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A B S T R A C T

The Amazon forests are one of the largest ecosystem carbon pools
on Earth. Although more frequent and prolonged droughts have
been predicted under future climate change there, the vulnerability
of Amazon forests to drought has yet remained largely uncertain, as
most land surface models failed to capture the vegetation responses
to drought. In this study, the ability of the state-of-the-art land surface
model JSBACH to simulate the drought responses of Leaf Area Index
(LAI) and litter production in the Amazon forests is evaluated and
several weaknesses are found. Based on the evaluation, an improved
version of JSBACH is presented, which is modified based on intensive
field measurement from the artificial drought experiments. In the
modified JSBACH, a dependency of leaf growth on carbon allocation
to leaves is added, and leaf shedding rate is separated into two parts
representing aging and water stress. The modified JSBACH is shown
to capture the drought responses at different sites in the Amazon.

We then couple the modified JSBACH with the atmospheric model
ECHAM to simulate the impacts of drought under RCP8.5 scenario. As
the vegetation drought response was poorly simulated, we separate the
complex drought effects of the Amazon forests to give more insights,
which has not been done before. The drought effects are separated
into (1) the direct effect resulting from declining soil moisture and
stomatal responses, and (2) the LAI effect due to leaf shedding from
drier soil. It is shown that the LAI effect accounts for 35% of reduced
natural carbon uptake and 12% of surface warming by the end of the
21st century. A comparison with results simulated by the standard
JSBACH shows that the model uncertainty associated with LAI and
litter production is large for biogeochemical effects, and smaller for
biogeophysical effects.

In addition, the drought-induced tree mortality is implemented to
the model to estimate the impacts. Compared with model version
without a drought mortality, the carbon storage is reduced for more
than 60%. The results highlight the importance for land surface mod-
els to incorporate drought deciduousness and drought mortality for
tropical rainforests, in order to have better future climate projections.
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Z U S A M M E N FA S S U N G

Die Amazonas-Regenwälder sind einer der größten Ökosystemkohlen-
stoffspeicher auf der Erde. Obwohl aufgrund des zukünftigen Klima-
wandels häufigere und längere Dürreperioden für die Region vorher-
gesagt wurden, ist die Vulnerabilität der Amazonaswälder für Dürren
bisher weitgehend ungewiss, da die meisten Landoberflächenmodelle
die Reaktion der Vegetation auf Dürren nicht erfassen konnten. In
dieser Studie wird die Fähigkeit des hochmodernen Landoberflächen-
modells JSBACH bewertet, die Reaktionen des Blattoberflächenindex
(LAI) und der Streuproduktion in den Amazonaswäldern auf Dürre
zu simulieren, und mehrere Schwachstellen werden festgestellt. Basie-
rend auf der Evaluation wird eine verbesserte Version von JSBACH
vorgestellt. Diese wurde auf der Grundlage von intensiven Feldmes-
sungen künstlicher Dürreexperimente modifiziert. Im modifizierten
JSBACH ist eine Abhängigkeit des Blattwachstums von der Kohlen-
stoffzuteilung auf die Blätter integriert und die Blattabwurfrate wird
in zwei Teile aufgeteilt, die Alterung und Wasserstress repräsentieren.
Es wird gezeigt, dass das modifizierte JSBACH die Reaktion auf Dürre
an verschiedenen Standorten im Amazonasgebiet erfasst.

Das modifizierte JSBACH wird darüber hinaus mit dem atmosphä-
rischen Modell ECHAM gekoppelt, um die Auswirkungen von Dürre
unter dem RCP8.5-Szenario zu simulieren. Da die Reaktion der Vegeta-
tion auf Dürre schlecht simuliert wurde, separieren wir die komplexen
Dürreauswirkungen der Amazonaswälder, um bessere Einblicke zu
erhalten, was bisher noch nicht gemacht wurde. Die Dürreeffekte
werden unterteilt in (1) den direkten Effekt, der sich aus der abneh-
menden Bodenfeuchtigkeit und den stomatären Reaktionen ergibt,
und (2) den LAI-Effekt aufgrund des Blattabwurfs durch trockenere
Böden. Es wird gezeigt, dass der LAI-Effekt zum Ende des 21. Jahrhun-
derts für 35% der verringerten natürlichen Kohlenstoffaufnahme und
12% der Oberflächenerwärmung verantwortlich ist. Ein Vergleich mit
Ergebnissen, die mit der JSBACH-Standardversion simuliert wurden,
zeigt, dass die Modellunsicherheit im Zusammenhang mit dem LAI
und der Streuproduktion für biogeochemische Effekte groß und für
biogeophysikalische Effekte kleiner ist.

Darüber hinaus wird die dürreinduzierte Baumsterblichkeit in das
Modell implementiert, um die Auswirkungen abzuschätzen. Vergli-
chen mit der Modellversion ohne Trockenheitsmortalität ist die Koh-
lenstoffspeicherung um mehr als 60% reduziert. Die Ergebnisse zeigen,
wie wichtig es für Landoberflächenmodelle ist, Blattabwurf und Mor-
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talität durch Dürre bei tropischen Regenwäldern einzubeziehen, um
bessere Zukunftsklimaprojektionen zu erhalten.
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1
I N T R O D U C T I O N

1.1 the drought-threatened amazon forests under the

changing climate

The Amazon forests are the largest intact tropical forests in the world
and account for 25% of the natural carbon sink in global forests (Pan Importance of the

Amazon forestset al., 2011; Friedlingstein et al., 2019). As nearly one third of emitted
CO2 is stored in land, the Amazon forests alone are able to play an
important role in the carbon cycle. In fact, the intact forests in the
Amazon are estimated to have mitigated the carbon emissions of the
Amazonian countries (Phillips et al., 2017). Moreover, the Amazon
is one of the most biodiverse ecosystems on Earth. Depending on
different estimation methods, the Amazon has about 14,000 to 50,000

plant species, which are 4% – 13% of the world (Hubbell et al., 2008;
Cardoso et al., 2017; Christenhusz and Byng, 2016). The importance of
the Amazon forests is also manifested in, for instance, the Intended
Nationally Determined Contribution (INDC) of Brazil1, which aims to
achieve zero illegal deforestation in Brazilian Amazonia2 by 2030. In
addition, tropical forests have been pointed out to have large potential
for climate mitigation via reforestation (Busch et al., 2019). It is there-
fore crucial to enhance our understanding on the interaction between
the Amazon forests and climate.

However, the Amazon forests, located in a warm and moist cli-
mate, will likely be subject to a drier climate and more meteorological
droughts in the future. Meteorological drought is defined as a pro- More droughts in the

Amazon under
climate change

longed time with precipitation below average and is able to impact
plants by limiting the soil moisture. It has been predicted that meteo-
rological drought will become more frequent and prolonged in many
places of the world, including the Amazon basin (e.g., Malhi et al.,
2008; Joetzjer et al., 2013; Chadwick et al., 2015; Duffy et al., 2015;
Cook et al., 2020). As the precipitation pattern in the Amazon basin is
affected by the sea surface temperature (SST) of tropical Atlantic and
El Niño-Southern Oscillation (ENSO), both of which will change under
a warming climate, it is predicted that the annual mean precipitation
will decrease, and the dry season will become longer (Ruiz-Vásquez
et al., 2020). In addition, more extreme dry years are likely to hap-

1 The intended reductions in greenhouse gas emissions submitted by each country to
the United Nations Framework Convention on Climate Change (UNFCCC).

2 Brazilian Amazonia accounts for about 60% of the area of the Amazon rainforest.
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2 introduction

pen. Due to the importance of the Amazon forests, it is desirable to
understand how future drought will affect the Amazon forests.

Generally, the responses of trees to water shortage contains several
stages. On the short term, plants under drought conditions can saveResponses of trees to

water shortage water by reducing transpiration through stomatal closure. Later, if
low soil moisture persists, leaf shedding can also happen. If the water
shortage continues without relief, tree death will eventually take
place. However, tropical rainforests have been seen as more resilient
to drought, such that the applicability of the theoretical framework
to the Amazon forests remains unclear for several reasons. First, the
rooting depth of trees in tropical rainforests is deeper, such that the
trees are able to access water at deeper soil or reaching the water
table. In addition, the number of tree species at stand-level can be
much higher compared to other forest biomes. Vast differences in
traits are found among tree species. For example, it has been shown
that the hydraulic strategies of isohydric (stomata close rapidly during
drought to maintain a minimum leaf water potential) and anisohydric
(stomata remain open during drought, allowing leaf water potential
to decrease) strategies exist as a continuum among species (Klein,
2014), which complicates the prediction of stomatal closure effect of
the forests as a whole. Due to the complexity of tropical rainforests,
observations and experiments directly obtained from the drought in
the Amazon forests are required.

1.2 drought effects in the amazon forests : what have

we learned from the observations?

Several drought events have taken place in the Amazonia since the
beginning of the 21st century, including the years of 2005 and 2010.Past droughts in

2005 and 2010 In both years, the drought can be attributed to the combination of
El Niño and an anomalously warm tropical North Atlantic Ocean
during the dry season (Marengo et al., 2008; Zeng et al., 2008; Lewis
et al., 2011). The drought in 2005 was a 1-in-100-year event, with about
1.9 million km2 of area having dry-season precipitation reduced for
more than 1 standard deviation. The drought in 2010 was even more
spatially extensive with multiple epicenters in north-central Bolivia,
the Brazilian state of Mato Grosso, and also the southwestern Amazon
as in 2005 (Lewis et al., 2011).

From the two drought events in the Amazon forests, studies of both
remote sensing-based and in-situ observations have found prominentImpacts from past

droughts effects. Satellite microwave observations showed that during the 2005

drought, the canopy structure and water content declined, and the
decrease in canopy backscatter persisted for years (Saatchi et al., 2013).
The forest structure measured by LiDAR waveforms before and after
2005 also showed a change in forest structure and a significant loss
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of carbon (Yang et al., 2018). The 2010 drought has also been shown
to have large impacts on carbon budgets. Atmospheric measurements
have suggested that the Amazon was a carbon source of 0.5 PgC/yr,
instead of the usual close-to-neutral during the 2010 drought (Gatti
et al., 2014), with the emission from biomass burning being more than
doubled during the drought (Laan-Luijkx et al., 2015). Ground-based
observation on mortality and growth from an extensive forest plot
network also showed that during the 2010 drought, the Amazon forest
did not gain biomass. The net biomass impact was driven by both an
increase in biomass mortality and a decline in biomass productivity
(Feldpausch et al., 2016).

In addition to the observations and measurements on the past
drought events, field-campaigns to simulate drought in the forests
have also been conducted. These artificial rainfall reduction experi- Artificial drought

experimentsments can help us understand how trees react to drought at stand-level.
At the same time, detailed information on soil and tree physiology
are provided through intensive measurements to facilitate the inves-
tigation of mechanisms. It is shown that the LAI3 is decreased and
leaf litter is increased at drought plots, where the precipitation levels
are artificially reduced (Nepstad et al., 2002; Fisher et al., 2007). In
the experiments, the tree mortality started to increase after two years,
indicating a threshold of drought intensity for the tree mortality to
increase.

1.3 the gaps between observations and simulations

Despite the abundant data from the observations, the simulation of
forest drought response by current vegetation models has so far gained Limitations of

modelsonly limited success. The CMIP5 models have been shown to overesti-
mate the responses of GPP and LAI to hydrological anomalies (Huang
et al., 2016). When compared with observations from the artificial
droughts experiments, only few models manage to capture the timing
and magnitude of the responses including leaf shedding, changes in
autotrophic respiration (Ra), and enhanced mortality (Powell et al.,
2013; Joetzjer et al., 2014). Results from modeling studies also lack
consistency. When the Amazonian response of productivity to climate
change was evaluated with five vegetation models, although similar
responses to warming have been found, the underlying mechanisms
were different across the models (Rowland et al., 2015a). It has also
been shown that soil moisture stress is a major source of carbon cy-
cle uncertainty in the simulations of Earth System Models (ESMs),
due to the overly-simplified representation of the vegetation drought
response in the land surface models within ESMs (Trugman et al.,
2018).

3 Defined as one-sided leaf area per unit ground area.
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The Global Land-Atmosphere Coupling Experiment–Coupled Model
Intercomparison Project Phase 5 (GLACE-CMIP5) aims to quantify the
influence of soil moisture on the climate and land-atmosphere interac-
tion. It is a model intercomparison project of an ensemble of ESMs. ByUncertainties in

modeling studies comparing results of the reference simulation and simulation with pre-
scribed soil moisture at the historical level of climatology mean (1971–
2000), the effect of soil moisture is quantified. The GLACE-CMIP5

experiments have been applied to investigate the future influences of
soil moisture in terms of biogeophysical effects (e.g., Berg et al., 2016;
May et al., 2017; Lorenz et al., 2016; Zhou et al., 2019) and biogeochem-
ical effects of terrestrial carbon budget (Green et al., 2019). It has been
shown that net biome productivity is reduced in the Amazon forests
(Green et al., 2019). However, as the vegetation drought responses are
not well simulated by the models, biases and uncertainties might exist
in the results.

1.4 drought effects under future climate

Under future climate, the task of predicting the drought responses
of the Amazon forests and the impacts on land-atmosphere interac-
tions is more complicated. From the atmospheric point of view, the
future strength and patterns of circulation may be perturbed. For
example, the Walker circulation has been shown to strengthen due to
the warming climate (L’Heureux et al., 2013; McGregor et al., 2014;
Barichivich et al., 2018), which affects the precipitation in the Amazon
basin. With different circulation patterns, the future intensity and
extent of water stress experienced by the Amazon forests may not be
directly extrapolated from current seasonal and episodic droughts.

From the terrestrial point of view, despite the increasing water
stress, an increasing trend of vegetation greenness, represented by
increasing LAI, has been observed in many regions of the world since
several decades (Zhu et al., 2016; Piao et al., 2020). The greening is
largely due to higher atmospheric CO2 concentration, which may
increase the water use efficiency (the ratio of carbon uptake to water
loss) and growth of plants. This may alleviate the negative effects from
water stress, as suggested by experiments of artificial atmospheric CO2

enrichment (Ainsworth and Long, 2004). However, the uncertainty due
to greening is large. For example, in the high latitudes, current models
do not agree on the magnitude of greening per CO2 increase and the
carbon uptake by plants (Winkler et al., 2019). The climate responses
to greening has been shown to vary with regions, with warming in
boreal region as the surface albedo is reduced, and cooling in arid
regions as the evaporation is increased (Forzieri et al., 2017). Due to the
contrasting mechanisms and the limited studies focusing on tropical
forests, the biogeophysical effects of drought on the Amazon forests
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and whether the Amazon remains as a carbon sink in the future are
still unclear.

1.5 thesis overview

The overall aim of the thesis is to understand the impact of drought
responses on the Amazon forests on land-atmosphere interactions
under future climate. A modeling approach is adopted, and the key
research tool is the land surface model JSBACH. The aim is addressed
by answering the following research questions:

1.1 Is JSBACH able to capture the drought response in the Ama-
zon?

1.2 If not, what are the missing processes in the model, and how to
improve the model?

We answer the questions by assessing the capability of JSBACH
to capture the drought response in the Amazon forests, which is
characterized by the drought impacts on LAI and litter production.
Model simulations are conducted and compared against the intensive
observations from the rainfall reduction experiments in the Amazon
forests (Nepstad et al., 2002; Fisher et al., 2007). Model modifications
are implemented to improve the model. (Chapter 2)

2.1 What are the contributions of vegetation drought responses to
the biogeochemical and biogeophysical drought effects under
future climate?

