WSF parame-

terizations, we also tested a linear WSF and the SiB3 (sim-

ple biosphere model, version 3) formulation documented in

Baker et al. (2008), both applied to gm. These functions as-

sume a constant f0 derived from in situ observations (Ta-

ble 2, Domingues et al., 2007) and allow for a larger stom-

atal conductance in line with a higher GPP and a higher

evapotranspiration than the existing WSF functions in the

model. The linear WSF describes plants that would reduce

their stomatal conductance as soon as soil moisture drops

below field capacity while the SiB3 WSF describes plants

that would wait for drier soils before reducing their stomatal

conductance. Despite a fairly similar response of gm to soil

moisture deficit between the linear and the drought-tolerant

WSF, and between the SiB3 and drought-avoiding WSF, the

linear and SiB3 WSFs induce a stronger response of gs, LE

www.geosci-model-dev.net/7/2933/2014/ Geosci. Model Dev., 7, 2933–2950, 2014
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Figure 1 – Graphical representation the mesophyll conductance (gm),the coupling factor at saturating air humidity (f0),
the stomatal conductance (gs), the evapotranspiration (LE) and the Gross Primary Production (GPP) for the four Water
Stress Functions (WSF) used in this study against the Soil Wetness Index (SWI).

Figure 1. Graphical representation the mesophyll conductance (gm),the coupling factor at saturating air humidity (f0), the stomatal conduc-

tance (gs), the evapotranspiration (LE) and the gross primary production (GPP) for the four water stress functions (WSF) used in this study

against the soil wetness index (SWI).

and GPP to drought (Fig. 1) because f0 is not a function of

the soil moisture.

2.2 Site description and observations

Two rainfall exclusion experiments were initiated at the Na-

tional Forest Tapajós (2.90◦ S, 54.96◦W) and Caxiuanã Na-

tional Forest (1.72◦ S, 51.46◦W) in 1999 and 2001, respec-

tively. At each site, the experimental design consists of a 1 ha

forest undisturbed control (CTL) and TFE plots in a nearby

floristically and structurally similar forest plot. In the TFE

plot, a portion of throughfall was excluded using large plas-

tic panels below the canopy, approximately 1–2 m above the

ground. A 1 m deep trench was dug around each plot to min-

imize lateral movement of water and roots. Panels were ap-

plied 1 year after the beginning of the experiments to assess

pre-treatment plot differences. At Tapajós (Caxiuanã), 1999

(2001) was the baseline year, and the TFE experiment lasted

from 2000 to 2004 (2002 and remains ongoing). At Tapajós,

panels were removed during the dry season (Fig. 2) to re-

duce their influence on the forest floor through shading and

heating. It was estimated that panels increased forest floor

temperature by no more than 0.3 ◦C (Nepstad et al., 2002).

At Caxiuanã, panels were not removed because the risk of

dry season storms is relatively high. The air temperature be-

low the TFE panels was no different from ambient during the

wet season, and varied up to 2 ◦C warmer during the dry sea-

son; soil temperature differences in TFE remained similar to

ambient throughout (Metcalfe et al., 2010).

While soils at both sites are highly weathered Oxisols, they

differ greatly in texture. Caxiuanã is a sandy soil and presents

a stony laterite layer at 3–4 m depth which could hamper the

development of deep roots and soil water movement (Fisher

et al., 2007), contrasting with the clay rich soil at Tapajós.

Caxiuanã also shows a wetter climate (more precipitation

and longer wet season) than Tapajós (Fig. 2); the water ta-

ble depth reached 10 m at Caxiuanã during the wet season

(Fisher et al., 2007), but was below 80 m at Tapajós (Nepstad

et al., 2002).

Observations from the TFE experiments used to evaluate

ISBACC are summarized in Table 3. As a reference we use

evapotranspiration outputs from a 1-D model calibrated and

validated at Tapajós from Markewitz et al. (2010, Table 5)

and GPP estimated at Caxiuanã by Fisher et al. (2007), be-

cause there are no suitable direct measurements of water and

carbon fluxes. The footprint of flux towers is from 100 to

1000 times that of the experiments (Chen et al., 2008). Both

fine-scale model outputs were carefully and successfully val-

idated by the authors using data sets independent from those

used to specify the model structure.

2.3 Simulations

At both sites, ISBACC was run offline using in situ hourly

meteorological measurements made above the forest canopy

at nearby weather stations. At Caxiuanã meteorological mea-

surements were available for the entire experimental period

(2001–2008), at Tapajós they covered only the years 2002–

Geosci. Model Dev., 7, 2933–2950, 2014 www.geosci-model-dev.net/7/2933/2014/
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Table 2. Description of ISBACC: water stress functions.

