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1 Introduction

1.1 Motivation

The change of landcover has severe influence on the ecological configuration and
the climatic interaction between the land surface and the atmosphere (FEDDEMA
et al., 2005; FOLEY et al., 2005; ZHAO et al., 2001). Global change of the climate as
well as the change of spatial distribution and biotic occurrence of terrestrial ecosys-
tems pose a challenge to our generation (THUILLER, 2007). Biological diversity is
one of the most threatened features in global considerations (COLWELL et al., 2008,
BROOKS et al., 2006). A major task for mankind will be the preservation of the
sustainability of natural resources and biological diversity under these changing con-
ditions (NAIDOO et al., 2008; SALA et al., 2000). To bear this challenge not only
global action is required but also regional steps to gather more understanding of the
underlying processes and developing practical solutions.

The research unit ‘Biodiversity and Sustainable Management of a Megadiverse
Mountain Ecosystem in South Ecuador’ (FOR 816) funded by the German research
council (Deutsche Forschungsgemeinschaft, DFG) works in one of the hottest hotspots
of biodiversity of the world (BARTHLOTT et al., 2007; BRUMMITT & LUGHADHA,
2003; LIEDE-SCHUMANN & BRECKLE, 2008). For the last 10 years this research unit
and its predecessors have been investigating the biotic, abiotic and human interac-
tions to solve the problem of loss of sustainability due to landcover change forced
by the pressure of the local inhabitants on the environment (BECK et al., 2008a).

Fundamental knowledge about the geo-ecological processes in this tropical moun-
tain ecosystem is missing or is incomplete (BREHM et al., 2008a,b). Various field
experiments and research studies are carried out within the research unit FOR 816 to
close this gap in knowledge. Particularly, new land use strategies are developed and
investigated to provide the bases for a sustainable management and the conservation
the biodiversity (POHLE & GERIQUE, 2008; MAKESCHIN et al., 2008; WEBER et al.,
2008).

The use of models to investigate the interactions between the atmosphere and the
land surface are a sensible addition to other geo-ecological field studies and experi-
ments. Results of these models do not only provide spatial continuous abiotic data
to the ecologists for the investigation of interrelations but primarily help to ana-
lyze the whole processes within the ecologic system in regards to energy, water and
matter fluxes. Numeric models open up the possibility to investigate the potential
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changes in land cover without neither any interference on the actual landscape nor
testing new strategies for a sustainable management in a longer period of time.

1.2 Aims

Numerical models are capable to investigate the changes of the mentioned future
land cover changes and its response to climatic and hydrologic variability (see section
1.1). The chance to test numerously land use scenarios without interfering into
the real environment offers the possibility to investigate and evaluate the proposed
management strategies. In recent years global aspects of land cover change and
climate change were in focus of the scientific community (e.g. FEDDEMA et al.,
2005; BONAN, 2008; GIBBARD et al., 2005). To verify these global considerations
with field data on one hand some sort of downscaling has to be applied (e.g. SHIN
et al., 2006; MISRA et al., 2003; DRUYAN et al., 2002). On the other hand it is
possible to adapt the models to a regional scale with a finer resolution and less
generalized input parametrization.

The embedding of this work within the research unit FOR 816 opens up the pos-
sibility to access a lot of sophisticated field data gathered by the numerous subpro-
grams. This gives the unique chance to develop and test a regional adaption of a
state-of-the-art land model. One of the major hypotheses of the multidisciplinary
research unit is stated as follows:

Sustainable management of the pastures and a regional repastorization of
rangeland areas are possible which boost livelihood of the local popula-
tion, reduce the pressure on clearing natural forests and improve ecosys-
tem services at the landscape scale.

Water- and climate regulation are examples of ecosystem services (DE GROOT et al.,
2002) which are dependent on the specification of the environment. These ecosys-
tem services which are reflective of the energy and water fluxes, will be altered
under changing land use conditions and can be analyzed using soil-vegetation-
atmosphere-transfer (SVAT) schemes (FOLEY et al., 2005). The energy and water
fluxes should be calculated with the inclusion of a decided vegetation cover. The
used model setup has to be checked of its regional integrity. Underlying these gen-
eral considerations the central hypotheses of this study can be postulated as follows:
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H1: A continuous spatial delineation of land use classes based on ecological-
functional field studies can be mapped in a subpixel accuracy from medium
space-resolved satellite data.

H2: Gradual changes in the composition of vegetation, its morphological, op-
tical and physiological behavior do not have influence on the energy and
water fluxes estimated in a SVAT model.

H 3: Clusters of species with similar plant optical properties reflect ecologically
derived vegetation types.

Following work packages (WP) are applied on the bases of the preliminary con-
siderations and to finally test the hypotheses as follows:

WP 1: Classification of Landsat Enhanced Thematic Mapper (ETM+) data
with a linear spectral unmixing approach (soft classification) to allow
subpixel accuracy. Spatial delineation of different vegetation classes to
be used as input parameter for the used SVAT model.

WP 2: Conduction of a sensitivity study of the PFT parameters of the used
SVAT scheme.

WP 3: Quantification of optical properties of species from all PFTs with a field
spectrometer. Comparison of clusters with similar optical characteristics
with ecological derived PFTs.

The single WPs assemble the supply of a regional model setup to investigate the
interactions between the soil, the vegetation and the atmosphere under changing
land cover conditions. The significant innovations in this context can be stated as
follows:

e soft classification of land cover using Landsat ETM+ data in rugged terrain,
e first found sensitivity study of the PF'T parameter of the used SVAT model,

e regional parametrization of the used SVAT model including the first found
regionalization of PFTs,

e operation of a field spectrometer to determine the reflectance and the trans-
mittance of rarely or even insufficiently investigated species from a tropical
mountain forest,

e determination of new values for the optical parameters of the used SVAT
model,

e contribution to the scientific discussion on the linkage of PF'Ts to remote sens-
ing data.
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Review and decision making of land

surface models; review of PFT concept Clrepiter 2

Spatial delineation of PFT; hard and soft

classification of satellite data Chapter 3

Sensitivity studie of PFT parameter;

analysis of significant traits CIELIE 2

Quantification of optical properties;

comparison with composition of PFTs Chapter 5

Summary and outlook; preliminary model
runs under changing conditions

R

Chapter 6

Figure 1.1: Outline of the presented work. Numbers in red refer to the single chapters of
this work

1.3 Study outline

The study outline is illustrated in figure 1.1. The introduction in this chapter is
completed with a short presentation of the study area (chapter 1.4). Chapter 2
gives an overview of the methodical approach. This comprises the evolution, the
principle characteristics and the decision making of SVAT models (chapter 2.1) as
well as a review of the concept of PFTs and their implementation in the study area
(chapter 2.2). The workflow of the single WPs is presented in chapter 2.3.

Chapter 3 introduces the spatial delineation of the PFTs in the study area from
Landsat data with 2 different classification algorithms and a analysis of their dif-
ferent impact on the use within the SVAT model. The sensitivity study of all PF'T
parameter is presented in chapter 4. The results of the sensitivity study are reflected
in the new quantification of optical properties (reflectance and transmittance) and
its relevance for the assigned PFTs (chapter 5).

Finally, chapter 6.1 summarizes the work and evaluates the central hypotheses.
Additional preliminary case studies and an outlook are given in chapter 6.2.
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Figure 1.2: The study area in South Ecuador. Altitudinal data from ETOPO5 (NATIONAL
OCEANIC AND ATMOSPHERIC ADMINISTRATION (NOAA), 1988), GTOPO30
(Earth Resources Observation and Science (EROS) Center) and the Shuttle
Radar Topography mission (SRTM, JARVIS et al., 2008)

1.4 Study Area

The study area of the research unit FOR 816 is situated in the Andes of southern
Ecuador (figure 1.2). Field studies are undertaken within the Reserva Biologica
San Francisco (RBSF). This protected area is maintained by the non-governmental
organization of Nature & Culture International which also maintains and provides
the central research facility Estacion Scientifica San Francisco (ECSF). The area is
located in the valley of the Rio San Francisco between the two provincial capitals
of Loja and Zamora. The altitude starts from 1800 m above sea level (asl) at the
valley floor and rises up to 3200 m asl at the Cerro del Consuelo. A comprehensive
overview of the whole study area is given by (BECK et al., 2008c).



1 Introduction

The perhumid climate of the valley is characterized with a strong altitudinal gradi-
ent in all relevant elements (windspeed, winddirection, incoming radiation, humidity,
precipitation and temperature). Seasonal variability in cloud cover and precipitation
is also found due to the unique position of the research area in the Andes between the
Amazonian lowlands and the Pacific coast. The distinct topographic features have
severe influence on the local climatic conditions as well (BENDIX et al., 2008b,a).

The rugged and steep terrain is dominated on one hand by natural mountain
rainforests superseded by Subparamo and Paramo vegetation in the higher altitudes
(HOMEIER et al., 2008). On the other hand anthropogenic replacement systems
mainly in the form of pastures, its successional stages and reforestration areas with
exotic trees (pines and eucalyptus) define the landscape (BECK et al., 2008b). The
pastures are dominated by Setaria sphacelata and are occasionally burnt in some
areas. Abandoned pasture areas are completely overgrown by the invasive southern
bracken fern Pteridium arachnoideum (HARTIG & BECK, 2003).