2.2 How large is the uncertainty associated with the poor represen-
tation of vegetation response?

To answer the questions, we conduct land-atmosphere coupled
experiments with Max Planck Institute Earth System Model (MPI-ESM)
with JSBACH as the land component to simulate future climate under
the RCP8.5 scenario. To disentangle the complex processes involved in
the drought responses, we separate the climate responses to soil drying
into (I) the effects of stomatal closure and reduced soil evaporation
(the direct effect), and (II) the effects of enhanced leaf shedding due
to soil drying (the LAI effect). To give an estimate on the uncertainty
associated with different representations of leaf shedding and litter
production, simulations of the standard and modified versions of
JSBACH are conducted, and the partitioning of the direct and LAI
effects are compared (Chapter 3).

3.1 Does an inclusion of drought mortality in JSBACH improve the
model?

3.2 What are the impacts of drought-enhanced tree mortality on
carbon budgets under future climate?
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Currently, a drought-enhanced tree mortality does not exist in
JSBACH. Therefore, we implement an empirical-based formulation
based on available soil moisture of plants and evaluate the fidelity
against the in-situ biomass measurement in the Amazon over the past
decades. And then, we conduct experiments with the RCP8.5 scenario
to investigate the effects of drought mortality on carbon budgets under
future climate. (Chapter 4)



2
E VA L UAT I N G A N D I M P R O V I N G T H E S I M U L AT E D
V E G E TAT I O N D R O U G H T R E S P O N S E S AT T H E
A M A Z O N F O R E S T S

2.1 introduction

The responses of vegetation to drought can be characterized in several
perspectives, including, but not limited to, the Leaf Area Index (LAI), Characterizing

vegetation drought
responses

the Gross Primary Production (GPP) or Net Primary Productinn (NPP)
(e.g., Zhao and Running, 2010), and the vegetation indices of the
Normalized Difference Vegetation Index (NDVI) or the Enhanced
Vegetation Index (EVI) (e.g., Karnieli et al., 2010; Xu et al., 2011; Sruthi
and Aslam, 2015; Lawal et al., 2019). However, NPP characterizes
biogeochemical instead of biogeophysical effects, and large scale in-
situ measurements of NPP are costly. And while the NDVI and EVI are
able to provide information on the photosynthetic characteristics and
leaf physiology, the relation to surface energy flux is only indirect. In
addition, as the vegetation indices are remote-sensing based product
and in-situ measurement is not operational, validation with site-level
data is less feasible.

Therefore, in this chapter, we focus on the vegetation variable of LAI,
with an eye on the relevance both biogeochemically and biogeophysi- Importance of LAI

and litter productioncally. A reduction in LAI will reduce transpiration, affecting albedo
and roughness, which can in turn impact surface energy partition
and wind speed. In fact, the control of LAI on global energy partition
between the latent and sensible heat fluxes has been shown to increase
with time (Forzieri et al., 2020). The LAI also affects how much carbon
can be fixed in plants. It has been shown that LAI, along with leaf
properties, drives the spatial and temporal variations of GPP across
the Amazon forests (Flack-Prain et al., 2019). Additionally, we also
characterize the drought response with the litter production, which is
the amount of dead plant material falling to the ground, as the litter
production is a good indicator of tropical forest function (Rowland
et al., 2018). Part of the litter enters soil and other stays on the ground.
The amount of litter entering soil will affect soil carbon and soil res-
piration, and the amount of litter staying on the ground will affect
natural fire occurrence. In the both cases, litter production is able to
influence carbon cycle.

To evaluate the vegetation drought responses, observations on
droughts are used. Several drought events have happened in the Limitations of

remote-sensing
products

7
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Amazon during the past decades. Observations on the Amazon forests
during and after the drought has become possible due to the ap-
plication of remote sensing in this region. However, remote sensing
products still have some weaknesses in dense canopies such as in the
tropical forests. For example, the measured LAI might be underesti-
mated because of the saturation induced by the multi-story canopy
structure (Turner et al., 1999; Tang et al., 2012). While remote sensing
products of soil moisture is now also available, as data from passive
microwaves represents only upper layer soil of top few centimeters,
it is also less suitable for studying tropical forests, where the rooting
depth of trees can be deep. An example of how difficult it is to study
drought in the Amazon forests without enough in-situ data lies in
the fact that contradictory conclusions have been shown for the im-
pacts of the 2005 drought to the Amazon forests. While some studies
have indicated a general greening because of less cloud cover and
more solar radiation during the drought (e.g., Saleska et al., 2007),
other studies have shown opposite results (e.g., Samanta et al., 2010,
2011). Furthermore, although the research focus of drought impacts on
Amazon has been proposed to be the canopy physiological responses
to drought and the changes in subcanopy fires during drought, the
current remote sensing products nevertheless do not help much in
resolving the issues (Asner and Alencar, 2010).

For the purpose of evaluating and improving the model, intensive
in-situ data from field campaign is therefore more desirable. ArtificialReasons to use data

from TFE
experiments

rainfall reduction experiments have been conducted for different vege-
tations at different climate regimes (see e.g. Paschalis et al., 2020, for
an overview). As for the rainfall reduction experiments done in forest
biomes, it is usually the throughfall (rainfall penetrating the canopy)
that is reduced, the experiments are also called Throughfall Exclusion
(TFE) experiments in the literature. The TFE experiments in the Ama-
zon forests are invaluable data to use as there are only very limited
intensive observation on drought at the ecosystem level in tropical
forests. Despite the fact that there are also other TFE experiments, they
are either not conducted in tropical forests, or the spatial scales are
too small. The results obtained from TFE experiments outside tropics
may not be applicable to tropical forests, and the results obtained at
smaller spatial scales might not represent the response at stand- and
ecosystem-level. As JSBACH is usually run at global scale or coupled
with atmospheric model, both at ecosystem scale, it is more relevant
to capture the responses of forests at ecosystem level instead of at
individual level.

In one of the TFE experiment site at Tapajós National Forest (TAP),
where the throughfall is excluded during the wet season, about 20%
of LAI reduction was recorded (Nepstad et al., 2002). It was reportedResults from TAP

that after several years of experiment, the mortality increased the
most among large trees, and the smallest stems were less responsive
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(Nepstad et al., 2007). In a flux tower close to the TFE site, it was
found that the carbon uptake by the canopy was largely controlled
by phenology and light, with little influence from water limitation
(Hutyra et al., 2007). The allocation of NPP was observed to change as
well, with the aboveground NPP (wood and leaf production) shifted
away from wood production (Brando et al., 2008). The allocation of
carbon to foliage and roots were less affected (Davidson et al., 2008).
One-dimensional soil water models have been used to simulate the
soil water content (Belk et al., 2007; Markewitz et al., 2010). It is shown
that large amount of hydraulic redistribution was not essential for
accurately simulating the soil water content (Markewitz et al., 2010),
although it has been shown to take place at this location (Rocha et al.,
2004; Oliveira et al., 2005).

Another TFE experiment has been conducted at Caxiuanã National
Forest (CAX), with the throughfall excluded not only for dry season,
but for all year round (Fisher et al., 2007). While TAP did not have Results from CAX

substantial drought stress in the first 2 years, the drought stress was
larger in this site. The GPP declined by 13–14% and the transpira-
tion declined for 30–40% (Fisher et al., 2007). Is was found that the
autotrophic respiration (Ra) from leaf and root was increased at the
drought plot, with the source for consumption being the nonstructural
carbohydrate (NSC). However, a clear response of NPP allocation was
not found, indicating the possibility that the forest was adapting to
drought in other ways (Metcalfe et al., 2010). The results of tree mortal-
ity and aboveground biomass from the two TFE sites were consistent
despite the fact that TAP and CAX are different in several aspects,
suggesting that the vegetation drought responses in eastern Amazo-
nian are similar (Costa et al., 2010). The photosynthetic capacity at
the drought plot did not deviate much from the control plot, with the
leaf dark respiration much increased (Rowland et al., 2015b). During
the first 4 years of experiment, an initial shock response took place,
where the reproductive litterfall (flowers and fruits) were largely de-
clined and all litterfall were decoupled from the climate seasonality.
After more than 10 years of drought, the litterfall is able to stabilize
again, such that the reproductive litterfall was increased again and
the relationships between litterfall and atmospheric variables were
established (Rowland et al., 2018). The overall biomass loss due to
increased mortality after year three is more than 40%. After more than
16 years of experiment, it is concluded that the long term response of
drought cannot be extrapolated from short term response, as a long-
term resilience with partial or full recovery of litterfall and allocation
are shown (Meir et al., 2018).

In earlier development of land models such as the first-generation
land surface schemes, the surface properties are fixed as parameters, Previous effort to

simulate leaf
shedding

including the LAI (Pitman, 2003). Recently, more and more models
have started to simulate the LAI interactively. However, a mechanistic
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modeling of drought deciduousness has not been common. Theories
have been proposed to explain the process of leaf shedding under
plant water shortage. In the hydraulic fuse hypothesis, leaf shedding
is proposed to slow water loss and protect the whole plant from
losing too much hydraulic conductivity (Tyree et al., 1993). During
droughts, the most peripheral plant organs (such as leaves) have the
lowest water potential. If the vulnerability of leaves are not smaller
than stems, then the leaves will cavitate before the stems, such that
the water is kept in the stems and the stems can be protected from
cavitation. It is predicted that the leaves will be shed or abscised. In
this hypothesis, the leaves in effect function as a fuse to protect the
whole plant from damage. The hydraulic fuse hypothesis has been
applied to study the Seasonally Dry Tropical Forests (SDTF) in Panama.
It was found that the leaf area was largely decreased when the critical
level of transpiration rate above which the soil–plant conductance
reaches zero was reduced below a threshold value. However, for some
species, the leaf shedding does not stop water loss or loss in stem
hydraulic conductivity, which is not in agreement with the hydraulic
fuse hypothesis (Wolfe et al., 2016). On the other hand, using data
from another SDTF in Costa Rica, the simulated LAI was shown to
improve when a diversity of plant hydraulic traits was added to the
model (Xu et al., 2016). Therefore, it is likely that the hydraulic fuse
hypothesis is not able to explain the leaf shedding among different
species and climates and it is also uncertain whether the results from
SDTF is applicable to the less seasonal tropical forests in the Amazon.

As the land component of MPI-ESM, the performance of JSBACH
simulating important land properties is assessed in the International
Land Model Benchmarking (ILAMB) project1 (Collier et al., 2018). ForImportance to

evaluate and improve
JSBACH

the CMIP5 historical simulation, the MPI-ESM has a lower score of LAI
in South America than over global land, indicating that the MPI-ESM
is less capable of capturing leaf phenology in the Amazon compared
with in rest of the world. The gap of the scores are not improved in the
CMIP6 version of simulations, either. Meanwhile, many other models
still have lower scores than the MPI-ESM, pointing to the fact that
there is still room for improvement for current models simulating leaf
phenology in the Amazon forests. As JSBACH contributes to several
model comparison projects, including TRENDY (Sitch et al., 2015;
Le Quéré et al., 2018) (as offline land model) and Coupled Model
Intercomparison Projects (CMIPs) (as the land component of MPI-ESM),
it is important to know the ability of JSBACH simulating drought
responses in the Amazon forests. However, the ability of JSBACH
simulating the vegetation drought responses of tropical rainforests
has not been thoroughly investigated, and it was not included in
the previous studies which evaluated the models against the TFE
experiments (Powell et al., 2013; Joetzjer et al., 2014).

1 Website: https://www.ilamb.org

https://www.ilamb.org
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To bridge the gap, in this chapter, we evaluate the LAI and litter
production simulated by JSBACH against the observation from the
TFE experiments in the Amazon. Based on the evaluation, we identify
the weaknesses of the model and modify the model accordingly. The
following sections present the evaluations and improvements.

2.2 methods

2.2.1 The starting point: JSBACH v3.2 (FOM branch)

The baseline model utilized in this thesis is the FOM2 branch of the
land surface model JSBACH v3.2 (hereafter the standard JSBACH).
JSBACH is the land component of the MPI-ESM (Reick et al., 2013; Description of

JSBACHMauritsen et al., 2019). However, JSBACH can also be be run alone in
the offline mode with the meteorological data as forcing. Different veg-
etation land covers are represented in JSBACH as 11 Plant Functional
Types (PFTs) (Table 2.1). Different PFTs have different parameters, and
have different properties for including photosynthesis, phenology, and
albedo. The plant photosynthesis is based on Farquhar model for C3

plants and Collatz model for C4 plants (Farquhar et al., 1980; Collatz
et al., 1992). The carbon and nitrogen cycles of the terrestrial ecosystem
can be simulated as interactive elements. The dynamical vegetation op-
tion can be switched on, such that the JSBACH functions as a Dynamic
Global Vegetation Model (DGVM) to simulate the shift of land cover
type (e.g. from forests to shrubs because of low water-availability).
Disturbances to vegetation including wind-break and natural fire can
also be switched on. There are different options of wood harvesting,
in order to represent different practices of forests management. The
soil physics consists of a five-layer scheme, with the deepest depth
of about 10 m. Plants are able to take water from soil layers above
the rooting depth. Although JSBACH does not explicitly include a
groundwater component, the soil below the rooting depth can act as a
reservoir to buffer the soil water.

In this study, the carbon cycle is interactive. The nitrogen cycle is Configuration used
in this studyswitched off, in an effect that the plants are not limited by nutrients at

all. For simplicity, we do not consider both types of disturbances. The
dynamical vegetation is also switched off.

2.2.1.1 Leaf dynamics

The LAI is governed in JSBACH by the phenology module. The stan-
dard phenology module in JSBACH is LoGro-P, in which the leaf

2 FOrest Management
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Table 2.1: Summary of the Plant Functional Types (PFTs) in JSBACH and the
respective phenological categories.

PFT phenological category

tropical evergreen raingreen

tropical deciduous raingreen

extra-tropical evergreen evergreen

extra-tropical deciduous summergreen

raingreen shrubs raingreen

deciduous shrubs summergreen

C3 grass grass

C4 grass grass

C3 pasture grass

C4 pasture grass

C3/C4 crop crop

dynamics is a combination of logistic growth and exponential decay3

and the growth of leaves is based on the following equation:

dΛ
dt

= kΛ(1 − Λ
Λmax

)− pΛ (2.1)

where Λ is LAI, Λmax is the maximum LAI which can be supported by
the plant, and k and p are the phenological parameters, representing
the growth rate and shedding rate of leaves, respectively. In the FOM
branch, instead of having fixed values for the maximum LAI (Λmax), it
is determined with the regrowth scheme, which considers the gradual
growth of trees in the beginning of simulation or after wood harvesting
(Naudts et al., manuscript in preparation, 2021). In the regrowth
scheme, the maximum LAI is calculated by multiplying Specific Leaf
Area (SLA) with leaf masses of individual trees, which is calculated
by the allometric relationship with the biomass of individual trees.
The biomass of individual trees are in turn calculated by dividing the
total stand-level biomass with the number of trees in a stand, and the
number of trees in a stand follows the self-thinning rule (Westoby,
1984).

The 11 PFTs are separated into five phenological categories (Ta-
ble 2.1). According to the phenological categories, the conditions of
how the phenological parameters k and p change are different. For
example, for extra-tropical deciduous trees (summergreen phenology
in JSBACH), the k and p values are switched to different sets during

3 Hence the name LoGro-P: Logistic Growth Phenology.
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seasonal changes: When entering autumn, k is set to 0 and p is set to
a large value, resulting in quick leaf shedding, and vice versa when
entering spring. In the current study, we focus on the leaf phenology
in the Amazon forests, which is predominately raingreen phenology in
JSBACH.

The k and p for raingreen is determined as follows.