Name Soil Wetness Index Water Stress functions

applied to gm

Water Stress functions

applied to f0

Avoiding SWI≥ 1 ln(g∗m)= 4.7− 7.f ∗
0

SWIc< SWI< 1 gm = g
∗
m f0 = f

∗
0
− (f ∗

0
− fN

0
) ·

(1−SWI)
(1−SWIc)

SWI≤ SWIc gm = g
∗
m ·

SWI
SWIc

f0 =
2.8−ln(gm)

7

Tolerant SWI≥ 1 ln(g∗m)= 4.7− 7.f ∗
0

SWIc< SWI< 1 gm = g
∗
m− (g

∗
m− g

N
m ) ·

(1−SWI)
(1−SWIc)

f0 = f
∗
0

SWI≤ SWIc gm = g
N
m ·

SWI
SWIc

f0 =
2.8−ln(gm)

7

Linear gm = SWI · g∗m f0 = 0.74

SiB3 gm =
(1+α)·SWI
(α+SWI)

· g∗m ; α = 0.1 f0 = 0.74

Symbol Description

SWI Soil Wetness index SWI=
2−2wilt
2fc−2wilt

2 Soil water content (m3 m−3)

2fc Field capacity (m3 m−3

2wilt Wilting point (m3 m−3

SWIc Critical extractable Soil Wetness Index (drought-avoiding and tolerant) SWIc = 0.3

fN
0

Minimum value of f0 at SWI= SWIc (drought-avoiding) fN
0
=

ln(g∗m)−2.8
7

gNm Value of gm at SWI= SWIc in mm s−1 (drought-tolerant) ln(gNm )= 2.8− 7.f ∗
0

Table 3 – References and available period for observations used in this study.

Variables
Symbol Units Tapajós Caxiuanã

Soil Water Content SWC m3.m−3 1999-2005
Brando et al. 2008
Markewitz et al. 2010

2001-2004
Fisher et al. 2007

Stomatal Conductance gs mmolCO2 .m
−2.s−1 2002-2003

Fisher et al. 2006
Evapotranspiration ET mm.day−1 1999-2004 (modeled)

Markewitz et al. 2010
Gross Primary Production GPP µmolCO2 .m

−2.s−1 2002-2003 (modeled)
Fisher et al. 2007

Ecosystem Respiration Re tC .ha−1.yr−1 2001-2005
Metcalfe et al. 2010

Autotrophic Respiration Ra tC .ha−1.yr−1 2001-2005
Metcalfe et al. 2010

Leaf Respiration Rl tC .ha−1.yr−1 2001-2005
Metcalfe et al. 2010

Wood Respiration Rw tC .ha−1.yr−1 2001-2005
Metcalfe et al. 2010

Root Respiration Rr tC .ha−1.yr−1 2001-2005
Metcalfe et al. 2010

Soil Respiration Rs tC .ha−1.yr−1 1999 - 2004
Davidson et al. 2008

2001-2005
Metcalfe et al. 2010

Leaf Area Index LAI m2.m−2 2000-2005
Brando et al. 2008

2001-2007
Fisher et al. 2007

Above Ground Biomasse AGB tC .ha−1.yr−1 1999-2005
Brando et al. 2008

2000-2008
da Costa et al. 2010
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Figure 2 – Monthly observed precipitation at Tapajós and Caxiuanã. Horizontal black bars indicate when panels were applied
for the TFE experiments.

Figure 2. Monthly observed precipitation at Tapajós and Caxiuanã. Horizontal black bars indicate when panels were applied for the through-

fall exclusion (TFE) experiments.

2004. To cover the entire period of experimentation, we cy-

cled sequentially the available years. ISBACC was run un-

til the slowest soil storage pools of water and carbon had

reached equilibrium.

ISBACC explicitly simulates interception of precipitation

by the canopy and throughfall as runoff from the leaves.

To simulate the experimental treatments at each site, we re-

moved 60 % of the throughfall in our model runs. This is

consistent with Markewitz et al. (2010) and Sakaguchi et

al. (2011) for Tapajós, and similar to the 50 % exclusion of

incident (above-canopy) rainfall implemented at Caxiuanã

(Fisher et al., 2007; Galbraith et al., 2010; Powell et al.,

2013). The 60 % reduction of throughfall was applied to the

entire period at Caxiuanã (2001–2008) and only during the

rainy seasons (January to June) from 2000 to 2004 at Tapa-

jós, to mimic the experimental conditions.

At both sites, we imposed the evergreen tropical tree plant

functional type. To better represent soil moisture and focus

on vegetation response, we constrained ISBACC using the

observed texture at each site. The soil texture values used

for the simulations are at Caxiuanã 75 % sand and 15 %

clay (Ruivo and Cunha, 2003) and 52 % sand and 42 % clay

at Tapajós following the LBA–Data Model Intercomparison

Project (www.climatemodeling.org/lba-mip). To mimic deep

Amazonian soils, soil and root depth were fixed at 8 m, even

at Caxiuanã, because roots there were found below the lat-

erite layer located at 3–4 m deep (Fisher et al., 2007). Repre-

sentation of deep soil and roots may avoid the simulation of

www.geosci-model-dev.net/7/2933/2014/ Geosci. Model Dev., 7, 2933–2950, 2014
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Table 3. References and available period for observations used in this study.