The model domain is set to a bigger area than the RBSF to cover the whole
catchment of the Rio San Francisco and adjacent valleys in which new settlement
activities are taken place. Human induced and natural landslides are a common
factor of disturbance to the ecosystem (BUSSMANN et al., 2008).

The vegetation in the research area is very heterogeneous. The natural forest
can be subdivided into 4 vegetation types by the means of botanical composition
and topographic features (hillside situation) (HOMEIER et al., 2008). Forest type I
dominates the valley bottom and major ravines from 1800 m up to 2200 m asl. Forest
type II is described as forest along ridges and upper slopes from approximately
1900 m to 2100 m asl. Forest Type IIT continues on the ridges and upper slopes from
2100m to 2250 masl. Forest type IV is monodominated by Purdiaea nutans and
stretches from 2250 m up to the timberline at around 2700 m asl. The Subpéramo is
dominated by shrubs also called evergreen elfin forest and rises from the timberline
up to approx. 3150 m asl.

An additional forest type is mentioned in an earlier description of the vegeta-
tion units. The type covers the forest in the ravines from 2100 m asl to 2700 m asl
but is merged to the corresponding forest types I-IV later (HOMEIER et al., 2002;
HOMEIER, 2004). Only chapter 3 still refers to the older classification.
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2 Conceptual Design

2.1 Land Surface Models

2.1.1 The Role of Land Surface Models

The terms Land surface models (LSM) and soil-vegetation-atmosphere-transfer (SVAT)
schemes are often used synonymously. A clearly separated functionality is not ob-
served but LSM may look beyond the surface coverage concerning anthropogenic
classes. The main role of these models is to provide the boundary conditions at the
land-atmosphere interface. Several partitions of energy, water and matter fluxes are
calculated from the atmosphere into the surface layer and back again closing the
important ecological cycles (BONAN, 2008a).

Furthermore these types of models are applied to study ecological processes in
the soil column or within the vegetation layer of its own (e.g. THORNTON & ZIM-
MERMANN, 2007; LEVIS & BONAN, 2004; BARLAGE & ZENG, 2004; LAWRENCE
& SLATER, 2005). In new models all relevant partitions are calculated and can be
used without a coupling to a climate or at least an atmospheric model. A dynamical
downscaling of climatological features or data assimilation is possible and may be
used in appended ecological studies (SHIN et al., 2006; WILBY & WIGLEY, 1997,
RODELL et al., 2004; ZHOU et al., 2006; WOOD et al., 2004).

A real advantage of numeric models in contrast to in-situ measurements or field
experiments is the possibility to investigate processes under changing conditions, e.g.
land cover changes that cannot not be done in reality (deforestation) or for a longer
time period (several hundred years in the future and also in the past) (GIBBARD
et al., 2005; OTTO-BLIESNER et al., 2006a,b).

2.1.2 Evolution of Land Surface Models

The evolution of land models started in the 1960s and is still under development.
Until now 4 generations of model concepts can be distinguished (BONAN, 2008b;
PITMAN, 2003; SELLERS et al., 1997):

e First generation models: Bucket models for the water cycle, a simple solution of
solving the energy balance, no influence of the vegetation, no soil heat storage.
Examples are presented in the model of MANABE (1969) and the boundary
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condition of the first version of the NCAR Community Climate Model (CCM1,
WILLIAMSON et al., 1987).

e Second generation models: addition of vegetation and a hydrological cycle. Ex-
amples are Biosphere-Atmosphere-Transfer-Scheme (BATS, DICKINSON et al.,
1986) and Simple Biosphere Model (SiB, SELLERS et al., 1986).

e Third generation models: addition of photosynthesis. Examples are the Land
Surface Model (LSM, BONAN, 1995, 1996) and the planetary boundary layer
(PBL) of the global circulation model (GCM) of Colorado State University
(CSU, DENNING et al., 1995).

e Fourth generation models: addition of the carbon cycle and dynamic vege-
tation. Examples are the fully coupled Global Environmental and Ecological
Simulation of Interactive Systems - Integrated Biosphere Simulator, a climate-
vegetation model (GENESIS-IBIS, LEVIS et al., 1999, 2000; FOLEY et al.,
1996) and the GCM of the Hadley Center (HadCM3) coupled to a dynamic
vegetation model (TRIFFID, CoX et al., 2000).

e further developments: a biogeochemical cycle and human systems in the sur-
face parametrization (urban model). Example is the current version 4.0 of the
Community Land Model (CLM, OLESON et al., 2010)

2.1.3 Overview of Land Surface Models

A comprehensive overview and comparison of numerously publicized models is not
available. A lot of the studies compare only a limited number of models directly
and often focus on a special issue (e.g. ZENG et al., 2002; CHEN et al., 1996;
ABRAMOWITZ et al., 2008). The biggest efforts are made by the Project for In-
tercomparison of Land-Surface Parameterization Schemes (PILPS, PITMAN et al.,
1999; QU et al., 1998; HENDERSON-SELLERS et al., 2003), the Coupled Carbon Cycle
Climate Model Intercomparison Project (C*MIP, FRIEDLINGSTEIN et al., 2006) and
the AMMA Land surface Model Intercomparison Project (ALMIP, AMMA=African
Monsoon Multidisciplinary Analysis, BOONE et al., 2009). These international or-
ganized studies lead to improvements in the general model parametrization and are
not carried out to investigate good or bad models. Unfortunately, the CLM was
only covered by its predecessors through these intercomparisons. However it has
shown its scientific eligibility through other studies (LAWRENCE & CHASE, 2010;
DICKINSON et al., 2006; BONAN et al., 2002b; BONAN & LEVIS, 2006; COLLINS
et al., 2006; THORNTON et al., 2007, 2009).

The selection of one of the published models to use within the research unit is a
cascading task satisfying following priority list:
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e The source code has to be freely available to modify or to add special features
and to fully comprehend the methods and algorithms used.

e The vegetation has to be parametrized in a manner that the regional needs
could be implemented, the favourable way would be the use of plant functional
types rather than discrete vegetational units like biomes.

e The scaling of the model should be in a dynamic way allowing a fine mesh of
vegetation and soil properties in a coarser mesh of atmospheric forcing.

e The model should be still under current development to have the chance to
contact the collaborators if necessary.

e All important partitions of the ecological cycles (energy, water, nutrients)
should be calculated.

e The model should run alone with a forcing dataset of atmospheric variables
and favourable also in a coupled setup in connection with an atmospheric or
climatological model.

2.1.4 Characteristics of the CLM

The CLM was first mentioned as Common Land Model (DAI et al., 2003) but was
renamed in the structure of the NCAR Community Climate System Model (CCSM)
family to Community Land Model (ZENG, 2003). The parallel developments of the
model and a time delay during publication processes lead to an earlier mention
of the Community Land Model BONAN et al. (2002b). Generally the CLM is a
combination of 3 preexisting land surface parametrization: BATS, LSM and the
Institute of Atmospheric Physics, Chinese Academy of Sciences land model (IAP94,
DA1 & ZENG, 1997). Up to now (June 2010) it has 5 major releases (2.0, 2.1, 3.0,
3.5, 4.0) with several improvements both in parametrization and software engineer-
ing aspects. For a comprehensive overview of the model development see NCAR
TERRESTRIAL SCIENCE SECTION (2010).

The technical implementation of the CLM is described in OLESON et al. (2004,
2010) with further improvements described by OLESON et al. (2008); STOCKLI et al.
(2008); LAWRENCE et al. (2010). Figure 2.1 gives a schematic overview of the single
partitions of the model.

Spatial heterogeneity

The CLM is organized in multiple nested subgrids (see fig. 2.2). Atmospheric
forcing is applied to a gridcell which can be subdivided in up to 5 landunits (glacier,
wetland, lake, urban, vegetated). These landunits imply different calculation of the
various processes. All landunits can be split in multiple columns. In the current
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Figure 2.2: Schematic overview of the nested subgrid system of the CLM.

version only the urban landunit is split into 5 columns all others contain just 1. The
column of the vegetated landunit represents the information on the soil (15 layers)
and snow (up to 5 layers). The column’s next subgrid is the PFT level calculating
all biogeophysical and biogeochemical processes concerning the plantcover but also
the bare soil.

Energy balance

The energy balance is solved for different surfaces from the landunits, the canopy (i.e.
the vegetation), the soil and the snow layer. It includes the absorption, reflection and
transmittance of incoming solar radiation, the absorption and reflection of longwave
radiation, the sensible and latent heat fluxes from the ground and the vegetation
as well as the momentum using the Monin-Obukhov similarity theory (ZENG et al.,
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1998).

Water balance

The water balance is solved for the surface and separately for the soil and snow
layers. The canopy hydrology separates into throughfall, drip and interception.
The soil water distribution is calculated using Darcy’s Law and Richards equation
(ZENG & DECKER, 2009). Surface and sub-surface runoff is modelled by simplified
TOPMODEL approach (N1U et al., 2005). Routing the surface runoff to the ocean
is calculated using a river transport model (RTM, BRANSTETTER, 2001).

Carbon-Nitrogen balance

The photosynthesis and respiration rate is calculated using stomatal resistance in
two layers of leaf area (sunlit and shaded), also called two-big-leaf model (SELLERS
et al., 1996). A fully coupled carbon and nitrogen model (adapted from the Biome-
BGC, THORNTON et al., 2002; THORNTON & ROSENBLOOM, 2005) consists of 20
single carbon pools and 19 nitrogen pools.