(i) When the relative soil moisture at root zone w is greater than the
wilting point wwilt and the Net Primary Production (NPP) is positive,

k = kgrowth

p = paging + kgrowth

0, for wcrit < w
wcrit−w

wcrit−wwilt
for wwilt < w < wcrit,

(2.2)

where the critical soil moisture wcrit is 0.65, wwilt is 0.35, both in relative
soil moisture, defined as soil moisture divided by field capacity. paging
is 0.005 and kgrowth is 0.08.

We note that because of the existence of the threshold wcrit, there is
no difference in leaf growth whether the relative soil moisture is 0.65
or 1. Also the wilting point is universally set to 0.35, which does not
consider local soil or vegetation properties.

(ii) When w is less than wwilt,

k = 0

p = pdry, (2.3)

where pdry = 0.12.

(iii) When NPP is not positive, the LAI will not be updated.

2.2.1.2 Litter production

In JSBACH, the carbon stored in plants is divided into three pools: the
green pool (CG), the wood pool (CW), and the reserve pool (CR). The Vegetation carbon

structure in
JSBACH

green pool is composed of leaves, as well as fine roots and vascular
tissues; the wood pool contains woody material, and the reserve pool
contains sugar and starches stored by the plants.

Of the three vegetation carbon pools, the green pool is where the
carbon of shed leaves is removed from. The size of the green pool is
governed by the following equation:

dCG

dt
= NPP.G − Flitter − Fgrazing, (2.4)
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where CG is green pool size, NPP.G is NPP allocating to green pool,
Flitter is green litter (litter produced from leaves, fine roots and vascular
tissues) and Fgrazing is carbon losses due to grazing. Flitter is given by
the following equation:

Flitter =
γG

SLA
max(rshedΛ(t),−dΛ

dt
), (2.5)

where γG is the ratio of size of leaves to total green pool and assumed
as a constant of 4; SLA is specific leaf area, and rshed is the pre-defined
inverse leaf longevity and is PFT-dependent.

We note that, in the standard JSBACH, litter is produced at the
pre-defined aging rate multiplied by current LAI, unless the net LAI
change is larger than the aging process. Therefore, in the standard
JSBACH, leaf litter production is dependent only on current LAI or
the net change of LAI, and is decoupled from the shedding rate used
in phenology equation.

A summary of symbols used in the standard JSBACH is provided
in Table 2.2.

Table 2.2: Summary of symbols used in the standard JSBACH. See text for
details.

Symbol Unit Description

Λ m2/m2 LAI

Λmax m2/m2 Maximum LAI which can be supported
by the plant

k 1/day LAI growth rate

p 1/day LAI shedding rate

kgrowth 1/day Constant. LAI growth rate

paging 1/day Constant. Component of LAI shedding
rate due to aging

pdry 1/day Constant. LAI shedding rate when soil
moisture is lower than wilting point

w m3/m3 Soil moisture

wcrit m3/m3 Critical soil moisture

wwilt m3/m3 Wilting point

CG mol(C)/m2 Green pool size

NPP.G mol(C)/m2/s NPP allocated to green pool

Flitter mol(C)/m2/s Green pool litter production rate

Fgrazing mol(C)/m2/s Green pool grazing rate

γG — Constant. Size ratio of total green pool to
leaves

SLA m2(leaf)/mol(C) Specific leaf area

rshed 1/day Constant. A pre-defined inverse leaf
longevity
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2.2.2 Site description

To evaluate JSBACH, data from the two ecosystem-scale Throughfall
Exclusion Experiments (TFEs) carried out in the eastern Amazon forests
(Nepstad et al., 2002; Fisher et al., 2007) are used. The TFE experiments
are composed of two 1-ha (100 × 100 m) plots: the controlled plot
(CTR) and the experimental plot (EXP). At the EXP plot, the soil mois-
ture is artificially reduced by deflecting away the throughfall (rainfall
penetrating the canopy) with drainage structures installed 1–2 meters
above the canopy floor. The two TFE sites are at TAP and CAX, both in
Pará, Brazil (see Fig. 2.1 for their location in the Amazon). The design
of the two TFE experiments are similar. The annual precipitation at
both sites is 2000–2300 mm, with clear seasonality and wet season
roughly between December and June. The soil at TAP is more clay-rich
and deeper (60–80%; >100 m), and the soil at CAX is more sandier
(70–83% sand) with a shallower water table at 15–20 m. At TAP, the
experiment ran from 2000 to 2006, with the throughfall excluded only
during the wet season. At CAX, the experiment started in 2001 and
continued for at least 16 years, with the throughfall excluded all year
round.

Comprehensive measurements were conducted at the sites at both
CTR and EXP plots including LAI, soil moisture at different depth,
diameter at breast height (which can be used to derive aboveground
biomass (AGB)), and litter production from different parts of the trees.

Figure 2.1: Location of the two throughfall exclusion experiments used in
this study. Left: Tapajós National Forest (TAP); Right: Caxiuanã
National Forest (CAX).
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2.2.3 Model modifications and parameter tuning

As will be seen in Section 2.3, the standard JSBACH failed to repro-
duce the LAI and leaf litter production observed at the TFE experiment
sites. To improve the model, several modifications are therefore imple-
mented, which are mainly associated with the leaf dynamics and litter
production (hereafter the modified JSBACH).

For the leaf dynamics, the three equations for different conditions
are reduced to only one identical equation, which is also applied whenModification to leaf

phenology w is less than wwilt or NPP is not positive. The threshold for LAI to
respond to water stress is removed through setting wcrit to 1. In the
standard JSBACH, the wilting point wwilt is assigned with a global
invariant value. We replace it with a global map with spatial variation
to incorporate soil and vegetation properties locally (Patterson, 1990).
The growth rate k is now proportional to the NPP input to represent
the carbon allocation to leaves. The shedding rate p is now decoupled
from growth rate k and a new parameter pstress is created to represent
the component of shedding rate which is determined by water stress.

The following equations summarize the phenological parameters k
and p in the new version:

k = NPP · kgrowth

p = paging + pstress

 wcrit−w
wcrit−wwilt

, for wwilt < w < wcrit = 1

1, for w ≤ wwilt

(2.6)

Plugging into the phenology formulation results in the following
equation:

dΛ
dt

= NPP · kgrowth ·Λ(1− Λ
Λmax

)− [paging + pstress ·
1 − w

1 − wwilt
]Λ (2.7)

All parameters in the modified model version are tuned against the
observation at the TFE experiments to best reproduce the observed
values. We choose the parameter set which gives the best results
simulating LAI at EXP plot at TAP for the first two years of experiment.

The choice of TAP as the site for tuning is because concurrent
comprehensive measurement of both soil moisture and LAI are only
available at TAP (LAI was only measured every six months during
the experiments at CAX). The usage of data only for the first two
years (2000 and 2001) at EXP plot is because after two years, the effects
of enhanced mortality have already manifested, which have affected
the LAI and litter production (Brando et al., 2008). As a drought
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dependent tree mortality has not been implemented in JSBACH, we
do not tune the model against the data after two years4. There are
three tunable parameters (kgrowth, paging and pstress), and we utilize the
grid search method to optimize the parameters. In the grid search
method, we exhaustively search through a reasonable range within the
parameter space to find the best parameter. The parameters giving the
smallest centered root-mean-square deviation (CRMSD) compared with
observation is chosen, which is represented on the Taylor Diagram as
having the least distance to the observation.

In the new formulation of phenology equation, there are three phe-
nological parameters we need to decide: kgrowth, paging, and pstress. The
searching range and step size of the grid search method is described
below.

kgrowth is {0.1, 0.3 ... , 0.9}×0.25; paging and pstress are both {1.0, 1.5, 2.0,
2.5 ... , 4.5}×10−3, meaning that a total of 5 × 8 × 8 = 320 simulations
are searched.

Fig. 2.2 is the Taylor Diagrams of observational and simulated LAI
at EXP plot for the first two years. The parameters chosen accordingly
is kgrowth = 0.125, paging = 1.0 × 10−3, and pstress = 4.5 × 10−3.

As for the production of leaf litter, since leaves are both growing and
shedding simultaneously, the dependence of leaf litter production on Modification to leaf

litter productionnet LAI change is replaced, and the litter production now accounts for
directly the shed part of leaves. Besides, a new ratio of 2, representing
the ratio of green litter to leaf litter, is updated (Girardin et al., 2016).
The litter production now follows the equation:

Flitter =
γG

SLA
· pΛ, (2.8)

where γG is now 2, p is the shedding rate taken from the phenology
model.

A summary of the modification to the model is provided in Table
2.3.

2.2.4 Simulation protocol

To compare JSBACH simulations with the observations made at the
TFE sites, we conduct land-only simulations at site-level. Atmospheric
forcing representing CTR and EXP plots are used to force the model.

At TAP, the 3-hourly meteorological data from the WATCH-WFDEI
input data is used as forcing (Weedon et al., 2011; Weedon et al.,
2014), with the precipitation, temperature, specific humidity, and wind

4 In this and the next chapter, the focus is on the effects of drought-induced leaf
shedding. We will come back to the effects of enhanced tree mortality due to drought
in Chapter 4.
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Figure 2.2: Taylor Diagrams of observational and simulated LAI at EXP plot
for the first 2 years. The standard JSBACH is also shown on the
diagram with the label "default".

speed replaced by the measurement from the nearby Km67 tower. The
soil depth is set to 10 m, which is the deepest available in JSBACH,
and the rooting depth is set to 3 m. Soil parameters are tuned to
reproduce the observed soil moisture, which is as follows: The Clapp
and Hornberger, 1978 exponent b is set to 1.15; the saturated hydraulic
conductivity is 1.23× 10−5 m/s; the saturated matrix potential is 0.533
m. The simulations cover from 2000 to 2006. One set of simulation is
with the precipitation kept unchanged (CTR), and the other with the
precipitation during wet season from January to June reduced to 50%
of original value (EXP).

At CAX, all variables from the WATCH-WFDEI input data are used.
The soil depth is also set to 10 m, while the rooting depth is set to 6 m.
The soil physics parameters (Clapp and Hornberger, 1978 exponent b,
saturated hydraulic conductivity, and saturated matrix potential) are
the same as in TAP. The simulations period is from 2002 to 2007. As
in the TFE experiment, the precipitation at EXP plot is reduced for all
months.

2.3 results

The observed and simulated LAI and soil moisture at TAP are shown
in Fig. 2.3. For the standard JSBACH, the simulated LAI shows several
features which do not match the observations (Fig. 2.3, top). At the
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Table 2.3: Summary of difference between standard and modified JSBACH.
See text for details.

Symbol Unit Standard JSBACH Modified JSBACH

wcrit m3/m3 0.65 1

wwilt m3/m3 0.35 From a global map
(Patterson, 1990)

k 1/day Constant of 0.08 NPP×0.125

paging 1/day Constant of 0.005 Constant of 0.001

pstress 1/day Constant. Coupled
with k, which is
0.008

Decoupled from k.
Constant of 0.0045

pdry 1/day Constant of 0.12 Not used.

Flitter mol(C)/m2/s Proportional to cur-
rent LAI or net
change of LAI

Proportional to leaf
shedding rate

γG — Constant of 4 Constant of 2

rshed 1/day Constant dependent
on PFTs

Not used.

CTR plot, the simulated LAI remains at a constant value without any Comparison of LAI

variability, except for the drastic decrease (about 3 m2/m2) during the
end of 2002 and 2003, which both do not exist in observations. At the
EXP plot, the simulated LAI is either at the same value as the CTR plot,
or drops to a low value which is never observed during the experiment
period (about 3 m2/m2; the lowest value at EXP plot in observation
is about 4 m2/m2). At both CTR and EXP plots, a threshold behavior
thus exists that the simulated LAI remains at the constant values until
soil moisture is below a specific level (about 0.23 m3/m3). When below
this level, LAI evolves with time, but the decrease and recovery are
both much faster compared with the observations. The features are
improved in the modified JSBACH (Fig. 2.3, bottom). The simulated
LAI at both plots have now gentle variability. The response to drought
at EXP plot is captured, with the correlation with the observation
largely improved. The high biases at both plots are also reduced.

The improvement of the threshold behavior is clearly seen when we
look at the relation between soil moisture and LAI. Fig. 2.4 shows the
concurrent soil moisture and LAI at the EXP plot of the observation
and simulation for the whole experimental period. In the observation, Relation between soil

moisture and LAIthe soil moisture and LAI have a moderate linear correlation (r =

0.519). With a reduction of relative soil moisture from about 0.9 to
0.7, the LAI changes from about 5.5 to 4.5 (see figure caption for
the calculation of relative soil moisture). In the standard JSBACH,
the LAI does not change at all when relative soil moisture is above
0.65, and the slope of change when below 0.65 is also too high. The
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Figure 2.3: Time evolution of soil moisture (upper half) and LAI (lower half)
of both observation and simulations at TAP. (Top) standard (Bot)
modified JSBACH. Dots: observation; Lines: simulations.

linear correlation is also stronger than in the observation (r = 0.831),
indicating a too-strong control of soil moisture on LAI. In the modified
JSBACH, the threshold behavior is removed and the steep slope is
improved. The linear correlation also reduces to a value closer to the
observation (r = 0.702). While the linear correlation between observed
soil moisture and LAI at EXP plot is moderate, the correlation of
differences in LAI and soil moisture (∆LAI and ∆(soil moisture))
between EXP and CTR plots is poor (not shown). This indicates that
LAI is not a simple function of current soil moisture but also depends
on other factors such as the NPP input. The inclusion of NPP input in
determining LAI growth in the modified JSBACH thus helps explain
the improvement.
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Figure 2.4: LAI versus relative soil moisture at the EXP plot at TAP. (Top)
observation (slope = 5.53, r = 0.519) (Mid) standard JSBACH
(slope = 16.7, r = 0.831) (Bot) modified JSBACH (slope = 3.45,
r = 0.702). Relative soil moisture is calculated as volumetric soil
moisture divided by field capacity. Red lines are regression lines.
The regression line in the middle is calculated only when relative
soil moisture < 0.65.
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The observed and simulated leaf litter production and soil moisture
at TAP are shown in Fig. 2.5. As in the comparison of LAI, the standardComparison of leaf

litter production JSBACH also simulates the leaf litter production with features not seen
in the observation (Fig. 2.5, top). The production of leaf litter remains
at low values close to zero for long stretches of time, with intermittent
pulse-like jumps to high values. In comparison, the modified JSBACH
simulates the leaf litter production with more appropriate magnitude
and much less biases (Fig. 2.5, bottom). Although the magnitude and
bias is much improved in the modified JSBACH, there is a time lag of
about 90 days in leaf litter production.

Figure 2.5: Time evolution of soil moisture (upper half) and leaf litter pro-
duction (lower half) of both observation and simulations at TAP.
(Top) standard (Bot) modified JSBACH. Dots: observation; Lines:
simulations.

A comprehensive comparison of the ability of the standard and
modified JSBACH to reproduce the observations at TAP is provided in
Table 2.4 (note that the values at the EXP plot is only with data from
the first 2 years to exclude the drought-enhanced mortality effects).
For LAI, the improvement is apparent at the EXP plot, as the bias,
variance and correlation are all much better for the modified JSBACH.
Although the improvement is less prominent at the CTR plot (only
the bias and CRMSD are better for the modified JSBACH), we note
that it is more important to correctly simulate the drought response
at the EXP plot than capturing the non-stressed LAI at the CTR plot
within the context of understanding how the Amazon forests respond
to future droughts. In addition, although our modification to JSBACH
is without drought-enhanced tree mortality, the linear correlation
between observation and simulation at EXP plot for all years is still
high (r = 0.720), indicating that canopy-level leaf shedding is able to



2.3 results 23

explain about half of variance of the LAI reduction due to drought.
For leaf litter production, the improvement is prominent at both CTR
and EXP plots. With a lag of about 90 days, the modified JSBACH is
able to reproduce the observation at both plots with high correlations,
reduced biases and improved seasonal variability.