Variables Symbol Units Tapajós Caxiuanã

Soil water content SWC m3 m−3 1999–2005 Brando et

al. (2008), Markewitz et

al. (2010)

2001–2004 Fisher et

al. (2007)

Stomatal conductance gs mmolCO2
m−2 s−1 2002–2003

Fisher et al. (2006)

Evapotranspiration ET mm day−1 1999–2004 (modeled)

Markewitz et al. (2010)

Gross primary production GPP µmolCO2
m−2 s−1 2002–2003 (modeled)

Fisher et al. (2007)

Ecosystem respiration Re tC ha−1 yr−1 2001–2005

Metcalfe et al. (2010)

Autotrophic respiration Ra tC ha−1 yr−1 2001–2005

Metcalfe et al. (2010)

Leaf respiration Rl tC ha−1 yr−1 2001–2005

Metcalfe et al. (2010)

Wood respiration Rw tC ha−1 yr−1 2001–2005

Metcalfe et al. (2010)

Root respiration Rr tC ha−1 yr−1 2001–2005

Metcalfe et al. (2010)

Soil respiration Rs tC ha−1 yr−1 1999–2004

Davidson et al. (2008)

2001–2005

Metcalfe et al. (2010)

Leaf area index LAI m2 m−2 2000–2005

Brando et al. (2008)

2001–2007

Fisher et al. (2007)

Above-ground biomass AGB tC ha−1 yr−1 1999–2005

Brando et al. (2008)

2000–2008

da Costa et al. (2010)

Table 4. Summary of ISBACC simulations.

Meteorological forcing WSF tolerant WSF avoiding WSF linear WSF SiB3 sites

in situ X X X X Caxiuanã & Tapajós

in situ +4 ◦C X X Caxiuanã

in situ × 4 [CO2] X X Caxiuanã

in situ +4 ◦C× 4 [CO2] X X Caxiuanã

unrealistic responses to drought due to a drying of the upper

layers (Baker 2008), although the sensitivity of soil moisture

to soil depth may be small in soil diffusion models (Guim-

berteau et al., 2014). The same soil texture was used for all

soil layers because of a lack of soil texture data for deeper

depths such as the laterite layer at Caxiuanã. To represent

the expected increase in bulk density in deeper soil layers,

the hydraulic conductivity was assumed to increase exponen-

tially with depth (Decharme et al., 2006).

Throughfall exclusion experiments are not fully represen-

tative of future climate conditions or atmospheric CO2 con-

centrations. Besides more severe and persistent dry seasons,

atmospheric CO2 concentrations will increase as well as

near-surface air temperature and VPD. Therefore, we chose

to analyze how the model sensitivity to drought can be af-

fected by increased CO2 concentration and increased temper-

ature. In line with the idealized CMIP5 climate change exper-

iments, we conducted simulations using the same TFE with

arbitrary high values of CO2 and temperature: four times the

preindustrial CO2 concentration (1080 ppmv), higher tem-

perature (+4 ◦C) and a combination of the two (Table 4).

The CO2 concentration and the increase in temperature are

constant year round. We did not modify the specific humid-

ity, but a 4 ◦C arbitrary warming lowers the relative humidity

and increases the evaporative demand of the atmosphere.

Geosci. Model Dev., 7, 2933–2950, 2014 www.geosci-model-dev.net/7/2933/2014/
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Table 4 – Summary of ISBACC simulations

Meteorological forcing WSF
Tolerant

WSF
Avoiding

WSF
Linear

WSF
SiB3

sites

in situ X X X X Caxiuanã & Tapajós
in situ +40C X X Caxiuanã
in situ x4[CO2] X X Caxiuanã
in situ +40C x4[CO2] X X Caxiuanã
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Figure 3 – Daily observed and simulated Soil Water Content with the 4 WSF at Tapajós (left) and Caxiuanã (right) for
both CTL (top) and TFE (bottom) plots. The SWC measured at the TFE plots were rescaled to have identical SWC than the
CTL plots during the baseline year.

Figure 3. Daily observed and simulated soil water content with the four water stress functions (WSFs) at Tapajós (left) and Caxiuanã (right)

for both control (CTL) (top) and throughfall exclusion (TFE) (bottom) plots. The soil water content (SWC) measured at the TFE plots were

rescaled to have the same SWC as that of the CTL plots during the baseline year.