Dynamic vegetation

On one hand the phenology is taken into account supplying a seasonal shift within
the leaf area index (LAI) of the single PFTs. On the other hand a transient land cover
change can be implemented, changing the spatial distribution of PF'Ts over time with
a forcing dataset of landcover or a dynamic global vegetation model (DGVM) can
be added (LEVIS et al., 2004).

Additional calculations

More partitions in the CLM are calculated with minor priority for this study as
follows:

e Dust depositions and fluxes
e Emission of biogenic volatile organic compounds (BVOCs)
e Urban energy balance and fluxes.

The primary intention to develop CLM is to provide a state of the art boundary
layer for global climate models but a ongoing task is to examine a fine mesh setup
on a regional scale. The work is still in progress and bases on the work of HAHMANN
& DICKINSON (2001).
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2.1.5 Decision Making of the Land Surface Model

The CLM covers all aspects of the presented priority list and benefits from a very
eager development community reflected in the major updates since its first release
in 2002. A lot of the different models are based on the same physical principles
and algorithms anyway, so that the availability of the source code and the flexible
and dynamic parametrization of the vegetation with plant functional types tipped
the scales. Especially the implementation of the nested grid approach makes it very
suitable for a regional setup.

2.2 Plant Functional Types
2.2.1 The Concept of PFT

A significant feature within the CLM is the parametrization of the vegetation cover
using plant functional types. The development of the concept of PFTs dates back to
the exploration of the New World in the 19th century. USTIN & GAMON (2010) gives
a comprehensive overview of the history of functional classification of vegetation and
is summarized below.

Alexander von Humboldt’s classification of species-based, structural classes re-
lating physiognomic forms to the physical environment leads to the first functional
classification of Andreas F. W. Schimper at the beginning of the 20th century. Fur-
ther developments were finalized in the concept of life forms from Raunkiaer. This
concept is still present in a lot of fundamental books in vegetation science (e.g. EL-
LENBERG, 1996; HUGGETT, 1998). An improved understanding of plant physiology
in connection with the responses of plants to environmental conditions and plant dis-
tribution leads to the formulation of the ‘functional convergence hypothesis’(FIELD,
1991). This theory applied to PFT shows that there is a linkage between the pecu-
liarity of optical, morphological, phenological and physiological traits of plants.

The observing scale (from leaf over stand to landscape or biome) is an important
factor to select the traits for functional convergence. Consequently, there is no
general procedure to distinguish functional types, rather the functional traits have
to be assigned separately for each purpose (GITAY & NOBLE, 1997). Nevertheless,
PFTs have shown there ability to balance between abstraction of the vegetation
cover and detail of processes in various scales of ecosystems (SMITH et al., 1997).

Classical vegetation classifications are based primarily on climatic and edaphic
circumstances and cause generally discrete classes (e.g. BRECKLE, 2002; SCHULTZ,
2005; MATTHEWS, 1983). The term functional type implicate discrete classes as
well but the combination of PFTs makes it possible to describe the vegetation as
a continuous flow. Particularly, mixed biomes are presented as the combination of
two or more PFTs. One example (see fig2.3) is the description of Savannah made
from grass and single trees with two PFTs in a variable combination. This allows
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Figure 2.3: Distribution of PFTs and characteristic traits to describe mixed biomes. For
further information see text (adapted and modified from NCAR TERRES-
TRIAL SCIENCE SECTION, 2010).

a smooth changeover from plain grasslands to forests instead of discrete classes of
the biomes. Other examples illustrated are the description of a mixed forest with
broadleaf and needleleaf trees and grasslands made of C3 and C4 grasses. For all
3 mixed biomes a exemplary functional trait is included to clarify the difference in
ecological functioning.

Over the years a lot of scientific papers have been presented on the decision which
traits and which plants should be used to distinguish PF'Ts. CORNELISSEN et al.
(2003) gives a comprehensive overview on methodical approaches to determine all
kinds of functional traits. The 16 global defined PFTs of the CLLM are presented in
the work of BONAN et al. (2002a). PFTs are not limited to the use within models
but have found application in a variety of fields of ecological research (WOODWARD
& CRAMER, 1996; LAVOREL & CRAMER, 1999; DUCKWORTH et al., 2000; PAUSAS
et al., 2003). DE BELLO et al. (2010) review the capabilities of functional types to
assess ecosystem services.

There is still criticism on the concept of PFTs (e.g. LAVOREL et al., 2007). The
main difficulty to determine and to apply PFTs is the lack of a unique method of
classification. Especially, this comes true if the geographical area is large and a lot
of intermediate traits exist like in megadiverse ecosystems (LAVOREL et al., 1997,
WESTBY & LEISHMAN, 1997). Another problem is the large amount of suggested
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traits and the deficient foundation of values for PFT parameters (PRENTICE et al.,
2007).

2.2.2 PFTs for the Study Area

Taking the considerations in chapter 2.2.1 into account, the determination of PFTs
in the study area is not an easy task. The traits for classification are defined by
the PFT parameters of the CLM. The complete determination of the values of these
parameters for the species of this megadiverse ecosystem is not practicable. Hence
keeping the classes from the ecological survey as described in chapter 1.4 seems to
be the appropriate way. A systematic measuring of some functional parameters can
be carried out not until a sensitivity study is conducted as presented in chapter 4
to specify the most significant traits regarding the model output.

A priori some PFTs can be very well distinguished (pastures, succession with
bracken fern) because of their obvious functional response where other PFTs cannot
(different forest types or specific trees within the forest). The crux is to determine
the functional types on one hand and delineate the spatial distribution of the PFTs
on the other hand.

To start of with the CLM-PFTs for the use within the study area will be defined
by the ecologically derived 4 forest types, the pastures (grasslands), the successional
stages of bracken fern as well as bushes and the Subparamo.

2.3 Implementation

All considerations mentioned so far imply a development of a running and tested
land surface model system in a landscape scale. The geo-ecological fluxes of water
and energy have to be calculated to analyze the the value of ecosystem services
under changing environmental conditions. Figure 2.4 is illustrating the concurrence
of the single steps presented in the following chapters as explained in the WPs (see
section 1.2).
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Land-cover classification in the Andes of
southern Ecuador using Landsat ETM+-
data as a basis for SVAT modelling
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A land-cover classification is needed to deduce surface boundary conditions for
a soil-vegetation-atmosphere transfer scheme which is operated by a geoecolog-
ical research unit working in the Andes of southern Ecuador. Landsat ETM+
data is used to classify distinct vegetation types in the tropical mountain for-
est. Besides a hard classification, a soft classification technique is applied.
Dempster-Shafer evidence theory is used to analyse the quality of the spectral
training sites and a modified linear spectral unmixing technique is selected
to produce abundancies of the spectral end members. The hard classification
shows very good results with a Kappa value of 0.86. The Dempster-Shafer
ambuigity underlines the good quality of the training sites and the probability
guided spectral unmixing is chosen for the determination of plant functional
types for the land model. A similar model run done with a spatial distribution
of land cover from both the hard and the soft classification clearly points to
more realistic model results by using the land surface based on the probability
guided spectral unmixing technique.

Keywords: Classification, Land cover, Landsat, CLM, Dempster-Shafer,
probability guided spectral unmixing

3.1 Introduction

The changing atmospheric conditions along altitudinal gradients in tropical moun-
tains are one important factor for the biodiversity of various organismic groups.
This holds especially true for the research area of a joint ecological research pro-
gramme in the Andes of southern Ecuador (refer to section 3.2, BECK & MULLER-
HOHENSTEIN, 2001; BENDIX et al., 2004). For instance, air humidity which is related
to the latent heat flux plays a major role for the diversity of vascular epiphytes (e. g.
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WERNER et al., 2005), while the species turnover among moths along an altitudinal
transect is associated with a corresponding change in air temperature (and sensible
heat flux) (e.g. BREHM et al., 2003). Moreover, the growth and phenology of the
hosting megadiverse mountain forest is clearly related to the course of weather in
the area (BENDIX et al., 2006a). Unfortunately, it is not possible to provide me-
teorological observations for every individual ecological research plot in a project
area of 60 km in diameter, considering the rugged terrain of the Andes which, in
addition, is characterised by small-scale patterns of meteorological windward and
leeward effects. However, numerical weather models can provide a full spatial cov-
erage of the atmospheric conditions in different, question-specific spatial scales. Of
particular interest for ecological investigations are models which deal with the inter-
face between soil, vegetation and atmosphere, so-called soil-vegetation-atmosphere
transfer (SVAT) schemes. In our joint research effort (Research Unit 816) we use
the Community/Common Land Model (CLM) of DATI et al. (2003) to simulate the
energy and water fluxes with a spatial resolution of 30 m.

The operation of a SVAT model requires the adaptation of boundary conditions
with regard to the study area. The definition of the lower boundary conditions of
the CLM must include a detailed description of land cover and functional vegeta-
tion units (plant functional types, PFT) for every grid cell. The concept of plant
functional types is described in BONAN et al. (2002). Generally, CLM-PFTs are
ecological groups of plants with similar morphological and physiological traits. The
CLM is designed by a nested grid which permits the application of different PFTs
and their percentual coverage to one single gridcell (pixel). It is obvious that the
construction of suitable PFTs in a megadiverse mountain forest requires profound
botanical knowledge for the local/regional applications of the model. This holds
especially true for the composition of appropriate tree groups in the natural forest
but also for the main functional species groups in the areas which are currently used
as pastures. The latter system is comparatively simple because it is dominated by
pasture grasses (Setaria aphacelata, Melinis minutiflora) which are completely over-
grown by the invasive southern bracken fern Pteridium arachnoideum in abandoned
areas (HARTIG & BECK, 2003).