Table 2.4: Comparison between the standard and modified version of JS-
BACH at TAP, including simulated bias, differences of standard
deviation (dSDev) between simulation and observation, centered
root-mean-square deviation (CRMSD), and correlation coefficient
with observation (CCoef). At the CTR plot, data from all years
are used for calculation, while at the EXP plot, only data from
the first 2 years are used. Values in bold indicates the respective
model version performs better than its counterpart. Values in italic
indicates the correlation is insignificant (p > 0.1).

Variable Plot Version Bias dSDev CRMSD CCoef

LAI CTR Standard 0.375 0.102 0.984 −0.273

Modified 0.225 −0.299 0.628 −0.015

EXP Standard −0.611 0.864 1.286 −0.154

Modified −0.070 −0.195 0.242 0.769

Leaf litter CTR Standard −0.214 0.043 0.183 0.124

Modified −0.080a −0.031a 0.087a 0.655a

EXP Standard −0.181 0.063 0.230 0.104

Modified −0.035a −0.063a 0.100a 0.704a

acalculated with a lag of 90 days for the simulations

The phenology-related parameters in the modified JSBACH is tuned
based on the observation at TAP. To test if the modified formulation
and parameter are applicable to other sites in the Amazon forests, we
carry out the same evaluation at CAX.

The observed and simulated LAI and soil moisture at CAX are
shown in Fig. 2.6. Similar to TAP, the standard JSBACH simulates Comparison of LAI

at CAXconstant values of LAI at both CTR and EXP plots (Fig. 2.6, top;
except for the ends of 2005 and 2006 at the EXP plot). Although
measurements were carried out much less frequently at CAX than in
TAP, the available observations are already enough to show that LAI is
not constant during the experimental period. This is improved in the
modified JSBACH (Fig. 2.6, bottom), which simulated gentle seasonal
variability at both plots.

Shown in Fig. 2.7 is the observed and simulated leaf litter production
and soil moisture at CAX. Also similar to TAP, the standard JSBACH Comparison of leaf

litter production at
CAX

simulates low leaf litter production most of the time at both CTR
and EXP plots, with jumps to non-zero values only at the ends of
dry seasons at the EXP plot (Fig. 2.7, top). In contrast, the modified
JSBACH simulates the magnitudes and mean values correctly, despite
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also having a time lag of about 90 days to the observations (Fig. 2.7,
bottom).

A comprehensive comparison of the ability of the standard and
modified JSBACH to reproduce the observations at CAX is provided
in Table 2.5. As in TAP, the modified JSBACH is able to reproduce the
observed LAI and leaf litter production at both CTR and EXP plots.
The evaluation at CAX shows that the improvement by the modified
JSBACH at TAP applies also to the simulation at CAX.

Figure 2.6: Time evolution of soil moisture (upper half) and LAI (lower
half) of both observation and simulations at CAX. (Top) The
standard and (Bot) modified JSBACH. Dots: observation; Lines:
simulations.
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Figure 2.7: Time evolution of soil moisture (upper half) and leaf litter pro-
duction (lower half) of both observation and simulations at CAX.
(Top) The standard and (Bot) modified JSBACH. Dots: observa-
tion; Lines: simulations.
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Table 2.5: Comparison between the standard and modified version of JS-
BACH at CAX, including simulated bias, differences of standard
deviation between simulation and observation (dSDev), CRMSD,
and correlation coefficient with observation (CCoef). At the CTR
plot, data from all years are used for calculation, while at the
EXP plot, only data from the first 2 years are used. Values in bold
indicates the respective model version performs better than its
counterpart. Values in italic indicates the correlation is insignifi-
cant (p > 0.1).

Variable Plot Version Bias dSDev CRMSD CCoef

LAI CTR Standard 0.987 −0.421 0.436 −0.177

Modified −0.404 −0.157 0.537 −0.098

EXP Standard 1.324 −0.668 0.681 0.088

Modified −0.269 −0.310 0.588 0.508

Leaf litter CTR Standard −0.252 −0.323 0.328 −0.038

Modified −0.069a −0.195a 0.322a 0.243a

EXP Standard −0.287 −0.101 0.113 −0.005

Modified −0.087a −0.020a 0.112a 0.593a

acalculated with a lag of 90 days for the simulations

2.4 discussion

2.4.1 LAI

Previous studies have shown that current state-of-the-art models are
unable to reproduce the response to drought in TFE experiments
(Powell et al., 2013; Joetzjer et al., 2014). Our evaluation shows that the
standard JSBACH is not an exception, as a threshold behavior exists
in its simulation of LAI.

The threshold behavior simulated by the standard JSBACH consists
of two parts: A constant LAI at the beginning, and a strong decline of
LAI when the soil moisture is below a certain threshold. The constant
LAI corresponds to the design in the standard JSBACH that, leaf
growth is always the same when the relative soil moisture w is higher
than 0.65, which is to simulate the low LAI seasonality of tropical
evergreen trees compared to deciduous trees. However, from the
observations at the CTR plot, it can be seen that there is still a slight
seasonality (e.g., the annual range of CTR plot at TAP is larger than
2, which is more than 30% of the mean value; Fig. 2.3). Aside from
rainfall seasonality, the reason of the LAI seasonality might include the
seasonality in available solar radiation as well. Previous studies have
also suggested leaf shedding as an acclimation strategy in response to
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episodic drought. A constant LAI either throughout the year or under
mild drought condition is therefore unrealistic.

On the other hand, a strong reduction in LAI following severe
drought is also observed in the Amazon forests due to enhanced tree
mortality. To maintain a stable LAI but still account for the drought
stress, the standard JSBACH assumes a soil moisture threshold only
below which LAI starts to reduce, and adds a strong dependence to soil
water content. However, in the standard JSBACH, the LAI response
to drought is too strong, and since the enhanced tree mortality is
mechanistically different from the leaf shedding, the effects of the two
should not be simulated at canopy-level with the same formulation.

Although the overall drought responses of forests may include en-
hanced tree mortality in severe conditions, by enabling JSBACH to
simulate the mild LAI reduction within annual time scale and under
mild drought, we can constraint the canopy-level responses of the
Amazon forests to future droughts. The prediction of the overall re-
sponses to future droughts will also be facilitated when the enhanced
tree mortality due to drought is included5. It is noteworthy that the
linear correlation of simulated and observed LAI during the whole
experimental period is not vastly lower than the first two years, indi-
cating that the modified JSBACH is already able to reproduce large
portion of the LAI variability despite lacking an implementation of
enhanced mortality.

2.4.2 Leaf litter production

Similar to LAI, current vegetation models simulated litter flux with a
large spread and are not able to reproduce the results at TFE sites well
(Powell et al., 2013). The standard JSBACH simulates the litter flux at
both TAP and CAX with negative biases. The annual-mean biases and
variance are largely improved in the modified JSBACH although the
parameter are not tuned against observations on litter flux, which indi-
cates the fidelity of the modified formulation. However, the seasonality
is still simulated with a 90-day lag. There are several candidates for
the reason of the 90-day lag. While we assume the leaf shedding rate
to depend solely on soil moisture, water stress is perceived by plants
as insufficient soil water supply to the vapor pressure deficit, which
represents atmospheric water demand and therefore involves both
land and atmosphere conditions. Previous studies have also indicated
that leaf demography (e.g., explicit representation of leaf ages, which
is currently not represented in JSBACH) and the synchronization of
leaf flushing and leaf litter production play important roles in simu-

5 See Chapter 4 for an estimate of the overall drought effects including drought
mortality in the Amazon.
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lating carbon flux seasonality in the Amazon forests (Wu et al., 2016;
Manoli et al., 2018). However, as leaf demography has less impact on
water and energy fluxes (Manoli et al., 2018), and we are currently
more interested in the impacts of droughts on mean-state climate, we
therefore leave the issue of leaf litter seasonality for future exploration.

2.4.3 Implications for future model development

The logistic equation in the formulation in the standard JSBACH
aims to represent the common characteristics of plants that there is
a physiological limit for number of leaves that a plant can grow. The
limit might be rooted from the number of leaf buds grown in previous
season, or the limited transport capacity of sapwoods. The logistic
equation has been shown to be successful in simulating seasonal shift
in temperate vegetation (see e.g., Dalmonech et al., 2015). Therefore, for
the consistency of the modeled physiology, while we aim to modify the
phenology for tropical forests, we opt to implement our modification
within the current framework of the logistic equation.

A mechanistic formulation of leaf shedding requires detailed plant
hydraulics. We note that JSBACH is a ecosystem-level vegetation
model which is frequently used in a setup to represent the average
condition of vegetation across a spatial scale of ∼ 200 km. The large
scale means that in tropical forests, the various species in the ecosystem
is aggregated into just one PFT with one LAI value6. Therefore, plant
hydraulics might also not be able to capture the hydraulic behavior
of the tropical forest. Due to the insufficiency of soil and vegetation
data at high resolution and the limitation of computational resources,
coupled simulation of high-resolution at long-term time scale for
future scenario is still not feasible. It is thus reasonable to utilize a
data-driven method to tune the JSBACH with the intensive data from
TFE experiment despite the lower complexity.

On the other hand, the LAI dynamics also depends on carbon
allocation to leaves. For example, in energy limited region such as the
tropical forests, the seasonality of LAI as well as productivity responds
not only to water stress, but also to the input of photosynthetically
active radiation. In this study, we account for the carbon allocation
with the NPP input to leaf. However, we note that in JSBACH, the
ratio of NPP allocation to different pools is fixed regardless of water
stress. This might be a source of uncertainty as some studies have
suggested that a shift in carbon allocation as a strategy against water
stress7. However, as the behavior may not be universal, we leave the

6 While there are 11 PFTs in the JSBACH, there is only one representing tropical
evergreen forest.

7 For example, more investment to roots and a reduction to leaves under water stress,
in order to maximize water uptake and reduce transpiration.
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issue for future exploration when more abundant in-situ measurement
and understanding on related tree physiology is available.

2.5 conclusions

In this chapter, we first present the evaluation on the ability of the
land surface model JSBACH to capture the drought responses of
LAI and leaf litter production at the two TFE (throughfall exclusion)
experiments sites in the eastern Amazon forests. The evaluation shows
that the drought responses of the standard JSBACH has a unrealistic
threshold behavior. The threshold behavior consists of two part: A
constant LAI with no response to reduction in soil moisture, and a
too-sharp decrease in LAI when soil moisture is below a threshold.
While under current climate, the biases caused by this threshold might
be mild, due to the fact that the water stress will be larger under future
climate, the threshold will be crossed more frequently and the LAI
response to drought will likely to be overestimated.

To address the issue, several modifications are implemented to the
model. A dependence on the NPP input to leaf is added to the leaf
growth rate to account for the carbon allocated to leaves. The leaf
shedding rate is separated into two components to represent the aging
and water stress respectively. Litter production is now coupled with
the shedding rate of the leaves. All phenological parameters are tuned
against the LAI observations at the TFE experiments site at Tapajós
National Forest (TAP).

The modified JSBACH improves the simulation of the LAI. Most
notably, the LAI at EXP plot is simulated with much reduced bias,
closer variability and better correlation (r = 0.769) to the observation.
The litter production is also improved. At the EXP plot, the bias
is reduced and the correlation is high (r = 0.704) when a lagged
correlation of 30 days is applied. As studies have shown that the
tree mortality has increased after two years of throughfall exclusion,
we tune the model against only the LAI from the first two years.
Nevertheless, the simulated LAI after two years does not deviate from
the observation much. The linear correlation between observation and
simulation at EXP plot for the whole experimental period is high,
indicating that about half of the variance of the LAI reduction due to
drought can be explained by the canopy-level leaf shedding.

Finally, the same analysis is conducted at another independent TFE
experiment site at Caxiuanã National Forest (CAX). We show that
the improvement applies not only to TAP, but also to CAX, which
indicates the fidelity of the modified JSBACH.





3
S E PA R AT I N G T H E D I R E C T A N D L A I E F F E C T S O F
D R O U G H T U N D E R F U T U R E C L I M AT E

3.1 introduction

Soil moisture and climate have been known to couple together, with
different coupling strength at different regions being identified in
the Global Land-Atmosphere Coupling Experiment (GLACE) project
(Koster et al., 2004). It was shown that, with better understanding
of the soil moisture, the seasonal forecast of precipitation can be
improved. Under the framework, the soil moisture should not be
viewed as merely the boundary condition of the atmosphere, but
as an interactive component of the climate system. Inspired by the
GLACE project, the GLACE-CMIP5 provided a framework to quantify
the impacts of soil moisture-climate coupling on future climate in
CMIP5 simulations, with a focus on long-term (decadal) instead of
seasonal or intraseasonal time scale. As for many regions of the world
as well as the global mean, the soil is drier in the future, results from
GLACE-CMIP5 can be used to investigate the drought effects under
future climate.

In the GLACE-CMIP5 experiments, the effects of soil moisture on
climate are given by comparing the reference simulation (with future BGP effects in

GLACE-CMIP5climate forcing and interactive soil moisture) and simulation with
future climate but prescribed historical soil moisture (1971–2000).
It has been shown that drought has strong and consistent effects
of increasing temperature (Seneviratne et al., 2013). Not only the
mean temperature is linked to soil moisture, but also the temperature
extremes increase due to projected soil moisture decrease (Lorenz
et al., 2016). The experiments have also been used to study the effect of
land-atmosphere interaction on aridity. In contrast to soil moisture, the
aridity considers both the evaporative demand from the atmosphere
and the water supply at the land surface, and is seen as more relevant
for natural and societal systems. The aridity has been found to increase
in a warming world. While previous studies have focused on the
contribution from the oceanic warming and associated atmospheric
processes, it was shown that the land also plays an important role as
the land-atmosphere feedbacks can substantially amplify the global
land aridity under global warming (Berg et al., 2016). A strong negative
coupling between soil moisture and aridity was also found to occur
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globally, in which the feedback of soil on the atmosphere is largely
responsible (Zhou et al., 2019).

The biogeochemical effects of soil moisture deficit have also been
studies with the GLACE-CMIP5 experiments. It has been shown thatBGC effects in

GLACE-CMIP5 soil moisture contributes to reduction of the net biome productivity
(NBP) under future climate1. The reduction of NBP due to soil mois-
ture is about the same magnitude as the land sink (NBP) itself. As both
the annual mean and seasonal variability of soil moisture are different
between the future and historical period (1971–2000), the contributions
from the trend and seasonal variability were also assessed, with the
both being of similar magnitudes. However, the importance of the
soil moisture trend will become more important than the seasonal
variability by the end of the 21st century (Green et al., 2019).

The climate impacts of droughts and heatwaves result not only from
soil moisture deficit, but also from vegetation responses. PreviousVegetation responses

are also important study on European spring and summer climate found that the effect
of a drastic LAI change on mean temperature is about 25% the magni-
tude of the effect from soil moisture changes. In the heatwave of 2003

and 2007, a decrease in LAI can amplify the heatwave by 0.5K for daily
maximum temperature, which is about half of the magnitude from
soil moisture effect (Lorenz et al., 2013). Another study has been done
on the extreme drought and heatwave of central and northern Europe
in 2018. In this year, the spring was extremely warm and brightening
but the precipitation deficit was only moderate. However, the sum-
mer drought was extreme. It was shown that the vegetation played
an important role, as the spring condition stimulated the vegetation
growth, which in turn contributed to soil water depletion and ampli-
fied the summer drought (Bastos et al., 2020). Therefore, considering
its impacts on both biogeochemical and biogeophysical effects, the
vegetation drought responses of the Amazon forests should be better
quantified.