3 Results

3.1 Hydrological response

ISBACC simulates the SWC and its seasonality fairly well be-

tween 0 and 3 m (Fig. 3) at both sites for the CTL plots, but

the model tends to be too wet during the dry season. The low

correlations (around 0.65) between observations and simula-

tions at Tapajós are potentially due to the use of reconstructed

forcing data, that were necessary to cover the entire experi-

mental period. Despite a wetter climate (Fig. 2), the simula-

tion at Caxiuanã produces a drier soil, in line with a sandier

texture. Due to higher evapotranspiration, the SiB3 and lin-

ear WSF reduce the wet bias and improve the seasonality

of simulated SWC. When throughfall exclusion is applied

to the model, the observed reduction in SWC is also better

captured by the linear and the SiB3 WSF (Fig. 3). The SWI

remains close to 1 (field capacity) with the drought-avoiding

and drought-tolerant WSFs, while it drops below 0.5 with

the linear and SiB3 WSFs (Fig. 4). The unstressed transpira-

tion fluxes (at SWI> 1) are lower with the drought-avoiding

and drought-tolerant WSFs and the soil moisture is not de-

pleted quickly enough. Therefore, the edaphic water stress

is not captured and we expect little impact on the vegetation

fluxes. With the linear and SiB3 WSFs, the stomatal conduc-

tance is much higher (Fig. 1, bottom left) and soil moisture

is depleted much faster by transpiration. The SWI clearly de-

creases, imposing a strong hydrological stress, mainly with

SiB3, as the SWI reaches values close to 0 (the wilting point).

3.2 Vegetation response

3.2.1 Water and carbon budget

To understand the response of ISBACC to drought, we com-

pare the density functions (Fig. 5) of daily SWI, gs, GPP

and LE for the dry (August to October) and the wet sea-

sons (February to April). Only the drought-avoiding WSF

is plotted because the drought-tolerant WSF showed a very

similar behavior. The modeled values of gs, LE and GPP

are higher during the dry season than during the wet sea-

son in all control simulations, following the higher evapora-

tive demand (Fig. 1) due to higher available energy (fewer

clouds) and little soil moisture stress (Fig. 4). The linear and

SiB3 WSFs have higher LE and GPP, due to higher stomatal

conductance, and a stronger response to drought than using

the drought-avoiding and drought-tolerant WSFs. During a

drought (dashed lines and shaded areas), the distribution of

the SWI is shifted towards lower values with the SiB3 and

linear WSFs. With the tolerant (and avoiding) WSF, the sim-

www.geosci-model-dev.net/7/2933/2014/ Geosci. Model Dev., 7, 2933–2950, 2014
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Figure 4 – Simulated daily Soil Wetness Index (SWI) with the 4 WSF at Tapajós (left) and Caxiuanã (right) for both CTL
(top) and TFE for the full experimental period.

Figure 4. Simulated daily soil wetness index (SWI) with the four water stress function (WSF) at Tapajós (left) and Caxiuanã (right) for both

control (CTL) (top) and throughfall exclusion (TFE) for the full experimental period.

ulated vegetation response to throughfall exclusion is weak;

the SWI remains above 0.5 in all seasons, even during TFE.

At Caxiuanã, the reduction of the SWI during TFE is more

pronounced than at Tapajós, consistent with the sandier soil

and the longer experiment. The strongest responses to the

carbon and water fluxes happen during the dry season, when

the soil moisture content drops close to wilting point reveal-

ing the high sensitivity to soil moisture content, and there-

fore to the seasonality in ISBACC. The response is more pro-

nounced with the linear and the SiB3 WSF than with the

original functions, and more pronounced at Caxiuanã than

at Tapajós.

All model simulations underestimate wet season stom-

atal conductance (gs), which drives the water and carbon re-

sponse to drought (Fig. 6). The dry season observations are

better captured as all simulations are within the range of the

observations, which themselves span a range of species, and

thus show significant spread. Despite the wide observed gs

range, the response to drought is underestimated by all WSFs

except when soil moisture becomes extremely limited (TFE

and dry season). The linear WSF shows the greatest response

of gs to drought.

Moving to annual fluxes (Fig. 7), for all WSF, ISBACC

simulates some decrease in LE and GPP between the CTL

and TFE plots. The linear WSF predicts a larger decline in

LE and GPP, which is closer to observation-constrained es-

timates at both sites (Fisher et al., 2007; Markewitz et al.,

2010). The SiB3 WSF allows a higher transpiration rate than

the linear function for the same intermediate SWC (Fig. 1),

depleting the soil water faster, and giving a later but stronger

response to drought at Caxiuanã. The linear and SiB3 WSFs

simulate the seasonal reduction in transpiration induced by

throughfall exclusion reasonably well when compared to the

measured daily sap flow (not shown).

3.2.2 Autotrophic and heterotrophic respiration

In comparison to ecosystem carbon fluxes derived by Met-

calfe et al. (2010) at Caxiuanã, the model overestimates

woody tissue respiration and underestimates respiration of

leaves and roots. These errors compensate each other and

overall the ISBACC reasonably matches the yearly het-

erotrophic and autotrophic respiration fluxes (Fig. 8, CTL).

This result remains valid over several sites across the Ama-

zon watershed when comparing ISBACC to the data set com-

piled by Malhi et al. (2009) (not shown).

In contrast to the observations at Caxiuanã, ISBACC pre-

dicts a decrease of the autotrophic respiration with drought

that is not balanced by the increase in vegetation temper-

ature due to the decrease in latent heat production (which

reaches a maximum of 2 ◦C during the driest dry season).