Several researchers successfully used satellite data to define the lower boundary
conditions of SVAT models on different scales. The basis of those approaches is a
multi-sensor land cover classification with special reference to the vegetation cover
(e.g. Geostationary Operational Environmental Satellites (GOES) and Landsat
Thematic Mapper (TM); ANDERSON et al., 2004).

Land cover classification and mapping in tropical mountain areas are subjected
to various difficulties. First of all, the steep topography and limited accessability
make terrestrial mapping extremely difficult and cost intensive (SALOVAARA et al.,
2005). Thus, remote sensing is principally a useful tool to compensate for this central
disadvantage. However, to date, successful classifications by using satellite imagery
in the tropics are mostly conducted in rather flat terrain (HELMER et al., 2000), while
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image classification in a mountainous region is still a challenging task (TOTTRUP,
2004). It could be shown for the Andes encompassing southern Ecuador and other
high altitude regions that corrections of the satellite signal due to topographic effects
such as hill shading or geometric displacements are required to improve classification
results and to obtain a similar degree of accuracy as in the lowland tropics (HILL
& FoobDy, 1994; CoLBY & KEATING, 1998; ECHAVARRIA, 1998; SHEPHERD &
DYMOND, 2003). Moreover, it is not easy to distinguish between different functional
types of trees in an area of tropical rain forest (HILL, 1999). Expert knowledge has
been proven to improve classification results significantly in previous studies (e.g.
SCHWEITZER et al., 2005).

To obtain the fractional land cover in one single pixel, an unmixing approach is
obvious but holds the problem that normal unmixing needs more spectral channels
in the satellite data than land cover classes to be distinguished. Especially the
commonly used Landsat data needs a modified approach because only six spectral
channels are suitable for vegetation classification and are not sufficient in our study
with respect to the number of plant functional type and other land cover classes.
Other techniques such as the Dempster-Shafer evidence theory can provide informa-
tion about the quality of the training sites but cannot produce the actual fractional
land cover. Generally, spectral mixture analysis based on the ground data acqui-
sition of spectral endmembers by using field spectrometers could help to improve
the multi-/hyperspectral classification of vegetation (e.g. PEDDLE & SMITH, 2005),
but this is difficult to realise in the complex topography of the Andes, especially if
a respective costly field instrument is not available.

Consequently, the current paper follows three main aims:

1. To provide data on land cover and suitable vegetation classes which can be used
to define CLM-PFTs. For this purpose, a detailed landuse classification based
on 30m Landsat ETM+ (Enhanced Thematic Mapper) data is performed
which considers all relevant vegetation classes such as different forest types.
The determination of the land cover map relies on multispectral classification
techniques, a high resolution aerial photograph and profound expert knowledge
of a big research unit which is necessary for the signature training process (see
section 3.3).

2. To apply one hard and two soft classification schemes. The selected soft classi-
fiers are based on the Dempster-Shafer evidence theory and a modified spectral
unmixing technique.

3. A comparison of classification results by means of exemplary model runs with
both classification types to test the suitability of hard and soft classification
approaches for the use in SVAT models.

The current paper is structured as follows: The study area and the data are
described in section 3.2. Section 3.3 briefly summarises the applied classification
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approaches. The discussion and appraisal of the classification results are presented
in section 3.4 and the results of the comparative model runs is the subject of section
3.5.

3.2 Study area and data

The study area is situated in southern Ecuador and comprises parts of the mountain
forests of the eastern Andean escarpment. This area is renowned as part of the
‘Andean hot spot’ of vascular plant diversity (BARTHLOTT et al., 2005; BRUMMITT
& LUGHADHA, 2003). The study area hosts the model domain in 30 m resolution
grid size (see figure 3.1).

The Reserva Biologica San Francisco (RBSF) is the main study area of the ecolog-
ical research unit 816 (RU 816) of the German Research Council (DFG). It comprises
the valley of the Rio San Francisco where the slopes are mainly covered with the
natural mountain forest, an environment in which most of the ecological groups are
working. It is situated between Loja, a dryer inner-Andean basin in the west and
the slopes of the eastern Andean cordillera in the east. A detailed geographic de-
scription of the core area is found in BECK & MULLER-HOHENSTEIN (2001) and
more general information is given in BENDIX et al. (2004). The general weather
situation is described by BENDIX & LAUER (1992); RICHTER (2003); BENDIX et al.
(2004, 2006b).

The Landsat ETM+ image used in the current study is a cloud-free scene from
3 November 2001 which was obtained from the Global Land Cover Facility (GLCF,
http://glef.umiacs.umd.edu/index.shtml) as a level 1G product.

Ancillary data are used for signature training and image classification. To de-
termine the exact position of training sites from the vegetation surveys in the core
area, a rectified color ortho-aerial photograph was used. The dataset was acquired
during several flights in 2001 on behalf of our joint research effort. The ortho-photo
was processed using the technique of aero-triangulation (JORDAN et al., 2005) and
has a spatial resolution of 1 m. A digital elevation model from the national mapping
agency IGM (Instituto Geografico Militar, Quito) with a spatial resolution of 25m
was used during image classification. All resulting land-cover maps are added to
the central database of the research unit to provide access for further investigations
(GOTTLICHER & BENDIX, 2004).

The natural vegetation of the study area (figure 3.1) can be described as ‘bosque
siempreverde montano’, evergreen montane forest (BALSLEV & (OLLGAARD, 2002)
or as ‘bosque montano nublado’, montane cloud forest (VALENCIA et al., 1999)
reaching the treeline at around 2700 m. Above the treeline we find sub-paramos (as
part of the evergreen elfin forests of the region).

Some forest areas on the south-facing slopes within the valley of the San Francisco
have been converted into pastures. Partly they are now subject to aggressive bracken
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Figure 3.1: The study site is marked with the white rectangle (30 m resolution). The
dark green coloured area encompassing the ‘Estacion Cientifica San Francisco’
(ECSF research station) represents the region covered by the high resolution
aerial photograph.
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fern succession (HARTIG & BECK, 2003).

Combining different approaches of vegetation typification (HOMEIER et al., 2002;
PAULSCH, 2002; HOMEIER, 2004; PAROLLY & KURSCHNER, 2004), HOMEIER et al.
(2008) distinguished six main functional types of primary vegetation for the study
area based on their detailed description of the natural vegetation. These vegetation
types are compiled by combining results of the investigation of forest structure and
tree species composition on permanent plots (HOMEIER et al., 2002; HOMEIER,
2004), a forest structural analysis on non-permanent plots (PAULSCH, 2002) and
ecosociological studies of the bryophyte communities (PAROLLY & KURSCHNER,
2004).

The tallest and species-richest forest is found on lower slopes and within ravines
below 2100 m where the canopy reaches 25 to 30 m with some emergents reaching
up to 35m (type I). Megaphyllous shrubs and large ground herbs are common in
the understorey. On nearby upper slopes and ridges, the forest stature and tree
species composition is completely different with few trees reaching between 15 and
20m (type II). Between 2100 and 2250 m on the ridges and upper slopes the trees
attain a height of not more than 15 m and the canopy becomes more open with trees
covered by dense layers of epiphytes (type IIT). With increasing elevation the tree
height decreases further to 6-8 m, and the forest above 2250 m is dominated by only
one tree species, Purdiaea nutans Planch. (Cyrillaceae). The herbaceous layer of
this forest is well developed and principally composed of terrestrial bromeliads (type
IV). The forest in the ravines from 2100 to 2700 m differs also from the upper slopes
with greater tree heights and in tree species composition (type V). The sub-paramo
(type VI) occurs above the treeline attaining heights of up to 2m, terrestrial herbs
are the most speciose life form of this vegetation type. The characterised vegetation
types differ in their composition of life forms and plant species. By their distinctness
in structural parameters they are easy to recognise even for non-botanists. Stand
basal area (including all trees with a diameter > 10cm) decreases with elevation,
from maximum values of 40-50 m?ha™' at around 2000 m (type I) to 10-20 m? ha™!
above 2300m (type IV) and average tree stature is shorter compared to trees at
lower elevations (HOMEIER, 2004).

Above ground, forest productivity measured as the annual increment of the tree
basal area recedes with elevation. LAT (calculated from hemispherical photos) is
highly variable in the stands. Most of the values from below 2250 m are between 5
and 7, within the uppermost forest stands it decreases to values between 2 and 3
(HOMEIER, 2004). The same structural patterns as in the elevational gradient were
found on a smaller scale in the topographic gradient from ravines to ridges especially
for forest type I and type II but also in the upper compartments (type III and IV
to type V, HOMEIER, 2004).
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3.3 Methodology

The whole processing chain of this study is presented in figure 3.2 and can be
subdivided into four working steps: (i) pre-processing of the satellite image, (ii)
multispectral image classification based on Landsat ETM-+ data including signature
training, (iii) appraisal of the classification results and (iv) comparison of CLM-
model runs based on hard and soft classification.