To quantify the vegetation drought responses of the Amazon forests,
it is crucial to understand the effects of drought on forests. The droughtMultiple scales of

vegetation drought
responses

effects on forests are multi scales, from stomatal closure at the leaf-
level to leaf shedding at the canopy-level, and then to enhanced tree
mortality at the stand-level. Previous studies including GLACE-CMIP5

have utilized models to study the drought effects of forest ecosystems.
However, it has been pointed out that current models are not able to
capture vegetation drought responses. Uncertainties therefore exist
in the modeling results from previous studies, as their results mostly
contain the combined drought effects at different scales. Sometimes,
in a specific model, it is not clear at which levels are the drought
effects included. For example, most models do not have a drought-

1 Note that in contrast to the definition in the Global Carbon Budget, the NBP in this
study includes the emission from land use and land cover change.
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enhanced mortality, but the climate responses simulated by models are
nevertheless indicated as drought effects. The insights from comparing
results of different models are therefore diminished, as the model
complexities are different.

To address this issue, in this chapter, we explicitly separate the
drought effects at different scales, which has not been done before.
Here, the direct effect of drought is defined as the effect induced by
soil drying and stomatal closure. The LAI effect is defined as the effect
induced by leaf shedding (LAI reduction). With the improved JSBACH,
the direct and LAI effects are separated and their relative contributions
to biogeochemical and biogeophysical effects under future climate are
quantified. The uncertainty associated with LAI formulation and litter
production is investigated by comparing the simulated future climate
using MPI-ESM with the standard JSBACH and modified JSBACH as
the land surface model. Furthermore, the uncertainty associated with
the internal variability is given by a series of experiments consist of
five ensemble members.

3.2 methods

3.2.1 Model configuration

To investigate the climatic effects of the Amazon forests to future
drought, the atmospheric as well as terrestrial states should be consid-
ered together instead of only the land surface. Therefore, we conduct
a series of land-atmosphere coupled simulations, where the JSBACH
is coupled with the atmospheric general circulation model ECHAM
(or equivalently, the MPI-ESM is run in an Atmospheric Model Inter-
comparison Project (AMIP)-type configuration). The simulations is run
globally and the spatial resolution is T63 (ca. 200 km).

In the AMIP-type configuration, the SST and sea ice concentration
(SIC) are prescribed as the boundary condition. The SST and SIC are
calculated by combining the trend during the 21st century under
RCP8.5 scenario simulated by MPI-ESM (Mauritsen et al., 2019) and
the spatial pattern from HadISST (Rayner et al., 2003). As we focus
on the response of intact forests, anthropogenic land use and land
cover change is not considered. The land use and land cover map
is taken from 2010 of TRENDY simulation by JSBACH (Sitch et al.,
2015; Le Quéré et al., 2018). The distributions of PFTs are shown in
Fig. 3.1. As can be seen, most of the vegetation in the Amazon is
tropical evergreen, with a small portion being raingreen shrubs (over
eastern Brazil). Both of the PFTs belong to the raingreen phenology in
JSBACH.
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Figure 3.1: Cover fraction of the 11 Plant Functional Types in TRENDYv7.
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3.2.2 Simulations

With the configuration and boundary conditions described above, the
model is run with pre-industrial forcing for several hundred years,
until the global soil carbon reaches equilibrium2. After reaching equi-
librium, the simulation is run with historical forcing from 1850 to
2014. And then, the reference simulation (21sm-21L; 21st-century-soil-
moisture-21st-century-LAI) starts from 2015, with the business-as-
usual RCP8.5 scenario as the greenhouse gas (GHG) forcing, and both
soil moisture and LAI are interactive. Since the LAI is regulated both
by soil moisture (which is expected to be lower in the future) and avail-
able carbon allocated to the leaves (which due to future higher CO2

concentration, is higher in the future), the LAI in 21sm-21L includes
the effects of both future GHG forcing and future water stress. In the
first experimental simulation (20sm-20L; 20th-century-soil-moisture-
20th-century-LAI), the soil moisture is prescribed according to the
daily climatology from the historical simulation during 1971–2000, and
the LAI is still interactive. The LAI in 20sm-20L therefore considers
only future GHG forcing, but not the effects from future soil drying.
Finally, in the second experimental simulation (21sm20L; 21st-century-
soil-moisture-20th-century-LAI), the soil moisture is prescribed from
21sm-21L, and the LAI is prescribed from 20sm-20L. As the LAI in
21sm-20L is identical to 20sm-20L, the LAI considers only the effect of
future GHG forcing but not future soil drying.

To separate the direct effect (soil drying and stomatal closure) and
the LAI effect (LAI reduction), we compare the results between dif-
ferent simulations. The comparison between 21sm-20L and 20sm-20L
gives the direct effect, as the only difference is the soil drying due
to future GHG forcing. Similarly, the comparison between 21sm-21L
and 21sm-20L gives the LAI effect, as the only difference is the LAI
reduction due to future soil drying. Note that, as in all simulations
the GHG forcing is identical (RCP8.5), taking differences between
the simulations therefore cancel out the warming and other climatic
effects from GHG forcing.

The simulations are conducted with the land surface model as both
the standard and modified JSBACH. For both versions, simulations
of five ensemble members are conducted. The different ensemble
members are produced by starting the historical simulation from
different days of the pre-industrial simulations.

A summary of the experiment design is provided in Table 3.1.

2 In the absence of an interactive ocean, the humus in soil carbon is the component
which needs the longest time to reach equilibrium.
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3.3 results

By comparing the results from the different experiments as described
in Section 3.2, the components of drought effects are isolated. In the
following sections, the climatic effects caused solely by soil drying
and stomatal responses of plants are referred to as the direct effect,
whereas such caused by the reduction of LAI because of drier soil are
termed the LAI effect. The drought effects then indicate the sum of the
two effects.

3.3.1 Future decline of precipitation simulated by MPI-ESM

Before diving into the separated drought effects, we first look at how
future climate is simulated by the MPI-ESM, with the focus on the
precipitation changes.

The difference in precipitation between the end of the 21st century
(2071–2085) and the 20th century (1971–2000) simulated by MPI-ESM
is shown in Fig. 3.2. We note that the region with prominent reduction
in precipitation is in central and southern North America, northeast-
ern South America, South Africa, coastal West Africa and Europe.
There is also an increase in precipitation in several regions, includ-
ing central Africa, South Asia, Southeast Asia, and much of higher
latitudes. The spatial patterns are generally in accordance with the
CMIP6 multi-model mean (Cook et al., 2020, Fig. 9). When looking into
South America (Fig. 3.2, lower panel), while the CMIP6 multi-model
mean is a consistent reduction over the Amazon basin, MPI-ESM sim-
ulates a more prominent reduction over northeastern South America
(Venezuela, the Guianas3, and northern Brazil; compare Fig. 3.2 lower
left and right). In addition, a stripe pattern exists in parallel with
the Andes, such that there are regions of precipitation increase in
between the regions of decrease. The stripe pattern is likely due to
the topography, as the Andes is in some regions higher than 4 km in
elevation and affects the distribution of water vapor imported from
the tropical Atlantic.

The spatial pattern and seasonality of the associated direct and LAI
effects of drought during 2071–2084 are shown in Fig. 3.3. The spatial Spatial patterns of

drought effectspatterns of the direct and LAI effects are similar to the reduction in
precipitation, with the strongest magnitude being over northeastern
Amazon and a stripe pattern parallel to the Andes over the Southern
Amazon (Fig. 3.3ab). The soil drying prevails all year round and is
most severe during the dry season, in effect prolonging the dry season
(Fig. 3.3c). When averaged annually, the magnitude of soil drying is
6% of the 1971–2000 value. The contrast between dry and wet season is

3 Including French Guiana, Guyana, and Suriname
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Figure 3.2: (Top and lower left) Precipitation between the end of the 21st cen-
tury (2071–2085) and the 20th century (1971–2000). (Lower right)
1971–2000 averaged precipitation. Dots: All ensemble members
agree on the sign of change.

also larger, with the annual range being 15% larger than in 1971–2000.
The resultant annual mean LAI reduction is of similar magnitude (7%),
and with a lag of a month after the soil drying (Fig. 3.3d). Therefore,
under future climate, not only the mean state of soil is drier, but also
the annual range is larger. The soil drying induces a LAI reduction of
similar magnitude with a lag of approximately one month.

3.3.2 Biogeochemical effects: The carbon budgets

As a prominent reduction in precipitation as well as soil drying and
LAI reduction are found in large parts of South America by the end
of the 21st century, in this section we look at the how the carbon
budgets at the Amazon forests evolve during the 21st century, and the
contribution of the direct and LAI effects respectively.

Fig. 3.4 shows the 21st-century-evolution of carbon budgets of the
Amazon forests as simulated in 21sm-21L (the reference simulation).
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Figure 3.3: (a) Difference of soil moisture between 2071–2085 and 1971–2000

(m3/m3). (b) Difference of LAI because of difference in soil mois-
ture in (a) during 2071–2085. (c) The seasonality of soil moisture of
the historical and future (21sm-21L) experiments. The difference
represents the direct effect. (d) The seasonality of LAI of 21sm-20L
and 21sm-21L. The difference represents the LAI effect. Note the
differnet scales of differences (the right y-axis) in (c) and (d). Dots:
All ensemble members agree on the sign of change. The boxes
in (a) and (b) indicate the Northern and Southern Amazon as
defined in a study analyzing the precipitation of CMIP5 models
over tropical South America (Yin et al., 2013).

Throughout the 21st century, the soil moisture has a significant neg-
ative trend, corresponding to 6.9% reduction of its 1971–2000 value
per century. In contrast, the LAI in 21sm-21L has a significant positive
trend (not shown), which is a manifestation of the CO2 fertilization
effect, as shown by e.g. Sitch et al., 2015. When considering only the
soil drying, the LAI shows a negative trend of 7.9% lost per century
(compared to the 1971–2000 mean LAI), which is slightly larger than
the trend of soil moisture, and the interannual variability follows soil
moisture closely (r = 0.943; Fig. 3.4a).
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Figure 3.4: Evolution of (a) soil moisture and LAI (b) gross primary pro-
duction (GPP) (c) autotrophic respiration (Ra)(d) NPP (e) soil
respiration (Ra) (f) net ecosystem production (NEP) in the Ama-
zon forests during the 21st century. Blue lines indicate 21sm-21L,
which is the all-interactive simulation. Brown lines and green
lines represent direct and LAI effects respectively. Dashed lines
are linear regression lines and are shown only when p < 0.05. The
region over which the area mean is taken is the boxes in Fig. 3.3.
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Similar to the LAI, positive trends exist also for other carbon bud-
get components in 21sm-21L, including gross primary production
(GPP), autotrophic respiration (Ra), net primary production (NPP), Time series of

biogeochemical
effects

soil respiration (Rs) and net ecosystem production (NEP; blue lines in
Fig. 3.4b–f), indicating the strong controls of the rising CO2 concen-
tration on each carbon budget component. However, for most of the
carbon budget components, the direct and LAI effects have negative
trends, which cancels out part of the increasing trend. The direct and
LAI effects on GPP are both negative and have negative trends with
similar slopes, with the direct effect having larger magnitudes than
the LAI effect (Fig. 3.4b). The direct effect on Ra is slightly negative
without a significant trend, while the LAI effect is stronger and has
a significant negative trend (Fig. 3.4c). The direct and LAI effects on
NPP are both negative, with the former having more negative trend
than the latter due to the contrasting features in GPP and Ra (Fig.
3.4d). The signs and trends of the Rs effects are similar to that of NPP,
which are more negative and stronger from the direct effect than the
LAI effect (Fig. 3.4e). The NEP, the sum of natural carbon sinks and
sources of terrestrial ecosystem, is shown in Fig. 3.4f. A positive trend
exists in 21sm-21L, indicating an increase in natural carbon uptake
by the Amazon forests simulated in our model. In contrast, the direct
and LAI effects on NEP are both negative and at the same order of
magnitude as the NEP in 21sm-21L, indicating that the net carbon
uptake by the Amazon forests is strongly reduced by future droughts.

Fig. 3.5 shows the comparison of the direct and LAI effects on the
carbon budget components over the Amazon forests during 2071–2085. Comparisons

between the direct
and LAI effects on
carbon budgets

The reduction of GPP due to the direct effect is double the magnitude
of the LAI effect. Compared to the GPP reduction, the direct effect on
Ra is weak. The LAI effect on Ra is stronger, compensating about half
of reduction of LAI effect on GPP. Due to strong reduction in GPP
and weak reduction in Ra, the direct effect on NPP reduction is strong.
The magnitude is four times of the LAI effect. Conversely, the LAI
effect on NPP reduction is weak, as the reduction in GPP is weak and
the reduction in Ra is strong. For both the direct and LAI effects, the
reduction in Rs is slightly less than the reduction in NPP. A large part
of the NPP reduction is therefore cancelled out by the reduction in
Rs. The net drought effects on NEP are negative. The magnitude of
direct effect on NEP is about twice of the LAI effect. Compared with
the NEP between 1971–2000, the NEP reduction due to direct and LAI
effects correspond to reduction of 25.4% and 13.8% respectively, again
indicating the strong impacts of future droughts on the natural carbon
uptake of the Amazon forests.

The direct and LAI effects on NPP, Rs, and NEP during the first
(2015–2030) and the last (2070–2085) 15 years of the experiments are
shown in Fig. 3.6. While for both the direct and LAI effects the NPP
and Rs reduction become more prominent in the course of the 21st
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Figure 3.5: The direct and LAI effects on carbon budget components in
the Amazon forests during 2071–2085. Bars represent ensemble
means and whiskers represent range of ensemble members. Ra:
Autotrophic respiration. Rs: Soil respiration.

century, the changes are different. The result is that the relative im-
portance of the direct effects will change through time, and will be
lower during 2070–2085 than 2015–2030. Although the LAI effect will
be smaller than the direct effects for most of the 21st century, it will
become more important by the end of this century.

Figure 3.6: Comparison of NPP, soil respiration (Rs) and NEP due to the
direct (brown) and LAI effects (green) during 2015-2030 and 2070-
2085. Whiskers represent range of ensemble members.

In the responses of the carbon budget components, the ensemble
members generally agree well with each other over the whole AmazonLarge internal

variability for NEP
over large area

in the signs of change, including the weak response of Ra to direct
effect (not shown). However, NEP is an exception. Despite the strong
responses in NEP, the ensemble members agree with each other only
in small regions (Fig. 3.7). The magnitudes of reduction in NPP and
Rs are similar, such that in large parts of the Northern Amazon and
almost the whole Southern Amazon the internal variability plays an
important role in determining the sign of change. While the mean
effects over the Amazon are prominent and often significant (Fig. 3.5),
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for many of the grid points, whether the effect is positive or negative
is subject to a large uncertainty.

Figure 3.7: (a) The spatial patter of the direct effect on NEP. (b) The spatial
patter of the LAI effect on NEP. Dots: All ensemble members
agree on the sign of change.