Whole ecosystem respiration was observed to increase dur-

ing the TFE experiments mainly attributable to a tempera-

ture corrected enhanced leaf respiration rate per unit leaf area

index (LAI) (Metcalfe et al., 2010) as was observed during

seasonal drought elsewhere in the Amazon (Miranda et al.,

2005). One hypothesis to explain this observation is that the

enhanced respiration may supply the supplementary energy

demand induced by drought to actively maintain the gradi-

ents of the vacuolar solute to keep a minimum turgor (os-

motic adjustment) and/or to repair water-stress-induced cell

damage (Metcalfe et al., 2010; Atkin and Macherel, 2009,

and references within). The majority of ecosystem models,

couple autotrophic respiration to assimilation, and implicitly

to the LAI which declines during drought. In ISBACC the het-

erotrophic respiration is a function of the soil water content,

it decreases when in drought, contrary to observations.

3.2.3 Biomass carbon stocks

The simulated daily LAI compares reasonably well with the

in situ observation at both control sites (Fig. 9). The SiB3 and

linear WSFs result in LAIs a little higher than the drought-

Geosci. Model Dev., 7, 2933–2950, 2014 www.geosci-model-dev.net/7/2933/2014/
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Figure 5 – Probability density functions of the daily Soil Wetness Index (SWI), Gross Primary Production (GPP), Eva-
potranspiration (LE) and the stomatal conductance (Gs), for the Tolerant, Linear and SIB3 WSF , calculated for the Dry
season (from August to October) and the wet season (from February to April) during the treatment period (i.e. baseline year
excluded) at Caxiuanã and Tapajós. Solid lines indicates the CTL plots and dashed lines and shaded areas the TFE plots.
The daily means are calculated for incoming short wave radiation > 100 W.m−2.

Figure 5. Probability density functions of the daily soil wetness index (SWI), gross primary production (GPP), evapotranspiration (LE) and

the stomatal conductance (gs), for the tolerant, linear and SiB3 water stress functions (WSFs), calculated for the dry season (from August

to October) and the wet season (from February to April) during the treatment period (i.e., baseline year excluded) at Caxiuanã and Tapajós.

Solid lines indicate the control (CTL) plots and dashed lines and shaded areas the throughfall exclusion (TFE) plots. The daily means are

calculated for incoming short-wave radiation> 100 W m−2.

tolerant and drought-avoiding WSFs (in line with a higher

gs and GPP; see Fig. 1). At Tapajós, ISBACC underestimates

LAI during the first years of the experiment (2000–2002),

which might be partly explained by the reconstructed forcing

for these years. At Caxiuanã the anomalously low LAI value

(4 m2 m−2) measured in November 2002 is not captured by

the model.

ISBACC fails to simulate the observed substantial loss of

LAI (from 1 to 2 points, about 20 % of leaf area; Meir et

al., 2009) during TFE at both sites. With the drought-tolerant

and drought-avoiding WSFs, the soil water content remains

above field capacity (SWI> 1, Fig. 4) at both sites, and the

simulated LAI shows no response to drought. When using the

linear or SiB3 WSFs, the loss of LAI remains underestimated

at Tapajós, where the SWI remains relatively high compared

to Caxiuanã (Fig. 4). At Caxiuanã, the observed LAI in the

TFE experiment diverged from the control within 2 years by

more than 1 LAI unit. There are no LAI measurements be-

tween 2004 and 2007. The model underestimates the early

LAI decrease consecutive to TFE in 2003 with all the WSFs.

From the end of 2005 to 2007, the SiB3 WSF results in strong

and rapid decreases of LAI during the dry seasons followed

by rapid recovery during the wet seasons, partly driven by

the the strong seasonality of the soil moisture which almost

reaches the wilting point during each dry season after 2005

(Fig. 4).

Although there were no LAI observations in 2005 and

2006, it is likely that this 4 point decrease of simulated LAI is

too strong, and the speed of the recovery is not realistic. The

fast changes in modeled LAI (Fig. 9), showing little memory

of previous droughts, are coherent with the model’s hypoth-

esis that the LAI is driven by current assimilation (Gibelin

et al., 2006). With the linear WSF, the model’s behavior is

www.geosci-model-dev.net/7/2933/2014/ Geosci. Model Dev., 7, 2933–2950, 2014
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Figure 6 – Seasonal variability of the diurnal cycle of stomatal conductance at Caxiuaña. Measurements were taken on
4 days at 4 different heigths in the canopy : C1-C4 designate trees in the CTL plot and T1-T4 trees the TFE plots and
simulated gs with the 4 WSF (lines) are representing the all canopy

Figure 6. Seasonal variability of the diurnal cycle of stomatal conductance at Caxiuanã. Measurements were taken on 4 days at four different

heights in the canopy: C1–C4 designate trees in the control (CTL) plot and T1–T4 trees in the throughfall exclusion (TFE) plots and simulated

gs with the four water stress functions (WSFs) (lines) are representing all canopies.

closer to reality because the SWC remains higher and the

vegetation shows a smoother response to drought.