3.3.1 Pre-processing

The first pre-processing step was the geometric projection of the Landsat ETM+
scene in order to produce a geo-ortho-rectified image. The ETM+ scene was deliv-
ered in the space-oblique-mercator projection which had to be reprojected to the
UTM projection zone 17S (WGS84), the standard projection of all spatial data
sets of the research unit 816. Even if the level 1G data have undergone a geo-
metric pre-correction, a residual location error of up to 250 m must be taken into
account (NASA, 2002). Thus, an additional geo-correction was performed by using
32 ground control points which were obtained from the high-resolution aerial ortho-
photo, another existing geo-ortho rectified satellite image from 1986 and the digital
elevation model. The correction was conducted with the ERDAS Imagine™ (V.
8.6) ‘Landsat model’ module which uses higher-order polynomic equations includ-
ing terrain altitude provided by the digital elevation model (DEM). The achieved
root-mean-square error was 20 m which means that the final location accuracy is
better than one ETM+ pixel.

The second step of pre-processing needed for a proper land-surface classification
in high mountain areas is a topographic normalisation of radiances including at-
mospheric correction. For the ETM+ scene, atmospheric correction was conducted
using the COST model of CHAVEZ (1996) which combines a dark object subtraction
and a procedure to minimise the effects of absorption and Rayleigh scattering in the
atmosphere to calculate absolute reflectance. A dark lake surface in the Paramo
of Cajanuma was chosen for the dark object subtraction. To eliminate differences
in the reflectance due to topographic slope and aspect, an illumination model is
required (RIANO et al., 2003). This is based on the digital elevation model which
provides the slope and aspect of every pixel and the calculated sun elevation and
azimuth angles. Based on this information, a hill-shade image was derived. The
first step of correction is to relate the radiances in the spectral bands (1-5 and 7) of
the ETM-+ image to illumination by linear regression analysis.

where L is the spectral radiance at wavelength A (after atmospheric correction), I
is the illumination score from the hill-shade image, a and b are the linear regression
coefficients.
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Figure 3.2: Flowchart of the processing steps.
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(a) uncorrected (b) corrected

Figure 3.3: Atmospherically and topographically uncorrected (a) and corrected (b) true
colour composites (RGB = 3,2,1) of the study site.

The final correction is then achieved by applying the following equation which
includes the standard cosine correction due to the angle of incidence:

Y = Ly —[cosf(a—b)] + Ly (3.2)

where L} is the corrected spectral radiance, Ly is the average spectral radiance of
the scene with the angle of incidence 6:

cos 0 = cos [3 cos 3 + sin Fsin 3 cos(Q — Q) (3.3)

where (3 is the sun elevation angle, BA the terrain slope angle, €2 the solar azimuth
angle and Q) the terrain azimuth angle.

The results of the atmospheric and topographic correction are depicted in figure
3.3. A visual inspection of the colour-composites reveals the successful removal of
terrain shadow effects for the study area of the valley of the Rio San Francisco.

3.3.2 Training Sites and synthetic channel

Regarding the natural vegetation, only areas which could undoubtedly be assigned
to pure compositions of the above-described six main units were chosen for signa-
ture training. Additionally, pure training sites covered with pasture grasses, bracken
fern and successions, but also areas representing bare soil (e.g. current landslides),
water surfaces and buildings/streets were digitised using expert knowledge and the
aerial photograph (table 3.1, figure 3.4). The selected pure training polygones can
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Table 3.1: Selection of land-cover classes and training sites used for the classification in
the core area. For the identification of training sites, refer to figure.

ID Land cover class Expert Knowledge Location identification of
the training site

1 Pre-Montane forest Homeier 1
Forest type I, ravines Homeier 2
1900-2100 m

3  Forest type II, crest and Homeier 3
upper slopes 1900-2100 m

4  Forest type III, crest and Homeier 4
upper slopes 21002250 m

5  Forest type IV, crest and Homeier 5)
upper slopes 22502700 m

6 Forest type VI, ravines Homeier 6
2100-2700 m

7  Subparamo type VI, Homeier 7
>2700 m

8 Bracken fern Homeier 8

9 Grassland Homeier 9

10 Shrubs Homeier 10

11  unvegetated (roads & Homeier, aerial photogra- 11
landslides) phy, Rollenbeck

12 Water aerial photography, Rol- 12

lenbeck

be treated as spectral endmembers and enable the application of a soft classifica-
tion based on a modified spectral unmixing technique which is necessary to derive
the share of different land surface classes/PFTs on single grid cells. All defined
vegetation types show differences in their physiological and morphological charac-
teristics and thus, provide appropriate plant functional types necessary for a proper
initialisation of the SVAT model.

Generally, the training sites related to classes of the native mountain forest are
intensively surveyed botanical plots (see section 3.2 and HOMEIER, 2004; HARTIG
& BECK, 2003; PAULSCH, 2002). Additional training sites were determined by using
clearly marked areas with a distinct land-cover type (streets, urban, freshly burned
forest, landslides) in the aerial photo, in comparison with the colour composite of
the satellite image. These training site polygones were also confirmed by expert
kowledge. The overall criterion for the selection of the individual training sites was
the homogeneity of the surface structure.

A specific classification problem is the distinction of different classes of native
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(b)

Figure 3.4: Location of the training sites used for the ETM+ classification. Aerial pho-
tograph (a) with the different vegetation units, superimposed to the Landsat
image (b) in the study area (for all numbering of the training sites, refer to
table 3.1).
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forest in the central study area which reveal similar spectral signatures. Hence,
the suitability of additional synthetic channels for multispectral classifications e.g.
terrain altitude, slope aspect or other topographic parameters (concave/ convex
slopes) were examined. After testing all possible variations, only the slope angle
caused a clear improvement in the classification result and thus was used in the final
classification scheme (refer to section 3.4.1).

3.3.3 Classification

To classify the ETM+ scene, several techniques are applied: (i) A hard classifica-
tion based on the maximum-likelihood approach, (ii) an evaluation of uncertainty
based on Dempster-Shafer evidence theory and (iii) a sub-pixel classification using
a modified approach of linear spectral unmixing.

Image segmentation is conducted by means of the image processing software
IDRISI™ (Kilimanjaro Version) using the modules ‘Maxlike’ (Maximum Likelihood
classifier), ‘Belclass’ (Dempster-Shafer belief soft classifier) and ‘Unmix’ (Linear
Spectral Unmixing classifier) (EASTMAN, 2003).

The maximum-likelihood classification (MLC) belongs to the group of hard clas-
sifiers, which make a definite decision about the class membership of any pixel,
while soft classification gives explicit information on the degree of class membership
(EASTMAN & LANEY, 2002).

In contrast to common soft classifications, Dempster-Shafer does not assume to
have full information and explicitly accepts that the existing knowledge i.e. the
training site information might be incomplete. Thus, it incorporates the concept of
ignorance. Dempster-Shafer as implemented in Idrisi performs a soft classification as
it calculates a degree to which evidence provides concrete support for a hypothesis.
This degree is known as belief, the degree to which a hypothesis cannot be disbelieved
is known as plausibility (EASTMAN, 2003). The belief is a lower estimate on the
support for a hypothesis, while plausibility represents the confidence band to which
a hypothesis cannot be disbelieved. Uncertainty is the difference between belief and
plausibility (COMBER et al., 2005), also known as belief interval. A full description
of the belief calculation method is given by several authors (e.g. MERTIKAS &
ZERVAKIS, 2001; COMBER et al., 2004; MALPICA et al., 2007). Ambiguity is a
further aspect of uncertainty which can be expressed as the difference between the
belief interval for a specific class and the overall uncertainty (EASTMAN, 2003). In
this study, the Dempster-Shafer theory was primarily used in order to check the
quality of the training sites and to analyse the degree of uncertainty. The role of
ambiguity was also investigated.

However, the Dempster-Shafer approach cannot be used for subpixel classification
as it outputs belief values per pixel exclusively for only one specific class. Therefore
other techniques of soft classification are used in order to derive the proportions of
the different vegetation types within a mixed pixel in accordance with the subgrid
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PFT concept of the CLM model.

Thus, a second classification done in this study uses a probability guided linear
spectral unmixing approach as proposed by ZHU (2005), which is able to provide
the fractional cover of functional vegetation units per grid cell. Classical linear
unmixing assumes that the image spectra are the results of mixtures of different
surface materials, which can be expressed as linear combinations of their respective
spectra in the image (SOHN & McCov, 1997). Although spectral mixture analysis
has long been recognized as an effective method for the determination of mixed
pixels (LU & WENG, 2007), it suffers from the limitation that the number of training
sites cannot exceed the number of image bands. The approach described by ZHU
(2005) offers an effective solution for this shortcoming. In a first step it calculates
posterior probabilities for all endmembers in a pixel, according to the classification
based on Bayesian probability. Then, the proportions of the identified endmembers
are calculated by the linear spectral unmixing model. When mixing endmembers
in a backward direction, less endmembers lead to a better correspondence of the
data to derive subpixel endmember fractions (SONG, 2005). Thus, in our study,
three endmembers for each pixel are chosen as candidates for further unmixing to
determine their proportions.

All results of the soft classifications are hardened, i.e. the maximum Dempster-
Shafer beliefs (Idrisi ‘Maxbel’) and the maximum mixture fractions (‘Maxfrac’) are
extracted for each pixel to derive a hard classification for comparison reasons.