3.3.3 Biogeophysical effects

Fig. 3.8 shows the 21st-century-evolution of selected variables related
to biogeophysical effects in the Amazon forests. The soil evaporation Time series of

biogeophysical effectsin 21sm-21L (the reference simulation) has a positive trend, indicating
that despite a decrease in precipitation under climate change, this
region is still wet enough that the trend is driven by the increasing
evaporative demand from the atmosphere. As the direct effect sup-
presses the moisture supply from the soil, a strong negative trend
exists in the direct effect on soil evaporation (Fig. 3.8a). For transpira-
tion, there is no significant trend in 21sm-21L. Despite the negative
values of the direct effect on transpiration, no significant trend is simu-
lated. Although the LAI effect on transpiration is weaker compared to
the direct effect, it has a negative trend (Fig. 3.8b). For the total latent
heat flux, the direct effect has a negative trend and the interannual
variability correlates well with 21sm-21L throughout the 21st century
(Fig. 3.8c). Due to the reduced water vapor released to the atmosphere
from the direct effect, the low cloud cover is reduced and the net solar
radiation at surface is increased. In 21sm-21L, a negative trend in low
cloud cover and a positive trend in net surface solar radiation are sim-
ulated, both of which correlate well with the direct effect (Fig. 3.8de).
Because of the feedback from the land-atmosphere interaction, both
the direct and LAI effects cause an increase in surface temperature,
with the direct effect having a significant positive trend (Fig. 3.8f).
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Figure 3.8: Evolution of (a) soil evaporation (b) transpiration (c) latent heat
flux (d) low cloud cover (e) net surface solar radiation (f) surface
temperature in the Amazon forests during the 21st century. Blue
lines indicate 21sm-21L, which is the all-interactive reference
simulation. Brown lines and green lines represent direct and LAI
effects respectively. Dash lines are linear regression lines and
are shown only when p < 0.05. The region over which the area
mean is taken is the boxes in Fig. 3.3. Note the different scales
of 21sm-21L (the right y-axis) and the drought effects (the left
y-axis).
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Fig. 3.9 summarizes the biogeophysical effects on surface energy
budgets in the Amazon forests during 2071–2085. The direct effect is Comparisons

between the direct
and LAI effects on
surface energy
budgets

strong in reducing both soil evaporation and transpiration, with the
latter being 30% higher, indicating that the contribution from stomatal
response is larger than soil response. On the other hand, the LAI
effect on soil evaporation is close to zero. As in the carbon budgets, in
which the direct effect is stronger than the LAI effect, the latent heat
flux reduction due to the direct effect is also stronger than the LAI
effect. The direct effect also induces a reduction of more than 1% of
low cloud cover. The reduction in low cloud cover corresponds to an
enhancement of net surface solar radiation by more than 1.5 W/m2.
Due to the change in surface energy budget partition, the surface
temperature is higher for both the direct and LAI effects, with the
former stronger than the latter by a factor of 7, and have a combined
warming of 0.7K. While the drought effects of surface warming is
consistent across the Amazon, the effects on precipitation have a dipole
pattern. The reduction in soil moisture due to the direct effect results in
an increase of precipitation over the Northern Amazon, and a decrease
over the Southern Amazon. While the direct effect on precipitation
change is prominent, the contribution from the LAI effect is small.
The evaporative demand from the atmosphere, represented by the
potential evapotranspiration (PET), is increased in both the Northern
and Southern Amazon due to the direct effect. With the changes in
precipitation and PET, we calculate the change in aridity, represented
as the Aridity Index (AI, the ratio between precipitation and PET).
Despite the consistent soil drying pattern across the Amazon (Fig.
3.3a), the signs of change of aridity are different in the Northern and
Southern Amazon. The aridity is reduced in the Northern Amazon (an
increase in AI), while in the Southern Amazon the aridity is increased
(a decrease in AI). In both the Northern and Southern Amazon, the
change in aridity is decided by the changes in precipitation, while the
increased PET plays a smaller role.

The spatial pattern of the changes in precipitation during 2071–2085

due to the direct effect is shown in Fig. 3.10. The LAI effect is not Precipitation change
due to the direct
effects

shown as the magnitude is small in comparison. The pattern of an
increase in the north and a decrease in the south is clear (Fig. 3.10a).
The south-north cross section in Fig. 3.10b shows the distribution
of wind and moisture in wet (21sm-20L) and dry minus wet (20sm-
20L minus 21sm-20L) experiments. The drying over the Northern
Amazon and the associated heating creates anomalous upward motion
in locations where the original moisture is already abundant, favoring
moist convection and hence enhance the precipitation there. On the
other hand, reduced convection over the Southern Amazon leads to
reduction in precipitation.



46 separating the direct and lai effects of drought

Figure 3.9: The direct and LAI effects on energy budget in the Amazon
forests during 2071–2085. Bars represent ensemble means and
whiskers are ensemble ranges. Soil evap: Soil evaporation. Rsn:
Net surface shortwave radiation. Precip: Precipitation. PET: po-
tential evapotranspiration. Aridity: Aridity Index, calculated as
the ratio between precipitation and PET. NA: Northern Amazon.
SA: Southern Amazon.
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Figure 3.10: (a) Change in annual precipitation due to the direct effect dur-
ing 2071–2085 (mm/day). (b) North-south cross section of wind
and moisture field. Vector: (meridional wind, pressure veloc-
ity (−10 × ω)); contour: change in specific humidity; shading:
specific humidity in the wet (21sm-20L) experiment.
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3.3.4 Comparing the standard and modified JSBACH

To understand the influences of the model modification on the pre-
dicted drought effects, the same set of coupled experiments to separate
the direct and LAI effects are conducted, with the land surface model
being the standard version of JSBACH. Compared with the results
using the modified JSBACH, the standard JSBACH simulates a similar
magnitude of soil drying, but the magnitude of the LAI reduction is
doubled (not shown).

Fig. 3.11 shows the comparison of the biogeochemical effects be-
tween the standard and modified JSBACH. As the standard JSBACH
simulates a stronger responses of LAI to water stress, the LAI effect on
GPP reduction is stronger than the direct effect. The reduction in Ra

due to LAI effect is large and more than cancelling out the reduction in
GPP, such that the LAI effect on NPP is an increase, which is opposite
to the results of the modified JSBACH. Aside from the different sign
of change of the LAI effect on NPP, the reduction in NPP from the
direct effect is also weaker than in the modified JSBACH. Another
major difference between the results of the standard and modified
JSBACH is the sign of change of Rs from the LAI effect. The stan-
dard JSBACH simulates an increase in Rs from the LAI effect, while
the modified JSBACH simulates a decrease. For the direct effect, the
standard JSBACH simulates a decrease in Rs of magnitude slightly
smaller than the decrease in NPP, which is similar to the results of the
modified JSBACH. For both the direct and LAI effects, the net effects
on NEP are decrease of magnitudes smaller than the results of the
modified JSBACH. It is noteworthy that the uncertainty associated
with the internal variability is large enough that the change in NEP
from the direct effect might be positive.
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Figure 3.11: The comparison of the standard and modified JSBACH of the
direct and LAI effects on carbon budget components in the Ama-
zon forests during 2071–2085. Bars represent ensemble means
and whiskers represent range of ensemble members. Ra: Au-
totrophic respiration. Rs: Soil respiration. The lower panel is the
same as Fig. 3.5.
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Fig. 3.12 shows the comparison of the biogeophysical effects between
the standard and modified JSBACH. For the standard JSBACH, the
LAI effect contributes to an increase in soil evaporation. The increase
in soil evaporation is because more radiation is able to reach the
surface to evaporate soil moisture, which can be seen from the more
prominent reduction in LAI and transpiration than in the modified
JSBACH. Although the LAI effect on reduction in latent heat flux
is larger than in the modified JSBACH, the sum of the direct and
LAI effects does not differ much from the modified JSBACH. The
magnitudes of the increase in surface temperature are also similar to
the results simulated by the modified JSBACH (0.8K vs. 0.7K). For the
precipitation, PET and AI, the standard and modified JSBACH predict
similar results at both the Northern and Southern Amazon.
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Figure 3.12: The comparison of the standard and modified JSBACH of the
direct and LAI effects on energy budget in the Amazon forests
during 2071–2085. Bars represent ensemble means and whiskers
are ensemble ranges. Soil evap: Soil evaporation. Rsn: Net sur-
face shortwave radiation. Precip: Precipitation. PET: potential
evapotranspiration. Aridity: Aridity Index, calculated as the ra-
tio between precipitation and PET. NA: Northern Amazon. SA:
Southern Amazon. The lower panel is the same as Fig. 3.9.
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3.4 discussion

3.4.1 Improvement of JSBACH under coupled mode

The improvement of model performance is also seen when coupled to
the atmospheric model. For example, the standard JSBACH simulates
an increase in soil evaporation due to the LAI effect. This is unlikely to
happen in reality, because the canopy in the Amazon forests is dense
and consist of multiple layers, and a mild reduction in LAI can barely
impact the surface. In contrast, the modified JSBACH simulates nearly
no change in soil evaporation from the LAI effect, which is more likely
to be the reality.

In addition, the standard JSBACH simulates an increase in NPP
from the LAI effect, which is due to the large reduction in Ra. In
contrast, the modified JSBACH simulates only mild reduction in Ra

from the LAI effect. Diverse responses of Ra to water stress have been
suggested in previous studies. Increased leaf dark respiration as well
as total ecosystem respiration was observed in the TFE experiments at
CAX (Metcalfe et al., 2010). On the contrary, studies based on natural
drought events indicated reduced GPP and Ra of similar magnitude
and therefore constant NPP (Doughty et al., 2015). A decline in leaf and
wood respiration of 0.084 kg/m2/yr with a 0.5 m2/m2/yr reduction
in LAI was estimated in Meir et al., 2008. When compared with this
estimate, the mild reduction in Ra simulated by the modified JSBACH
is then closer than the large reduction simulated by the standard
JSBACH, which indicates another improvement of JSBACH when
coupled to the atmosphere.

3.4.2 Biogeochemical and biogeophysical effects due to LAI

In the studies making use of the GLACE-CMIP5 experiments to un-
derstand the impacts of drought on climate, the drought effects areLAI effect is

important for both
BGC and BGP

often implicitly perceived as solely from the drier soil (e.g., Senevi-
ratne et al., 2013; Berg et al., 2016; Green et al., 2019) and even as the
response from vegetation is included, it is not quantified. In this study,
we separate the direct and LAI effects and quantify the contribution
from the LAI effect. For the carbon budgets, the contribution of LAI
effect on NEP reduction during 2071–2085 is 35% of the combined
drought effects. As the combined drought effects induce 40% of NEP
reduction compared with the 1971–2000 value, the LAI effect alone
is able to reduce about 14% of the natural carbon uptake. Across
the composition of NEP (GPP, Ra, NPP, and Rs), the ratios of the
magnitude of the direct to LAI effects are different, ranging from 0.2
for Ra, to 4.4 for Rs. Therefore, studies on the mechanisms of all the
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underlying variables are necessary for further process understanding.
For the biogeophysical effects, the contribution of the LAI effect on
increasing surface temperature is 12%. Although the contribution of
the LAI effect is smaller in biogeophysical effects, we note that the
magnitude of surface warming due to drought effects (∼ 0.7K) is close
to the magnitude of the warming induced in a total-deforestation
scenario of the Amazon forests (Lejeune et al., 2015), which is not
trivial. Therefore, for both the biogeochemical and biogeophysical
effects, the contribution of the LAI effect is important and should be
carefully considered in the models.

The experimental setup in this study enables quantification of both
model uncertainty and the uncertainly arising from the internal vari- Comparison between

model uncertainty
and internal
variability

ability. Comparison of the results between the standard and modified
JSBACH gives the model uncertainty, which is associated with differ-
ent ways of simulating a physical process (in this study the formu-
lation of LAI and leaf litter production), and the internal variability
is given by the spread of results among the five ensemble members.
For the process uncertainty, as the carbon budgets are simulated quite
differently in the standard and modified JSBACH (Fig. 3.11), for bio-
geochemical effects the model uncertainty due to the formulation of
LAI and leaf litter production is large. The sign of change in NPP
and Rs from the LAI effect are different between the standard and
modified JSBACH, which is caused solely by modifying the LAI and
leaf litter formulation, indicating that having a better LAI response to
water stress can be equally important as having better formulations of
the respiration fluxes themselves. For the biogeophysical effects, the
differences between the standard and modified JSBACH are smaller
(Fig. 3.12), indicating that the process uncertainty is smaller. For the
internal variability, except for the NEP, the carbon budgets generally
have smaller uncertainties. As the biogeophysical effects are more
subject to climate variability, some of the biogeophysical variables
have large uncertainties, such as the surface net solar radiation, pre-
cipitation, and PET. To sum up, for the biogeochemical effects, the
model uncertainty is larger than internal variability, while for the
biogeophysical effects the model uncertainty and internal variability
is often of the similar magnitude.

Another difference between the biogeochemical and biogeophysical
effects is that while the spatial patterns of biogeochemical effects are BGP effects can be

non-localmore homogeneous, a pattern of north-south dipole exists in some
biogeophysical variables such as precipitation and aridity. Some stud-
ies have argued consistent drying over the Amazon forests as the
precipitation consists of high amount of recycled moisture (e.g., Zemp
et al., 2017). However, a whole-basin reduction in precipitation due
to soil drying is not supported by the results in this study. Instead, a
meridional dipole of increase in the north and decrease in the south
is simulated, which indicates a redistribution of precipitation and is
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dominated by dynamical feedback. A redistribution in precipitation is
also found in several model simulations conducted on deforestation
scenarios (Lejeune et al., 2015). Reduced precipitation over wetter soil
in the Amazon forests has also been simulated by previous studies
with different models (Harper et al., 2014; Lin et al., 2015), indicat-
ing that ET is not the sole factor determining precipitation in this
region and that dynamical mechanisms are important in determining
precipitation response.

A globally enhanced aridity due to soil drying has been predicted
by previous studies (e.g., Berg et al., 2016). In our results a consistentAridity reduced in

the north and
increased in the

south

enhanced aridity due to drought is not found over the whole Amazon
forests. Instead, the aridity change due to drought follows the pattern
of precipitation change. The aridity is reduced in the Northern Ama-
zon and an enhancement is only found in the Southern Amazon. Since
the Southern Amazon may be subject to a tipping point of drastic
vegetation shift (e.g., Nobre et al., 2016; Fearnside, 2018), a rainfall
reduction and aridity enhancement over the Southern Amazon may
further endanger the vegetation there in the future.

3.5 conclusions

In this chapter, a series of coupled land-atmosphere simulations are
conducted, in order to separate the direct and LAI drought effects
under future RCP8.5 climate. The direct effect of drought refers to the
climatic effect caused solely by soil drying and stomatal responses
of plants, while the LAI effect of drought is the effect caused by the
reduction of LAI because of drier soil.

With the configuration of this study, which does not include nutri-
ent limitation, disturbances (wind-break and fires), vegetation cover
change (both natural and anthropohenic), the natural carbon sink of
the Amazon forests (net ecosystem productivity; NEP) will still be
growing throughout the 21st century. Although without significant
trends, the direct and LAI drought effects are at the same order of
magnitude as the carbon sink, indicating that the drought effects are
able to cancel out an important portion of the carbon sink. For all
other carbon budget components, the greenhouse gas (GHG) forcing
is causing positive trends, while the drought effects always have dif-
ferent signs as the GHG forcing and have trends of getting stronger,
which acts to cancel out the effect of GHG foring.

The results of separating the direct and LAI effects shows that
the LAI effect is nonnegligible for both the biogeochemical and bio-
geophysical effects. Generally, the LAI effect plays larger roles in
biogeochemical effects than in biogeophysical effects. By the end of
the 21st century (2071–2085), the contribution of the LAI effect relative
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to the combined direct and LAI drought effects in reducing natural
carbon uptake is 35%. For increasing the surface temperature, the
contribution is 12%.

The same set of experiments are conducted with both the stan-
dard and modified JSBACH. Comparing the simulations between the
two versions shows that for the biogeochemical effects, the model
uncertainty associated with the formulation of LAI and leaf litter pro-
duction is large. The direct and LAI drought effects on carbon budget
components can be very different between the two versions. For the
biogeophysical effects, the standard and modified JSBACH are more
consistent. Therefore studies with the GLACE-CMIP5 experiments on
biogeophysical effects are subject to less uncertainties from the poor
representation of vegetation drought responses, while large uncertain-
ties and biases exist in the predictions of future carbon budgets by
current vegetation models (e.g. in Green et al., 2019). To address the
question, better strategy in modeling leaf phenology including more
mechanically-based or data-driven approach as implemented in this
study should be adopted.