Above-ground biomass observations at Caxiuanã show a

reduction of stand-level biomass by 20 % after 7 years of

TFE, mainly due to enhanced tree mortality. The model pre-

dicts AGB in the CTL plot with some skill, but the loss of

AGB in the TFE is strongly underestimated with the linear

and SiB3 WSF, and not captured at all with the original WSF

(Fig. 10). This result is not surprising since ISBACC only

represents background turnover rates depending on biomass

stocks and fixed turnover times. There is no representation

of mortality processes driven by plant physiology or strong

climate anomalies.

3.3 Drought response sensitivity to background

temperature and CO2

Under a warmer climate (+4 ◦C), the higher evaporative de-

mand increases LE (Fig. 11, top left panels black dots), and

the model becomes more sensitive to drought (Fig. 11, top

left panels red dots). Conversely, LE is strongly reduced in

the high CO2 simulation due to increased WUE, because

stomata, as expected, need to be less open, therefore reducing

transpiration, for the same CO2 uptake (Woodward, 1987;

Lloyd and Farquhar, 2008). Consequently, the model sensi-

tivity to the experimental drought is completely dampened.

The SWI remains close to or above 1 even when removing

60 % of the incoming throughfall (red dots).

The GPP is barely impacted by the+4 ◦C in the CTL plot,

as the temperature is already close to the assimilation op-

timum temperature, but is limited in the exclusion plot due

to the stronger water stress linked with temperature-induced

higher evaporation rates. Maximum GPP increases by about

50 % under 4×CO2 because of the fertilization effect. It re-

mains high in the TFE plot because the soil remains wet due

to the reduction of transpiration. Under higher CO2 concen-

tration, the CO2 diffusion into the mesophyll is easier, there-

fore enhancing the carboxylation rate (Lloyd and Farquhar,

2008, and references within). Merging the two treatments

(+4 ◦C and 4×CO2), the higher evaporative demand bal-

ances the increased WUE and leads the model to simulate a

soil moisture deficit. Note that using the SiB3 WSF leads to

similar patterns (not shown) indicating that the strong envi-

ronmental changes imposed here dominate the model’s sen-

sitivity to drought.

Geosci. Model Dev., 7, 2933–2950, 2014 www.geosci-model-dev.net/7/2933/2014/
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Figure 7 – Annual mean differences (TFE plot minus CTL plot) in simulated ET (top) with ISBACC and Markewitz’s
model outputs as proxy (Markewitz et al 2010). Annual differences (exclusion plot minus control plot) in simulated GPP
(bottom) with ISBACC and SPA’s model outputs as proxy (Fisher et al 2007).
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Figure 8 – Annual Ecosystem (Re), Heterotrophic (Rh), Autotrophic (Ra), Leaf (Rl), Wood (Rw) , Root (Rr) and Soil
(Rs) Respirations for the fourth year of the experiment for the control plot (top) and the difference between the exclusion and
control plot (bottom) at Tapajós (left) and Caxiuanã (right).

Figure 7. Annual mean differences (throughfall exclusion (TFE) plot minus control (CTL) plot) in simulated evapotranspiration (ET) (top)

with ISBACC and Markewitz’s model outputs as a proxy (Markewitz et al., 2010). Annual differences (exclusion plot minus control plot) in

simulated gross primary production (GPP) (bottom) with ISBACC and SPA’s model outputs as a proxy (Fisher et al., 2007).

4 Discussion

4.1 Water stress functions

The parameterization of the drought-avoiding and drought-

tolerant strategies originally implemented in ISBACC is not

effective at simulating gas exchange fluxes when running the

model over the Amazon forest, even when the soil mois-

ture is not limiting. This conclusion is very likely to remain

valid for other tropical forests, further studies need to assess

their validity at global scale. Also, even if the original WSF

were meant to represent isohydric and anisohydric drought

responses, their performances are not consistent with physi-

ological observations as there is little difference in modeled

transpiration between both strategies due to a f0 compensa-

tion effect. The linear WSF is more suitable for ISBACC but,

as the WSF is applied to gm and not to gs, the response to

drought of gs is nonlinear (Fig. 1). The SiB3 WSF responds

too strongly to drought.

The difference in timing and amplitude of the vegeta-

tion response to drought when using the linear and SiB3

WSFs illustrate the model sensitivity to the chosen WSF.

The WSF parameterization is also likely to be site depen-

dent thus increasing the modeling challenge. The use of dif-

ferent WSF formulations in different land surface models

(Egea et al., 2011; Zhou et al., 2013) reflects our inability

to define the general behavior(s) for multi-species biomes in

which the physiological processes are not yet fully under-

stood. The use of hydrodynamic models that do not include

empirical soil moisture response functions, but instead pre-

dict drought-induced stomatal closure from the simulation of

hydraulic potential, in the continuum soil–plant–atmosphere,

has demonstrated some promising results (Williams et al.,

2001; Fisher et al., 2006, 2007; Zeppel et al., 2008; McDow-

ell et al., 2013).