3.3.4 Accuracy assessment

For the appraisal of the individual classification results, a contingency matrix of the
training sites was calculated (STORY & CONGALTON, 1986) in which also indepen-
dent ground truth sites could be used to calculate the matrix and Kappa values
(CONGALTON, 1991). The appraisal of the classification results is conducted by cal-
culating three indices: (i) the overall, (ii) the producer’s and (iii) the user’s accuracy.
The overall accuracy describes the relation of the pixel number correctly classified
to the sum of reference pixel of all training polygones. The producer’s accuracy is
based on the analysis of the individual object classes and illustrates the likelihood
of a correct classification of the training site pixels for individual classes while the
user’s accuracy explains to what extend the classification result renders reality (for
the calculation of the indices refer to CONGALTON, 1991).

43



3 Spatial Delineation

Table 3.2: Contingency matrix for the Landsat classification of the core area. Acc, =
user’s accuracy, Acc, = producer’s accuracy. Columns are training sites, rows
are land-cover classes, the numbers of the classes are explained in table 3.1.

Kappa = 0.86.

1 2 3 4 5 6 7 8 9 10 11 12 by Accy
1 71 0 o0 O O O O 0O O O 2 0 73 097
2 0 2 1 0 0 4 0 0 0 0O 0 0 30 083
3 0 2 3 14 4 0 0 0O 0O O 0 0 57 065
4 0 0 2 27 9 0 0O 0O 0O 0 0 o0 38 o071
5 0 0 1 4 69 1 0 0 0 0 0 0 75 092
6 0 4 1 0 1 49 0 0 0 0O 0 0 5 089
7 0 O O O 0O 3 6 0 0 0O 0 0 63 0095
8 0o ©0 O O 0O 0O 0O 3 0 0 0 0 33 100
9 4 0 0O 0O 0 0O 4 1 8 0 0 0 94 090
0 0o o0 1 14 0 0 0 0 0O 2 0 0 3 057
7 0 0 O0 O 0 0 0 0 0O 0 35 0 3 100
2 0 0 o0 O0 0 0 0 0 0O 0O 0 2 20 100
S 75 31 43 59 8 57 64 34 8 20 37 20 608
Acc, 0.95 0.81 0.86 0.46 0.83 0.86 0.94 097 1.00 1.00 0.95 1.00 0.87
3.4 Results

3.4.1 MLC of the Landsat ETM+ scene

The classification (figure 3.5) of the core area clearly illustrates the well-known alti-
tudinal distribution patterns of the native vegetation (refer to section 3.2), without
considering terrain altitude during the classification process. The contingency ma-
trix for all classes is presented in table 3.2.

The overall accuracy of 87.3% is very high (84.7%-90 % with a 95% confidence
level); the Kappa value is 0.86. The producer’s accuracy of 89 % shows a very good
separation of the individual object classes. The user’s accuracy of 87 % also points to
a good classification result. With regard to the forest classes, the accuracy slightly
decreases (producer’s accuracy = 80 % and user’s accuracy = 83 %) compared to the
overall scores. Examining classification runs considering different synthetic bands
from topographic parameters showed that the use of the slope angle can clearly
improve the classification results, especially in the difficult classes of native forest
where the producer’s accuracy increases from 69 % to 80 % (see table 3.3).

The spatial statistics of the object classes in different altitudinal belts underlines
the human impact especially on the lower parts of the area (figure 3.6). While the
native forest is the dominating land-cover type above 2200 m asl, the anthropogenic

44



Gy

79°04'21”

T b kg X

I
]
[ ]
]
]
]
L]
]
[ ]
|
[_]
]

4°00'52"S

Projection: UTM 17 S

Figure 3.5: Classification result of the ETM+ scene in the study area including a synthetic channel of hill slope derived from
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Table 3.3: Comparison of the accuracy indices with and without the use of the synthetic
channel (hill slope) in the core area for all vegetation classes and forest classes
only. Acc, = user’s accuracy, Acc, = producer’s accuracy.

Overall accuracy Accp, Accy, Kappa Accp(forest) Accy(forest)

Classification 0.87 0.89 0.87 0.86 0.80 0.83
with slope
Classification 0.79 0.82 0.78 0.77 0.69 0.67

without slope

452

21.7

O Forest
M Pasture
@ Pasture Succession

O Bracken Fern
M Landslide
@ Other

15.4

(8) <2200masl () >2200masl

Figure 3.6: Percentages of land-cover classes in (a) the lower (<2200m above sea level)
and (b) the upper parts (> 2200 m asl) of the study area.

replacement system indicated by a high portion of pastures which originates from
the slash-and-burn of the natural forest by the local population covers nearly half the
slope area in the lower part of the valley. However, it is obvious that this current land
use system is not sustainable because only 15.4 % of this area is still in use. Other
former pastures are overgrown by the invasive bracken fern (10.6 %) or other mixed
successions (21.7%). It should be stressed that the abandoned pasture land can
neither contribute to the livelihood of the local population nor to the rehabilitation
of the lost biodiversity due to the logging of the native forest (for the bracken fern
dilemma, refer also to HARTIG & BECK, 2003).

The statistics markedly indicate that the threat to the natural ecosystem and thus
to the biodiversity clearly radiates from the valley bottom encroaching the native
forest aloft.
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3.4.2 Soft classification of the Landsat ETM+ scene

The applied techniques of soft classification use the same signatures as the MLC.
The belief values of the Dempster-Shafer classification show low values for all land-
cover classes. In contrast, plausibilities show very high values, which leads to large
belief intervals for all specific classes. Thus, overall uncertainty is also high. Due to
the ability of Dempster-Shafer to include the aspect of ignorance, uncertainty in our
information becomes apparent. An explanation for the high uncertainty might be
that the information of the training sites is not complete and that unknown classes
exist. However, the distribution of the belief values for each class matches the land-
cover classes determined by the MLC rather well. High belief values occur mainly
in the centre of these land-cover classes while pixels in the area of neighbouring
land cover classes show very low beliefs and high values of uncertainty. A higher
occurrence of mixed pixels in these transition zones might be an explanation for
this.

The investigation of ambiguity shows that the transition zones between land cover
classes show the highest values, especially for the forest classes. Each forest class
shows the highest ambiguity in its neighbouring forest class, e. g. subparamo shows
ambiguity in forest type V, while forest type III shows ambiguous behaviour in
forest types II and IV. This fact reflects reality rather well, as the different forest
types are not strictly separated. Boundaries between the different forest types are
not distinct in the field which is represented in the classification by the occurrence
of ambiguity in the areas of transition. All non-forest classes show lower effects of
ambiguity, which is also restricted to surrounding areas of the specific land-cover
class. Although training site information might be incomplete, the distribution of
ambiguity points out the good quality of the training sites in the aspect of permitting
a good separation between the different land-cover classes. The problem of mixed
pixels and the evidence of unknown land-cover classes finally lead to a high overall
uncertainty in the Dempster-Shafer classification.

The result of the hardened Dempster-Shafer belief classification shows a similar
distribution of land cover as the MLC. The overall accuracy is also high (80.8 %)
with a 95 % confidence interval of 78.6 %—83.1 %. Kappa value is 0.77.

Subpixel classification in order to derive the proportions of land cover in mixed
pixels is done by means of probability guided linear spectral unmixing. The outcome
of this procedure is a set of separate images for each object class where the digital
count indicates the abundance of the individual class in each pixel as required by
the SVAT model. Figure 3.7 shows an example for the class ‘grassland’ done by
the probability guided spectral unmixing and Dempster-Shafer belief classification.
These images of the probability guided unmixing will be used to define the PFT
ensemble for each pixel in the CLM run (see section 3.5).

The overall accuracy of the hardened results of the unmixing shows a low value
of only 48.8 % (45.9 %-51.7 % with a 95 % confidence level) in contrast to the MLC
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Figure 3.7: Results of the soft classification for the class ‘grassland’ using (a) Dempster-
Shafer belief classification (belief value) and (b) probability guided spectral
unmixing (percentage of fractional cover in each grid cell).

approach. This low value is the result of the representation of the constituent
members of each specific pixel.

3.5 Application of classification results in a model
run

To test the different classification results in the SVAT-model, two identical runs were
performed with the spatial land cover of (i) the MLC and (ii) the modified spectral
unmixing technique. The latter gives the chance to determine more than one PFT
for the desired grid cell resolution of 30 m.

Atmospheric forcing was included by NCEP/NCAR (National Center for Environ-
mental Prediction/National Center for Atmospheric Research) reanalysis data for a
whole year which are provided by the datasets of the model source code. The forcing
is homogenous for the whole area. The parameters of the PFT which can be vari-
able through space and time like leaf/stem area index (LAI/SAI) and top/bottom
height of the canopy were set static for each PFT and are shown in table 3.4. This
is done to eliminate effects of these parameters, so that only the consequences of the
variation of the spatial distribution of the PFT, as the result of both classification
approaches, are visible.

To save computational time, only a subset of 100 by 100 pixels of the study
area is used. Spin-up time in the model run was 1year, the model time step was
set to 3h. The presented results are from the end of the model run. In figure
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Table 3.4: Parameters for the plant functional types (PFTs) used in the model run. All
variables are constant over time and space. LAI, leaf area index; SAI, stem
area index. Top height is canopy top height above ground. Bottom height is
canopy bottom height above ground.