4
M O D E L I N G D R O U G H T- I N D U C E D T R E E M O RTA L I T Y
A N D I T S I M PA C T S U N D E R F U T U R E C L I M AT E

4.1 introduction

Following the past few decades of climate change, it has been found
that at least some of largest forests in the world have already expe- Evidences of

increasing drought
mortality

rienced the drought and heat stress and have been responding with
enhanced tree mortality. The pattern is across different climate regimes
globally, even includes places which are usually not considered water-
limited (Allen et al., 2010). Records from multiple long-term monitor-
ing plots across the Amazonia were used to assess forest response to
the 2005 drought. It was found that the long-term carbon sink before
2005 was reversed. The total impact from the drought was 1.2 to 1.6
Pg 1(Phillips et al., 2009). Using data from more than 100 monitoring
plots in both Amazonia and Borneo, it is shown that larger trees are
more at risk of drought. In Amazonia, trees with low wood density
are also more at risk of drought-enhanced mortality, independent of
the sizes. Evidences also exist that the impacts from drought might
be lagged for several years (Phillips et al., 2010). Drought-enhanced
mortality has also been observed in the TFE experiments, where tree
mortality increased after two years of experiment, and the mortality
enhancement was more prominent for larger trees, which store more
carbon (Nepstad et al., 2007). Therefore, it is important to understand
the mechanism under the enhancement of tree mortality.

There are several drivers for the increasing tree mortality at the
moist tropical forests, include rising temperature and vapor pres- Drivers of tree

mortalitysure deficit (VPD), liana abundance, wind events and fire. The CO2

fertilization is also likely to drive the increasing mortality via stand
thinning or acceleration of tree growth to reach the larger but more
vulnerable heights (Mcdowell et al., 2018). Among these drivers, the
rising temperature and VPD as well as fire are related to droughts.
Drought-enhanced tree mortality is not caused by a single process. At
the individual tree level, the most important mechanisms for drought
mortality include hydraulic failure and carbon starvation (Choat et al.,
2018).

Hydraulic failure indicates that, as soil moisture is too low or the
atmospheric evaporative demand is too large, the tension in the xylem Hydraulic failure

becomes higher. The high xylem tension creates air bubbles in the

1 petagrams; 1 Pg = 1015 g.
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xylem (a phenomenon called embolism or cavitation), which block the
water transport from roots to leaves. The hydraulic failure hypothesis
states that the cavitation is responsible for tree death due to drought.

On the other hand, the carbon starvation hypothesis states that
during extreme drought, as the stomata are closed and photosynthesisCarbon starvation

is lowered, carbon supply is reduced and plants will start to consume
the stored carbohydrate. When both the supply and storage is not
able to meet the demand of maintenance, tree death is also likely to
happen.

Both of hydraulic failure and carbon starvation have been shown
able to predict drought mortality, and an interdependence between theBiotic attacks and

fires two is likely to exist. In addition, the biotic attacks are also responsible
for tree mortality. However, it should not be separated from other
factors. It should be viewed that under drought conditions, the resis-
tance of trees to biotic attacks is lowered through the aforementioned
mechanisms, such that the biotic attacks are easier to cause tree deaths
(Mcdowell et al., 2013). Under drought conditions, more litterfall is
produced by the trees, which is the fuel for fire. Meanwhile, as the
atmosphere is drier, the fire occurrence is also increased, which cause
tree deaths as well.

In order to predict drought with models, several metrics have been
proposed. For example, the Climatic Water Deficit (CWD) has been
applied in temperate trees and shown to have good predictability.Methods to predict

mortality CWD is defined as the difference between water demand and supply
of plants. As the plant water demand is determined by the atmospheric
water demand, it can be represented by Potential Evapotranspiration
(PET). The plant water supply is determined by available water in soil
and plant physiology, which can be represented by evapotranspiration
(ET). In previous studies (e.g., Anderegg et al., 2015), the CWD was
applied to Populus tremuloides2 to assess whether the mortality is
increased when CWD is large. When applied to the measurement
in southwestern United States, a threshold of CWD above which
an apparent increase in tree mortality is found. Another proposed
candidate to simulate drought is the growth efficiency, defined as the
stemwood growth per individual leaf area (Mcdowell et al., 2018).
Some metrics have also been proposed for the purpose of detection
and early-warning of tree mortality. For example, an equation based
on the non-photosynthetically active vegetation (NPV), which can be
broadly defined as senescent leaves, bark, snags, and coarse woody
debris, was constructed with mortality after the drought in 2002 in
southwestern United States and then applied to predict the mortality
after the drought in 2012. When examined on the drought in the

2 Commonly known as quaking aspen or American aspen, a native deciduous tree
widely distributed in North America.
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Amazon, the results were also promising (Huang and Anderegg, 2012;
Anderegg et al., 2019).

As few models have incorporated a drought mortality, the mortality
under future climate has not been well-studied. In this chapter, we
implement the drought-enhanced mortality to JSBACH, with an em-
pirical formulation based on the plant available soil water. We force
JSBACH with the climate under RCP8.5 scenatio and investigate the
impacts of drought mortality on the carbon budgets in the Amazon.

4.2 methods

4.2.1 Implementation of drought mortality

An empirical equation based on the TFE experiments at both TAP and
CAX is proposed in Meir et al., 2015, which is based on the availability
of soil moisture for the plants.

The availability of soil moisture is expressed via relative extractable
water (REW), which is the fraction of the maximum plant available wa-
ter (PAWmax), and PAWmax is the available soil moisture between field
capacity (θfc, typically -33 kPa) and wilting point (θwp, typically -1500

kPa). However, the determination of exact θfc and θwp is difficult. It is
therefore common to set θfc as the maximum of observed volumetric
soil water content, and θwp as the minimum of observed volumetric
soil water. In this way, the REW can be estimated via:

REW =
θ − θmin

θmax − θmin
(4.1)

where θ is the volumetric soil water content; θmin is the minimum
volumetric soil water content; θmax is the maximum volumetric soil
water content.

In Meir et al., 2015, a piece-wise linear regression is carried out
to the observed REW and mortality at the TFE experiments at TAP
and CAX, and it is shown that when REW is lower than 0.51, the tree
mortality starts to increase significantly.

In JSBACH, vegetation carbon is separated into green pool, wood
pool and reserve pool. Woody parts of plants compose the wood pool.
Carbon is removed from the wood pool according to a turnover time,
in order to represent the background mortality. The dynamics of the
wood pool is as follows:

dCW

dt
= NPP.W − CW

τW
, (4.2)

where CW is wood pool size, NPP.W is NPP allocated to wood pool,
and τW is the wood turnover time.
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In the standard JSBACH, τW is fixed to be 30 years. Therefore,
woody part of trees are removed from the wood pool at a constant
rate and independent of water stress.

To implement a drought-enhanced mortality, we modify the turnover
time of wood pool in response to REW. The turnover time is kept un-
changed when REW is larger than 0.51, and is reduced (corresponding
to more removal of carbon from the wood pool) when the REW is
lower than 0.51. The advantage of modifying the turnover time of
wood pool to remove carbon from vegetation is that, in the regrowth
scheme, when the total biomass is reduced, the maximum LAI and
thereby the LAI are reduced.

4.2.2 Evaluation at TFE site at TAP

To evaluate the influences of the implemented drought mortality on
LAI and litter production, we conduct the site-level experiment at
TAP as in Chapter 2. A detailed comparison of the results between
the leaf shedding version (called the modified JSBACH and used in
Chapter 2 and 3) and the drought mortality version of JSBACH is
provided in Table 4.1. Note that to account for the effects of drought
mortality in the observation, now at the EXP plot data from all years
are used for comparison, instead of only the first two years as done
in Chapter 2. The LAI at CTR plot is not significantly improved:
The bias and CRMSD is reduced and dSDev is increased, but the
correlation is still insignificant. However, at the EXP plot the CRMSD
and correlation are both improved. Although the bias and dSDev are
slightly larger, we note that the leaf shedding version has performed
nearly perfect for the two terms (bias = 0.001 and dSDev = 0.000
respectively). Although the litter production is not improved, it is also
not significantly worse than the leaf shedding version. We therefore
conclude that the comparisons against the TFE experiments at TAP
lend us additional support to the applicability of the implemented
empirical formulation of drought mortality.

4.2.3 Simulation protocol

In this chapter, offline (land-only) simulations are conducted. With
the atmosphere only as forcing but not interactive, the land and the
atmosphere are decoupled. However, as the focus is on the effect
of drought mortality on carbon budgets, the influence from land-
atmosphere interaction is for now ignored.

The spatial resolution is T63 (ca. 200 km). The simulated region
is limited to the Amazon region. The atmospheric variables output
by ECHAM from the experiments in Chapter 3 are used to force the
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Table 4.1: Comparison between LFSD (leaf shedding version) and MORT
(both leaf shedding and mortality) of JSBACH at TAP, including
simulated bias, differences of standard deviation (dSDev) between
simulation and observation, centered root-mean-square deviation
(CRMSD), and correlation coefficient with observation (CCoef). At
both CTR and EXP plot, data from all years are used for calculation.
Values in bold indicates the respective model version performs
better than its counterpart. Values in italic indicates the correlation
is insignificant (p > 0.1).

Variable Plot Version Bias dSDev CRMSD CCoef

LAI CTR LFSD 0.225 −0.299 0.628 −0.015

MORT 0.187 −0.305 0.621 0.003

EXP LFSD 0.001 0.000 0.399 0.720

MORT −0.194 −0.004 0.357 0.774

Leaf litter CTR LFSD −0.080a −0.031a 0.087a 0.655a

MORT 0.135a 0.053a 0.127a 0.655a

EXP LFSD 0.019a −0.037a 0.110 0.485a

MORT 0.292a 0.052a 0.157a 0.484a

LFSD: Leaf shedding

MORT: Leaf shedding + Mortality
acalculated with a lag of 90 days for the simulations

JSBACH. The pre-industrial forcing is used to drive JSBACH until the
humus in the soil reaches equilibrium. Then, the model is run with
historical forcing from 1852 to 2014. From 2015 on, the model is forced
with the climate under RCP8.5 scenario.

The experiments are carried out with different versions of JSBACH.
The first experiment is conducted with the standard JSBACH, which
is without the improved leaf shedding and litter production (hereafter
STND); the second is conducted with the modified JSBACH, which is
with the improved leaf shedding and litter production, as described
in Chapter 2 (hereafter LFSD); the final experiment is conducted with
the version in which both the drought mortality, the improved leaf
shedding and litter production are implemented (hereafter MORT).

4.3 results

The precipitation over the Amazon region of both the historical period
(1852–2014) and future scenario is shown in Fig. 4.1. During the histor- Precipitation of

historical and future
(RCP8.5) periods

ical period, a positive trend of precipitation exists in spite of the large
interannual variability. On the contrary, there is no significant trend
under future climate. The mean state is lower and the interannual
variability is higher under RCP8.5 compared with the historical period,
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in agreement with results from previous studies that precipitation in
the Amazon will be reduced and become more extreme in the future.

Figure 4.1: Precipitation over the Amazon from 1852 to 2014 (top)and from
2015 to 2085 under RCP8.5 (bottom). Note that a positive trend
exists for the historical period (1852–2014), but not for the future
scenario.

The vegetation carbon simulated in the pre-industrial spin-up is
shown in Fig. 4.2 (Top). The equilibrium states are different for theVegetation carbon in

spin-up and
historical periods

three model versions, with STND slightly higher than LFSD and
MORT being especially lower than the others. The vegetation carbon
simulated during the historical period is shown in Fig. 4.2 (Mid).
Interestingly, the vegetation carbon simulated by LFSD surpasses
STND in 1960s, while MORT remains low compared with the others.
The LAI of LFSD also surpasses STND (Fig. 4.2, Bot), but only during
a few decades later than 1960s, indicating that LAI is not the primary
reason of why LFSD has higher vegetation carbon than STND. Both
LAI and litter production (representing growth and carbon removal
from plants respectively) play roles in determining the time when
LFSD has more vegetation carbon than STND.

To understand whether JSBACH captures the trend of biomass
growth during the historical period, we compare the simulations with
the large set of biomass measurement data in the Amazon forestsComparisons of

productivity and
mortality to the

observation

(Brienen et al., 2015). Fig. 4.3 shows the comparison of productiv-
ity, biomass mortality and annual biomass change, respectively. An
increasing trend in productivity is found in the observation, and
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Figure 4.2: Comparisons of total vegetation carbon between the simulations
of the (Top) spin-up and (Mid) historical period; (Bot) Compar-
isons of LAI between the simulations of the historical period.

the trend is captured in all model versions. All model versions have
medium to high correlation with the observation, with MORT having
the highest correlation (r = 0.786). For the biomass mortality, the
observation has a significant increasing trend, which is also captured
by all model versions with MORT having the closest slope to the
observation. However, the correlation between model simulation and
observation is only signigicant for STND and LFSD (r = 0.427 and
r = 0.520 respectively). The annual change of vegetation carbon, cal-
culated as the difference between productivity and biomass mortality,
shows a decreasing trend, indicating a saturation of biomass growth.
However, none of the model versions capture the trend, and none of
the model versions correlate with observation significantly.

Additionally, to understand the ability of JSBACH simulating the
spatial pattern of biomass distribution in the Amazon forests, the Spatial distribution

of AGBsimulations are compared with a gridded data of the aboveground
biomass in the Amazon (Saatchi et al., 2007). Fig. 4.4 shows the spatial
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Figure 4.3: Comparisons between observation from Brienen et al., 2015 and
the simulations.

patterns of the observation-based estimate and the simulations of the
biomass in the Amazon. The AGB is simulated with low biases in all
model versions. We note that only MORT captures better the contrast
between the Northern and Southern Amazon (the black boxes in Fig.
4.4), while both STND and LFSD simulate the biomass homogeneously
with less spatial variability compared to the observation.

The comparison of the model results under future climate is shown
in Fig. 4.5. To eliminate the influence of the different mean states atComparisons under

future climate the beginning of RCP8.5 runs, the y-axes of MORT on the figures are
shifted. Both STND and LFSD has exponential growth throughout the
21st century. However, for MORT, a linear growth exists only until the
2050s. After the 2050s, the vegetation carbon stays at the same level
without a clear trend. Due to the hiatus, the vegetation carbon growth
throughout the simulation period of MORT is only about 36% of LFSD.
The reduced vegetation carbon of 3.75 kg/m2 corresponds to a basin
reduction of 26.9 Pg, which is roughly 20 times of the impact from
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Figure 4.4: Comparisons of biomass map pattern from (a) observation
(Saatchi et al., 2007), (b) STND, (c) LFSD, and (d) MORT. Note
that the colorbars are different among figures. The black boxes
indicate the Northern and Southern Amazon, and the red box is
northwestern Amazon, as defined in Yin et al., 2013.

the drought in 2005
3. To understand the cause of the difference in

vegetation after the 2050s, we look into the time evolution of NPP (Fig.
4.5, Bot). For all model versions, positive trends exist throughout the
simulation period. For MORT, although the slope of trend is smaller
compared with STND and LFSD, a similar hiatus as in vegetation
carbon does not exist. Therefore, the difference in vegetation carbon
growth between MORT and the others is caused not by their difference
in NPP, but from the difference in mortality, which removes carbon
from the plants and is higher for MORT than the others.

Fig. 4.6 shows the difference of vegetation carbon between 2015

and 2085 in the three simulations. The patterns of STND and LFSD
are similar, with a homogeneous increase over both the Northern
and Southern Amazon. In contrast, the pattern of MORT shows large

3 The drought impact on biomass was estimated to be 1.2 to 1.6 Pg in Phillips et al.,
2009.
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Figure 4.5: Comparisons between models of (Upper) vegetation carbon and
(Lower) net primary production (NPP). Note that MORT has a
shifted y-axis as shown at the right hand side (red).

heterogeneity, with the largest increase over the northwestern Amazon
and only zero to slightly increase over the Southern Amazon.