4.2 Respiration

Despite measurement uncertainties, leaf respiration at Cax-

iuanã increases significantly with drought (Metcalfe et al.,

2010), a process not captured by ISBACC. Other LSMs ex-

hibit the same behavior as shown in a multi-model compar-

ison against the TFE data (Powell et al., 2013). Although a

decrease in leaf dark respiration is usually observed when

photosynthetic capacity declines under drought, increases in

leaf dark respiration have been observed elsewhere (Metcalfe

et al., 2010; Atkin and Macherel, 2009), including Amazo-

nia during seasonal drought (Miranda et al., 2005). Powell

et al. (2013) asked if we are missing a critical physiological

process to accurately compute the plant carbon balance dur-

ing drought. Even if changes in respiration might be smaller

than the decrease in carbon assimilation when in drought

(Atkin and Macherel, 2009), resolving this problem via fur-

www.geosci-model-dev.net/7/2933/2014/ Geosci. Model Dev., 7, 2933–2950, 2014
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Figure 7 – Annual mean differences (TFE plot minus CTL plot) in simulated ET (top) with ISBACC and Markewitz’s
model outputs as proxy (Markewitz et al 2010). Annual differences (exclusion plot minus control plot) in simulated GPP
(bottom) with ISBACC and SPA’s model outputs as proxy (Fisher et al 2007).
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Figure 8 – Annual Ecosystem (Re), Heterotrophic (Rh), Autotrophic (Ra), Leaf (Rl), Wood (Rw) , Root (Rr) and Soil
(Rs) Respirations for the fourth year of the experiment for the control plot (top) and the difference between the exclusion and
control plot (bottom) at Tapajós (left) and Caxiuanã (right).

Figure 8. Annual ecosystem (RECO), heterotrophic (RH), autotrophic (RA), leaf (Rl), wood (Rw) , root (Rr) and soil (Rs) respirations for

the fourth year of the experiment for the control plot (top) and the difference between the exclusion and control plot (bottom) at Tapajós (left)

and Caxiuanã (right).

ther observations and research is vital considering the rele-

vance of ecosystem respiration to the net carbon flux.

4.3 Mortality

Mortality is a complex process, highly nonlinear in both time

and space (Allen et al., 2010; Fisher et al., 2010; McDowell

et al., 2011), and is represented by a wide array of algorithms

in commonly used LSMs (McDowell et al., 2013). The in-

ability to simulate drought-induced tree mortality is expected

from a compartment carbon model such as ISBACC that has

no deterministic climate–mortality relationship. This is also

a concern for LSMs linking mortality to negative carbon bal-

ance through the carbon starvation hypothesis (da Costa et

al., 2010; Powell et al., 2013; McDowell et al., 2013). Also,

ISBACC, like most LSMs, does not account for the water col-

umn pressure within the xylem; the drought-induced cavita-

tion process cannot be represented. Given recent evidence for

drought-induced tree mortality (da Costa et al., 2010; Allen

et al., 2010), the ability to simulate climate and drought-

induced mortality in LSMs is vital to assess the resilience of

the Amazon forest under climate change and to estimate veg-

etation feedbacks. Moreover, increased mortality risk during

drought is associated with other processes like fire or insect

outbreaks.

The detailed longitudinal data sets and the control over

soil moisture that the throughfall exclusion experiments of-

fer yield insights into ecological processes and dynamics are

crucial for validating the processes represented by LSMs.

At Caxiuanã baseline mortality rates in the experiment were

strongly consistent with data from multiple nearby monitor-

ing plot. In general, however, applying the results of these ex-

periments to larger-scale models will introduce uncertainty.

For example, the observed decrease in biomass in the 1 ha

throughfall exclusion plots was due to a few large trees that

died first (Nepstad et al., 2007; Meir et al., 2009). There-

fore, a combination of data sources seems the most effec-

tive way forward to constrain biomass and its sensitivity to

climate within LSMs. For example, data from long-term in-

ventory plots, such as those from French Guyana since 1991,

the RAINFOR data sets in Amazonia (Phillips et al., 2009)

or trait-based mortality model outputs (e.g., Aubry-Kientz et

al., 2013), should be used with the detailed results from the

throughfall exclusion experiments.

4.4 Drought response changes under different

background conditions

Increases in CO2 and temperature are modeled to have an-

tagonistic effects on soil moisture through evapotranspira-

tion because the WUE increases under higher CO2 concen-

tration (reducing transpiration) while higher temperature will

enhance transpiration through a higher vapor pressure deficit.

The simulated ET is highly reduced when imposing a high-

CO2 concentration and the sensitivity of ISBACC to TFE is

completely dampened. Unfortunately, there are no direct ob-

servations of the response to elevated CO2 in tropical forests

with which to constrain the reduced transpiration effect im-

Geosci. Model Dev., 7, 2933–2950, 2014 www.geosci-model-dev.net/7/2933/2014/
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Figure 9 – Times series of the daily Leaf Area Index (LAI) for the control plot (top) and the difference between the exclusion
and control plot (bottom) at Tapajós (left) and Caxiuanã (right).
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Figure 9. Times series of the daily leaf area index (LAI) for the control plot (top) and the difference between the exclusion and control plot