PFT no. PFT name LAT SAT Top height (m) Bottom height (m)
0 Bare soil 0.0 0.0 0.00 0.00
1 Forest type I 70 1.5 30.00 10.00
2 Forest type 11 6.0 1.5 20.00 5.00
3 Forest type III 5.0 1.5 15.00 5.00
4 Forest type IV 40 1.5 8.00 3.00
5 Forest type V 6.0 1.5 20.00 5.00
6 Forest type VI, sub- 3.0 1.0 2.00 0.50
paramo
7 Bracken fern 1.0 20 1.50 0.10
8 Shrubs 0.5 0.5 1.50 0.10
9 Grassland, pastures 1.0 20 0.50 0.01

3.8 the transpiration of the canopy is shown exemplarily for the differences caused
by the two input datasets for the PFT. In both images, the river valley with the
lowest, transpiration is clearly marked because of the lack of vegetation. In the
nothern part, pastures and various succession stages including bracken fern areas
also show low transpiration values compared to the forest areas in the south. Here,
higher values in the ravines represent the taller and markedly denser vegetation in
contrast to the ridges. It is obvious that the results from the modified spectral
unmixing show a much smoother spatial distribution. Especially in the river valley
with little vegetation the maximum likelihood parametrisation shows larger areas
with no vegetation at all.

Two single grid cells were extracted to have a closer look at how the land-cover is
distinguished in the classification schemes. Both pixels contain mixed information of
bare ground (a current landslide) and a vegetated part. To determine the respective
area of the unvegetated and vegetated sections the aerial photography was digitised
in these grid cells using the geographic information system MapInfo™. Figure 3.9
shows the outline of each PFT class in the grid cells. In both pixels the maximum
likelihood procedure classifies only bare ground. The modified unmixing comes to
a cover of 12% bare ground and 88 % forest type III in pixel (a). In pixel (b) the
values are 30 % bare ground and 70 % forest type I respectively. The digitising gives
rounded results for pixel (a) as 14 % bare ground, 84 % vegetated and pixel (b) 58 %
bare ground and 42 % vegetated.

Canopy transpiration values are zero at all times in the maximum likelihood classi-
fication due to the lack of vegetation. In the model run using the modified spectral
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Figure 3.8: Results of a l-year model run for canopy transpiration rate (mms™) on the
basis of PFT coverage with (a) the maximum likelihood hard classification
and (b) the modified spectral unmixing technique (soft classifier).

Figure 3.9: Close-up look at two single grid cells with digitised outlines of PFT from the
aerial photography for comparison with the classification results. The borders
of (a) and (b) indicate the Landsat pixel border, the red line the unvegetated
area. Results from the maximum likelihood hard classification are bare ground
only for both pixels, the probability guided unmixing results 12 % bare ground,
82 % forest type III pixel (a) and 30 % bare ground, 70 % forest type I pixel

().
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Figure 3.10: Aggregated daily canopy transpiration (mm) from model results of two in-
dividual grid cells ((a) and (b) same as in figure 3.9) for a whole month.
PFEFT coverage for pixel (a) is 12% bare ground and 82 % forest type III, for
pixel (b) 30 % bare ground and 70 % forest type I using the modified spectral
unmixing technique (unmix). Canopy transpiration values in the same pixels
(a) and (b) using the hard maximum likelihood classifier (maxlike) are always
0 mm because of the lack of vegetation (both pixels classified with 100 % bare
ground).

unmixing data, maximum transpiration values are 2.3 mm/day for pixel (a) and
1.9mm/day for pixel (b). Figure 3.10 shows the canopy transpiration for a whole
month in the selected grid cells for the classification results from the end of the
model run. This clearly marks the difference between the two classification schemes
with no canopy transpiration for unvegetated pixels from the maximum likelihood
hard classification and values >0 depending on the vegetation fraction and atmo-
spheric forcing of the corresponding soft classified pixels. This points to a general
underestimation of transpiration in unvegetated hard classified pixels. Otherwise,
an overestimation of canopy transpiration is expected for pixels which are classified
as forest with the maximum likelihood method but show a small amount of bare
ground in the soft classification.
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3.6 Conclusions

The current study shows that multispectral hard and soft classifications based on
Landsat ETM+ images, profound expert knowledge and high resolution ortho-
photos can also provide suitable land cover classes in the complex terrain of the high
Andes of southern Ecuador, assuming a proper correction of atmospheric and topo-
graphic effects. Particularly the botanical expert knowledge based on intensive field
surveys and the inclusion of a synthetic channel (terrain slope angle) significantly
contribute to a successful discrimination of functional types of natural forest for the
study area of a joint research effort (RU816). Thus, the classification is an optimal
prerequisite for defining PFTs which are needed for the vegetation parametrisation
of the SVAT CLM.

A comparison of the classification results with the aerial photograph reveals that
the soft classification, which usually provides more than one PFT/land-cover class
in a grid cell (pixel), shows a much more realistic result of spatial land-cover distri-
bution than the maximum likelihood hard classification. Exemplary model results
for the canopy transpiration reveal a discrepancy between both classification ap-
proaches, especially in mixed pixel environments, with a general underestimation of
transpiration in pure bare ground hard-classified pixels. Consequently, the initiali-
sation of SVAT models on the local and regional scale should be supported by a soft
land-cover classification based on expert knowledge and/or spectral field measure-
ments of endmembers where the fractional land cover is determined by the modified
spectral unmixing technique.

Future studies will focus on the determination of specific plant parameters such
as the leaf-area index from the satellite data which are needed for the SVAT model
as well. The presented classification will also be the basis for differentiating specific
transfer functions between the satellite signal (e. g. vegetation indices) and the plant
traits (LAI) for different types of natural vegetation. In addition, further satellite
scenes of the same area but different dates will be processed by the method outlined
in this paper. Change detection techniques will help to estimate the stability of
land-cover classes over time and will allow SVAT modelling for different scenarios
of land-use development.
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to plant and soil parameters for the
prediction of commonly required
parameters for applied ecologic and
socio-economic studies

Dietrich Gottlicher*t, Thomas Nauss§ and Jorg Bendixi

{Faculty of Geography, Philipps-Universitidt Marburg, Deutschhausstr. 10, 35037
Marburg, Germany
§Faculty of Geography, University of Bayreuth, 95440 Bayreuth, Germany

A multi disciplinary research unit is investigating the landcover changes and
ecological processes in the tropical mountain rainforest and pastures in south-
ern Ecuador. To evaluate which parameters used in the Community Land
Model are more dominant to various output results a sensitivity study is con-
ducted. All implemented plant functional type parameters and also the soil
parameters are altered in fixed rates one by one keeping the others constant.
Five output parameters (surface air temperature, surface humidity, sensible
heat flux, transpiration and evaporation) are chosen to determine the abso-
lute and relative deviations. The results are used to decide which parameters
must be gathered with priority in the field to properly parametrize the model
for socio-economic applications. With respect to temperature and humidity
simulations needed by the socio-economic projects, the variation of most in-
vestigated parameters of +£30 % appeared to cause only negligible variations
(< 1%). Other output variables like transpiration and evaporation from the
vegetation show much higher deviations (> 30 %) especially by variations of
the structural parameter (leaf area index). In summary, the operation of the
SVAT model with default parameters provides data accurate enough for the
socio-economic investigations.

Keywords: CLM, SVAT, sensitivity, Ecuador, plant functional type

4.1 Introduction

Soil-vegetation-atmosphere transfer (SVAT) models are widely used within eco-
climatological studies. Moreover, robust landsurface models are necessary for mul-
tidecadal global climate simulations (FOLEY et al., 2000). Since SVAT models sim-
ulate the land-atmosphere exchanges in response to atmospheric forcing and actual
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land-cover, such models are also valueable for studies in the field of ecology oriented
social science and economics.

The research unit Biodiversity and Sustainable Management of a Megadiverse
Mountain Ecosystem in South Fcuador funded by the German research foundation
(Deutsche Forschungsgemeinschaft, DFG) aims in the design of sustainable strate-
gies and effective measures for the protection of the natural forests and for the
regeneration of abandoned pasture areas in the mountain catchment of the Rio San
Francisco within the Podocarpus-El Condor United Nations Biosphere Reserve (see
http://www.tropicalmountainforest.org).

The research area is located in the Andes of Ecuador which are considered as one
of the ‘hottest’ hotspots of vascular plant biodiversity worldwide (BRUMMITT &
LUGHADHA, 2003; BARTHLOTT et al., 2005; JORGENSEN & ULLOA ULLOA, 1994)
while at the same time the country suffers the highest rate (—1.7%) of deforesta-
tion in the period 20002005 within South America (MOSANDL et al., 2008). Forest
clearing for conversion to agricultural land is the main threat to Ecuador’s biodi-
versity but mainly due to the use of fire as an agricultural tool, the gained pasture
areas cannot, be used sustainably as they are overgrown by persistent weeds like the
bracken fern (Pteridium arachnoideum) (HARTIG & BECK, 2003).

Reforestation and repastorization of the abandoned agricultural areas must there-
fore become central elements of a sustainable development strategy for the country.
Because of a lack of knowledge (and indigenous material), reforestation efforts sup-
ported by international organizations mainly rely on monocultures of exotic tree
species and have shown only temporary and, at best, moderate success. In this
situation, the livelihood of settlers is endangered while the (illegal) destruction of
natural forests continues. Sustainable land use strategies however require a profound
knowledge of the relevant ecosystem and of its human users.