Figure 4.6: Comparison of the difference in vegetation carbon between 2015

and 2085. (Left) STND (Mid) LFSD (Right) MORT.

4.4 discussions and conclusions

In this chapter, we implemented a drought-enhanced tree mortality
to JSBACH based on an empirical formulation proposed in Meir
et al., 2015. The formulation is derived from the results at the two
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TFE experiment sites in the Amazon, and is based on the relative
extractable water (REW) of soil, which aims to represent the portion
of soil water which is accessible for plants.

First, we conducted site-level simulation at the TFE experiment
at TAP and compared the results from the model version with leaf
shedding (LFSD) and with both leaf shedding and mortality (MORT).
The results showed that MORT is able to simulate the LAI at EXP plot
slightly better than LFSD, providing support for the applicability of
the implemented drought mortality to JSBACH.

To estimate the impacts of drought mortality under future climate,
we conducted land-only experiments under the business-as-usual
RCP8.5 scenario with three model versions: STND (the standard ver-
sion), LFSD (leaf shedding), and MORT (both leaf shedding and
mortality). The simulated mean state of LAI and vegetation carbon of
MORT in present day is significantly lower than STND and LFSD, and
all of the three versions simulate low biases in aboveground biomass
(AGB) compared with the observation. The vegetation carbon simu-
lated by LFSD has been lower than STND for the whole spin-up and
historical period until the 1960s, and surpasses STND after then, which
is in agreement with our conclusion in Chapter 2 that the standard
JSBACH might overestimate drought responses when the mean state
is drier.

Despite the large biases in AGB, when comparing the simulated
annual productivity and biomass mortality (as the carbon sink and
source respectively) with the observation, the magnitudes of the simu-
lations are close to the observation. Among the model versions, LFSD
and MORT are better than STND to reproduce the trend and variabil-
ity of both productivity and mortality during the late 20th century,
although the net change of biomass is less certain. When compared
with the biomass intensity map in the Amazon, MORT is the only
model version able to simulate the pattern of more abundant biomass
in the Northern Amazon, while STND and LFSD both simulate a
homogeneous pattern across the Amazon, which is not seen in the
observation.

Finally, the results under future climate showed that for MORT,
the vegetation carbon is saturated and remain in hiatus after the
2050s. The vegetation carbon growth throughout the 21st century
is largely reduced compared with other version, which is only 36%
of LFSD. The impact on stored carbon is roughly 20 times of the
impacts from the drought in 2005. The saturation is more prominent
over Southern and northeastern Amazon and it is not induced by
reduction in productivity, which has significant trends for all three
model versions, but rather by the biomass removal due to drought
mortality.
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C O N C L U S I O N S A N D O U T L O O K S

5.1 conclusions

In this thesis, we study the impact of forest drought response on
land-atmosphere interactions, with a focus on the Amazon rainforests.

The Amazon forests are the largest rainforests and carbon reservoirs
of the world. The Amazon forests also play important roles in regional
climate as a lot of evapotranspiration is generated at the Amazon
forests and then recycled as precipitation. The Amazon region is
however predicted to experience more meteorological drought in the
future, with a decreased mean state of precipitation and increased
seasonal variability.

Previous studies have shown that current vegetation models are
poor in capturing vegetation drought responses in the Amazon forests.
As the land surface model JSBACH is an important member contribut-
ing to various model intercomparison projects both in land-only and
coupled configuration, an evaluation on and improvement to JSBACH
in simulating vegetation drought responses in the Amazon forests can
not only help bridge the gaps between models and observations, but
also provide insights for the modeling community. Specifically, we
have answered the following questions, which have been raised in
Chapter 1.

1.1 Is JSBACH able to capture the drought response in the Ama-
zon? (Chapter 2)

• No. JSBACH can not reproduce either the LAI or litter pro-
duction as observed in the field campaign of artificial drought
experiment conducted in the Amazon forest.

• For the LAI, JSBACH has a threshold behavior, which consists
of two stages of responses. At first, the LAI is kept at a constant
value when the soil moisture is above a threshold. When the
soil moisture drops below the threshold, the LAI declines too
fast with a unrealistically steep slope. When the soil moisture
recovers above the threshold again, the regrowth of LAI is also
too fast.

• For the litter production, the simulations of JSBACH have sys-
tematic low biases. The litter production is at a rate close to zero

69
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for most time of the year, and has intermittent pulse-like jumps
to extreme values.

1.2 If not, what are the missing processes in the model, and how to
improve the model?

• In the standard JSBACH, in order to have a low seasonal variabil-
ity, a threshold value of soil moisture is assumed. Meanwhile, to
account for LAI reduction when soil moisture falls to extreme
low value, a steep slope is assigned to the LAI-soil moisture
relationship. However, this disagrees with the LAI observation,
which has a mild seasonality and mild response to drought
before mortality is increased.

• As can be seen from the seasonality of LAI and carbon fluxes
of the Amazon forests, the canopy growth is not only limited
by available water, but also controlled by the carbon allocation
to leaves, which is in turn determined by allocation strategy of
the plants and available radiation input for photosynthesis. It is
through the canopy that the water, energy and carbon budgets
are coupled together and affects the land-atmosphere interaction.
However, the interaction is now partially missing in JSBACH.

• To improve the model, a dependence of leaf growth rate on NPP
allocation to leaves is implemented, and the leaf shedding rate
is separated into two components representing leaf aging and
leaf shedding due to water stress respectively. The intensive data
from artificial drought experiments are used to tune the model.

• The implications for future model development include:

– The canopy growth (LAI growth) should be coupled with
the plant production or carbon allocation to the canopy,
in order to simulate the seasonality of LAI and correctly
incorporate the interaction between climate and vegetation
growth.

– Drought responses of different scales should be modeled
at the respective scale. A reduction of canopy cover due
to enhanced tree mortality should not be compensated
with an overestimated leaf shedding rate as in the standard
JSBACH.

– The results reached by tuning against the intensive data
from field campaign is promising. Therefore, when more
mechanistically-based method is not available, a data-driven
method as done in this study should be adopted.

2.1 What are the contributions of vegetation drought responses to
the biogeochemical and biogeophysical drought effects under
future climate? (Chapter 3)



5.1 conclusions 71

• In terms of the biogeochemical effects, the LAI effect contributes
to reductions in all carbon budget components, including GPP,
Ra, NPP, Rs and NEP. The relative importances compared with
the direct effect are different. The LAI effect is smaller than the
direct effect, except for Ra, where the contribution from LAI
effect is much stronger than from direct effect. For the reduction
in natural carbon uptake (NEP), the magnitude of the LAI effect
is 35% compared to the total drought effects.

• In terms of the biogeophysical effects, the contributions from
the LAI effect is proportionally smaller than the direct effect,
except for the bare soil evaporation, where the contribution from
the LAI effect is negligible. The land-atmosphere interaction
acts to amplify the warming through a reduction in low cloud
cover and an increase in net surface solar radiation. The surface
temperature is increased by the drought effects. The magnitude
of warming induced by the LAI effect is 12% compared to the
total drought effects.

2.2 How large is the uncertainty associated with the poor represen-
tation of vegetation response?

• For the carbon budgets, the model uncertainty associated the
formulation of LAI and litter production is large, and much
larger than the uncertainty related to internal variability. The
poor representation of vegetation drought response therefore
produces large uncertainties in the estimates of drought on
carbon budgets such as (Green et al., 2019).

• For the biogeophysical effects, the model uncertainty is compara-
ble to the uncertainty related to internal variability. However, in
contrast to previous studies, the aridity in the Amazon forests is
found to be determined by the pattern of change in precipitation,
which corresponds to an increase in the Northern Amazon and
a decrease in the Southern Amazon.

3.1 Does an inclusion of drought mortality in JSBACH improve the
model? (Chapter 4)

• Yes. Compared to the standard JSBACH (STND), the versions
with modified leaf shedding and litter production (LFSD, as
used in Chapter 3) and drought mortality (MORT) are better
in capturing the trend of biomass productivity and biomass
mortality during the 1983 to 2010.

• The spatial pattern of aboveground biomas (AGB) in the Amazon
basin, which is the highest in central Amazonia and roughly half
over the southern part of basin, is captured only in MORT, in
which the drought mortality is implemented.
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3.2 What are the impacts of drought-enhanced tree mortality on
carbon budgets under future climate?

• With the drought mortality, the vegetation carbon growth from
during the 21st century is only 36%. The impact of drought
mortality on biomass is 20 times of the impact on biomass of the
drought in 2005.

• The fact that the vegetation carbon simulated by the model ver-
sion with improved leaf shedding surpass the standard JSBACH
is in agreement to our assumption in Chapter 2, which states
that the standard JSBACH is likely to overestimate the drought
responses.

5.2 outlooks

While in this study, we have answered the research questions con-
cerning the vegetation drought responses in the Amazon forest, some
related questions remain to be addressed. In the following, some fur-
ther questions and recommendations for future studies are discussed.

Tropical forests outside of Amazon rainforests

Aside from the Amazon rainforests, large areas of rainforests are also
located in Congo Basin and Southeast Asia. Although an increasing
trend of drought will not necessarily happen in these forests, the
deforestation is a common threat. For example, deforestation has also
been increasing quickly in Borneo and Sumatra. While the biogeo-
chemical functions of the forests in terms of carbon storage are similar,
their roles in the regional climate might be different. For example,
the responses of rainforests in Congo Basin and Southeast Asia to
drought and deforestation might be different from the Amazon. It has
been shown that the resilience to drought in Borneo has also been
shown to be lower from in the Amazon (Phillips et al., 2010). The
results obtained in this study therefore are not applicable to the rest
of tropical rainforests. More ground-based observations on the effects
of drought and deforestation as well as modeling studies are needed
to help enhance our understanding at the regions.

Improving seasonality of LAI and carbon fluxes

While we have largely improved the biases and correlation of LAI
at the drought plot in the TFE experiment, we note that the litter
production is simulated still with a lag of phase of about 90 days. The
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correlation at the control plot is also not as good as at the drought
plot. Although in this study, the seasonal variability was not discussed
in detail as we focused on the long term effect, better simulations
of seasonality might be important for short-term and regional scale
study. Previous studies have proposed some methods to improve the
issue. For example, distinguishing new leaves and old leaves might
be helpful, as the photosynthetic capacities of the two are different.
A change of allocation strategy between root and canopy due to
seasonal drought or episodic drought is also likely to affect the canopy
seasonality. More model-data comparisons should be conducted in
order to address this issue.

Inclusion of a mechanistically-based mortality

The results in Chapter 4 indicated a large reduction of natural car-
bon sink due to drought mortality. However, several uncertainties
exist in our simulations. We note that as the mortality formulation
implemented is empirical and based on the results from the TFE ex-
periments under current climate and without full mechanical basis,
the threshold is likely only with limited representativeness. Under
drought condition in the future, the temperature above the canopy
will become higher, resulting in higher VPD, which is not created
in the TFE experiments. Uncertainties therefore exist in the results
from the REW-based drought mortality. In addition, the strength of
the land-atmosphere interaction was fixed as the simulation is offline
without an interactive atmosphere. The fact that vegetation carbon is
underestimated in MORT also indicates that the drought mortality is
too strong in the formulation, and the response of natural carbon sink
to future drought in reality therefore should lie somewhere between
LFSD and MORT. Several models have implemented plant hydraulic,
and promising results have been obtained (Kennedy et al., 2019; De
Kauwe et al., 2020). Therefore, enhancement of representation in both
hydrology and plant hydraulics should be considered in future model
development of JSBACH.





A
A P P E N D I X T O C H A P T E R 3

a.1 the drought effects outside the amazon

When we take the difference between the output of 21sm-20L and
20sm-20L, as the prescription of LAI and soil moisture is for every
grid point, for each grid point on the map, the effect comes from the
sum of local effect and the nonlocal effect of the rest of the world.

We have conducted another simulation, where only the LAI and
soil moisture over the South America are prescribed. In this set of
simulations, for the grid points in South America, there are only effects
locally from South America; for grid points outside South America,
the effects are from South America.

Taking the differences between the two set of experiments therefore
can give us an estimate on the magnitudes of nonlocal effects. For
example, looking at South America gives us the remote effects of
drying elsewhere on South America. An example of comparison of
the two experiment sets is shown in Fig. A.1. As the patterns and
magnitudes over the South America at the upper and lower panels
are similar, we conclude that the remote effects from outside of South
America is small.
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Figure A.1: Precipitation from the direct effect in (Upper) globally prescribed
and (Lower) only South America prescribed experiments.



B
A P P E N D I X T O C H A P T E R 4

b.1 alternatives for implementing drought mortality

In this section, we test several metrics, which do not utilize an explicit
plant hydraulics, to find out the suitable candidates to implement
to the JSBACH in order to estimate the future impacts of drought-
enhanced mortality in the Amazon forests.

Climatic water deficit

CWD is the cumulative difference between PET and actual ET. We test
if a threshold of CWD for tree mortality also applies to the tropical
forests in the Amazon. To calculate the CWD in the Amazon, both
the PET and ET are required. The PET and ET data is from Moderate
Resolution Imaging Spectroradiometer (MODIS) (MOD16A2) data. The
resolution is 0.05 degree. The mortality data is from the measurement
on biomass from 321 plots over three decades in the Amazon forests
(Brienen et al., 2015). The relations between CWD and mortality at
various plots in the Amazon are shown in Fig. B.1. In contrast to
the results from the previous study, there is no clear threshold in
CWD for mortality. Moreover, the mortality does not increase with
increasing CWD either. In Fig. B.1, the period for CWD accumulation
is 12 months. However, the results do not change when the CWD is
accumulated for 24 or 36 months (not shown). We therefore conclude
that the CWD threshold does not apply at the tropical forests.

Figure B.1: Climatic water deficit (CWD) accumulated with 12 months. The
mortality data is from Brienen et al., 2015. X-axis: CWD; Y-axis:
biomass mortality.
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Growth efficiency

Growth efficiency, defined as the stemwood growth per individual leaf
area, is a common current method for mortality (Mcdowell et al., 2018).
The growth efficiency simulated by JSBACH is shown in Fig. B.2. As
can be seen, the JSBACH simulates an increase in growth efficiency
instead of a decrease. The growth efficiency is therefore not suitable
for predicting mortality in JSBACH.

Figure B.2: (Upper) Soil moisture and (Lower) growth efficiency at both con-
trol (CTR) and drought (EXP) plots as simulated by the modified
JSBACH.

b.2 methods

Comparison to Brienen et al., 2015 data

The wood productivity in models is calculated by multiplying total
NPP with 0.3.

The biomass mortality is calculated as the difference between the
annual wood productivity and the biomass in the woody part of
plants.

The change of biomass is calculated by directly taking differences
of the biomass of woody part between years.

Comparison to Saatchi et al., 2007 data

The biomass data from Saatchi et al., 2007 classifies the biomass into
11 categories. We convert the categories to the mean value of the
respective bins. For the bins of larger than 400 Mg/ha, we take 450
Mg/ha.

The AGB is calculated in models by multiplying the total vegetation
carbon with 0.7.



C
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The research has been conducted under the supervision of Prof. Dr.
Julia Pongratz and Dr. Kim Naudts, as well as input from other
colleagues. The first person plural is therefore chosen to present the
work.

Nevertheless, this thesis can mainly be viewed as a solitary work, as
substantial parts of the research ideas are developed by the author. In
addition, model development, data analysis and manuscript writing
are conducted by the author.
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