(bottom) at Tapajós (left) and Caxiuanã (right).
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Figure 9 – Times series of the daily Leaf Area Index (LAI) for the control plot (top) and the difference between the exclusion
and control plot (bottom) at Tapajós (left) and Caxiuanã (right).
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Figure 10. Times series of the yearly above-ground biomass (AGB) for the control plot (top) and the difference between the exclusion and

control plot (bottom) at Tapajós (left) and Caxiuanã (right).

plemented in ISBACC (and in other LSMs). There is some

evidence for an recent increase in WUE due to CO2-induced

stomatal closure, both from flux towers (Keenan et al., 2013)

and inferred from increasing global runoff (Gedney et al.,

2006; Betts et al., 2007), but these results are disputed. Pro-

jections of the vegetation–climate interactions in the Amazon

are highly sensitive to the response of the stomatal closure to

a CO2 enrichment (Cowling et al., 2008; Good et al., 2013).

www.geosci-model-dev.net/7/2933/2014/ Geosci. Model Dev., 7, 2933–2950, 2014
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Figure 11 – Simulated monthly LE and GPP vs monthly SWI using the Linear WSF, under undisturbed and disturbed
meteorological forcings for both CTL (black empty dots) and TFE (red full dots) plots at Caxiuanã.

Figure 11. Simulated monthly evapotranspiration (LE) and gross primary production (GPP) vs. monthly soil wetness index (SWI) using the

linear water stress function (WSF), under undisturbed and disturbed meteorological forcings for both control (CTL) (black empty dots) and

throughfall exclusion (TFE) (red full dots) plots at Caxiuanã.

If, as recently suggested in Keenan et al. (2013), LSMs tend

to underestimate CO2-induced stomatal closure, it is likely

that increasing WUE will partly offset future droughts and

mitigate the expected drier and longer dry season (Fu et

al., 2013). Therefore, the stomatal response, which regulates

the water exchange within the soil–plant–atmosphere contin-

uum, is fundamental to modeling the vegetation response to

climate change (Berry et al., 2010). On the other hand, less

ET reduces the water flux towards the atmosphere, the local

evaporative cooling and might reduce precipitation through

vegetation–atmosphere feedbacks. Numerous global climate

model simulations of deforestation in the Amazon showed

that regional precipitation is expected to decrease because of

the combined influences of increased albedo, decreased sur-

face roughness and decreased water recycling that accom-

pany deforestation (e.g., Dickinson and Henderson-Sellers,

1988; Malhi et al., 2008; Coe et al., 2009). Though increased

WUE does not affect albedo or surface roughness like defor-

estation, it will affect the entire basin, not just the deforested

areas.

5 Conclusions

Accurate representation of soil moisture and its seasonal dy-

namics is a prerequisite to simulate drought impacts on veg-

etation. Despite reasonable representation of the land surface

hydrology, the land surface model ISBACC fails to correctly

simulate the vegetation response to the two Amazon rainfall

exclusion experiments. First, a sensitivity analysis based on

four WSFs showed that the amplitude and timing of the veg-

etation response of ISBACC to drought is quite sensitive to

the chosen WSF. The drought-avoiding and drought-tolerant

strategies originally implemented in ISBACC are not suitable

for the Amazon forest on account of a gs significantly lower

than that observed. Of the functions we tested, the simplest

linear function performs best.

While at Caxiuanã, the measured autotrophic respiration

tends to be higher in the TFE than in the CTL plot, ISBACC

simulates an opposite trend. The observed loss of AGB, hid-

ing the drought enhanced tree mortality, was greatly under-

estimated or even not captured by the model, as it does not

represent mortality driven by strong climate anomalies. In

the CTL plots, the representation of the vegetation (in terms

of fluxes and stocks) is quite well simulated by ISBACC but,

physiological processes are missing to correctly estimate the

vegetation response in case of drought, as with most LSMs

(Powell et al., 2013). We also showed that the vegetation re-

sponse to higher CO2 and warmer temperature greatly affects

its response to drought. As discussed and shown with other

models, this can have a great impacts on the estimate of the

Amazon response to climate change and the vegetation feed-

backs in climate projections.

Land surface models are designed to conduct investiga-

tions of processes with large spatial and temporal scales,

and therefore the vegetation representation necessarily in-

cludes many empirical approximations and coarse abstrac-

tions of reality. The definition of a generic drought response

for Amazonian forests is evidently a difficult undertaking,

particularly when given evidence of the functional diversity

of these forests in hydraulic functioning alone (Fisher et al.,

2006; Baraloto et al., 2009). The introduction of more com-

plex mechanistic models of drought stress removes the re-

quirement to generate these empirical functions, but implies

significantly higher model complexity and requirements for

model specification using data that are difficult to acquire
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(e.g., root density, soil hydraulic conductivity, xylem conduc-

tance). The optimal strategy for drought simulation in land

surface models remains unclear at this time. A better mecha-

nistic understanding of the forest responses to drought under

a warmer climate and higher CO2 concentration is clearly

needed, as some physiological processes are not yet fully

understood and/or few observations are available to improve

LSMs.
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