Therefore the 25 interdisciplinary project teams of the research unit endeavour
to generate this knowledge by investigating the mechanisms and processes of the
natural ecosystem i.e. a tropical mountain rain forest and its anthropogenic re-
placement system within the catchment. In this context, several socio-economic
project teams evaluate the interactions between human actors and the alteration of
the landuse/landcover system and the resulting insights are forming the basis for
the implementation of agent-based models. Preliminary surveys of local residents
reveal that the knowledge about changes in local climate conditions due to changes
in the landcover will influence the decision-making process. Therefore, the Commu-
nity Land Model version 3.5 (CLM) (OLESON et al., 2004, 2008) should be used to
simulate the alteration of local climate parameters by changes in the landcover.

One prerequisite for successfully applying the CLM in this context is the provision
of area-wide datasets with a spatial resolution of about 30 m covering the distribu-
tion of the morphological properties of the relevant vegetation communities (i.e.
plant functional types) and basic soil parameters. In addition, the physiological and
optical properties of the vegetation communities have to be quantified using a set of

60



4 Sensitivity of PF'T' Parameter

48 plant functional type parameters. These datasets are prepared by several project
teams of the research unit but with respect to the complexity of the investigation
area and the diversity of the landcover and vegetation types, uncertainties within
these datasets are considerable.

Therefore, the sensitivity of the relevant CLM output parameters to plant and soil
properties is investigated in a preparatory study. In the present context, the 2m air
temperature and humidity is of special importance for the socio-economic projects.
Since insights into heat and humidity fluxes are also important background informa-
tion with respect to the interpretation of the simulation results, the sensitivity of the
sensible heat flux and the evaporation and transpiration from vegetation surfaces is
also considered in this study. Depending on the results of this study, the botany,
soil science and forestry project teams of the research unit will relay a special focus
on the measurement and area-wide acquisition of those input parameters that have
been identified as crucial for the simulation of these output parameters.

4.2 Sensitivity study setup

The input parameters of the CLM considered within this study can be divided into (i)
time and space dependent vegetation structure (ii) space dependent soil parameters
and (iii) time independent fixed plant functional types parameters. The former cover
the top and bottom height of the canopy, the leaf and stem area index. The soil is
characterized by the fraction of sand and clay and its albedo. The latter describe
the morphological, physiological and optical properties of each plant functional type
i.e. each vegetation community. Since the research area presented in the previous
chapter is mainly composed by tropical tree, shrub, and grassland communities, the
four already implemented plant functional types evergreen tropical trees, shrubs, C3
grass, and C4 grass are used within in this study.

To investigate the sensitivity of the simulated 2m air temperature and humidity,
the sensible heat flux, and the evaporation and transpiration from vegetation, on
changes of the input parameters, the latter are changed by certain factors from a
predefined mean value while all other parameters have been held constant. The
mean values of the plant functional type parameters are taken from the CLM 3.5
standard configuration as described by BONAN et al. (2002) and ZENG (2001). The
mean values of the vegetation structure and soil parameters which have been held
constant over time for each model run are taken with respect to the results of different
field surveys by botany, soil science, and forestry project teams of the research unit.

For the atmospheric forcing, a subset covering the Andean Ecuadorian region
of the observation-based analyses combined with intramonthly variations from the
NCEP/NCAR by (QIAN et al., 2006) are used. For each modification of an input
parameter, a three year model run has been started covering the time period between
January 2003 and December 2005. The analysis of the deviations of the output
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parameters is based on the monthly mean values of January 2005 and September
2005. These two month mark the end of a humid (January) and dry (September)
period for which the influence of some of the input parameters differs considerably
in magnitude.

4.3 Influence of vegetation structure and soil
parameters

In order to investigate the influence of vegetation structure and soil parameters, the
upper and lower height of the canopy layer, the leaf and stem area index, the sand
and clay fraction of the soil layer as well as the soil colour have been modified one
by one while all the respective other parameters have been held constant. Table 4.1
shows the deviation of the parameters for the three land cover types (grass, shrubs,
trees) as well as for the soil parameters. The bold numbers represent the standard
values of the parameters that have been used while one other parameter has been
modified. The fraction of sand and clay is set to a standard value of 33 % each during
the various model runs but is not used as an input value while the soil texture itself
is changed. As one can see from the percentage deviation, the initial parameter
values have generally been decreased or increased by factor 2 in three steps. One
exception is the canopy top height for trees which has been increased only up to
140% (i.e. from 25m to 35 m) since a further increase would have caused problems
with respect to the meteorological initialization in the planetary boundary layer.

The influence of these modifications on the resulting values of the 2m air tem-
perature and humidity, the sensible heat flux and the evaporation and transpiration
from vegetation surfaces is discussed in the next sections. A graphical overview of
this influence can be seen for each output parameter in figures 4.1 to 4.5 while ta-
bles 4.3 to 4.7 give a comprehensive overview of the absolute results and percentage
deviations relative to the average value also shown in the tables.

4.3.1 Monthly vegetation height

Generally, the vegetation height affects the aerodynamic resistance to matter and
energy fluxes by changing the roughness length z; and displacement height d which
are plant specific but constant fractions of the vegetation top height. An increase
in vegetation height implies an increase in z; and therefore a decrease in the aero-
dynamic resistance which results in a closer coupling between the surface (i.e. the
canopy layer) and the atmosphere.

The 2m air temperature is based on the conservation of canopy energy and results
from the computation of heat fluxes between the soil and canopy layer and the
canopy layer and the atmosphere above respectively under the assumption that the
air inside the canopy has a negligible heat storage capacity. Since the temperature
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Table 4.1: Modification of morphological and soil related input parameters and percentage
difference relative to the standard mean value (bold) used for this study. The
standard mean value of the fraction of sand and clay is set to 33 % each. The
numbers in brackets indicate the modification ID of the figures 4.1, 4.2, 4.4, 4.5

and 4.3.
Grass Parameters
Height Top 0.25 0.34 0.42 0.50 0.67 0.83 1.00
(0 -6) 50.00 % 67.00 % 83.00 % 100.00 % 133.00 % 166.00 %  200.00 %
Height Bottom 0.01 0.01 0.01 0.01 0.01 0.02 0.02
(7 -13) 50.00 % 67.00 % 83.00 % 100.00 % 133.00 % 166.00 %  200.00 %
LAIT 1.00 1.34 1.66 2.00 2.66 3.32 4.00
(14 - 20) 50.00 % 67.00 % 83.00 % 100.00 % 133.00 % 166.00 %  200.00 %
SAI 0.13 0.17 0.21 0.25 0.33 0.42 0.50
(21 - 27) 50.00 % 67.20 % 83.20 %  100.00 % 132.00 % 166.00 %  200.00 %
Shrub Parameters
Height Top 0.25 0.34 0.42 0.50 0.67 0.83 1.00
(0 -6) 50.00 % 67.00 % 83.00 % 100.00 % 133.00 % 166.00 %  200.00 %
Height Bottom 0.05 0.07 0.08 0.10 0.13 0.17 0.20
(7 -13) 50.00 % 67.00 % 83.00 % 100.00 % 133.00 % 166.00 %  200.00 %
LAI 1.50 2.01 2.49 3.00 3.99 4.98 6.00
(14 - 20) 50.00 % 67.00 % 83.00 % 100.00 % 133.00 % 166.00 %  200.00 %
SAI 0.13 0.17 0.21 0.25 0.33 0.42 0.50
(21 - 27) 50.00 % 67.20 % 83.20 %  100.00 %  132.00 % 166.00 %  200.00 %
Tree Parameters
Height Top 12.50 16.75 20.75 25.00 29.25 33.30 35.00
(0 —6) 50.00 % 67.00 % 83.00 % 100.00 % 117.00 % 133.20 %  140.00 %
Height Bottom 2.00 2.68 3.32 4.00 5.32 6.64 8.00
(7-13) 50.00 % 67.00 % 83.00 % 100.00 % 133.00 % 166.00 %  200.00 %
LAI 2.00 2.68 3.32 4.00 5.32 6.64 8.00
(14 - 20) 50.00 % 67.00 % 83.00 % 100.00 % 133.00 % 166.00 %  200.00 %
SAI 0.38 0.50 0.62 0.75 1.00 1.25 1.50
(21 - 27) 50.00 % 67.07 % 83.07 % 100.00 % 133.07 % 166.00 %  200.00 %
Soil parameters
Sand / Clay 0/0 100/0 0/100 20,20 46,20 46,46 20/46
(28 — 34)
Soil Color 11.00 13.00 15.00 17.00 19.00 20.00 20.00
(35 — 41) 64.71 % 76.47 % 88.24 %  100.00 % 111.76 % 117.65 % 117.65 %
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Figure 4.1: Air temperature (K) at 2m above ground as a function of different values for
the plant morphological and soil parameters stated in table 4.1.

T, of the canopy layer is considered to equal the air temperature at height zy 4 d,
differences in the sensible heat flux at this height level have to be balanced by
sensible heat from the vegetation and the ground. This results in small positive
correlations of the 2m air temperature and the top-height of vegetation for grass
during the wet season while negative correlations exist for the dry period (see figure
4.1). Shrubs show a negative correlation for wet and especially for dry conditions
and evergreen tropical trees show a small negative correlation for canopy top heights
below 25 m and a strong positive correlation for canopy top heights above 25 m. The
latter can be explained by competing influences of an increased roughness leading
to a stronger coupling to the (colder) atmosphere and increasing energy storage
capacities for thicker canopy layers.

The negative correlation of air temperature for shrubs under dry conditions can
be explained by the enhanced entrainment of slightly colder air due to a more pro-
nounced atmospheric coupling for larger vegetation heights. With respect to transpi-
ration, associated changes in the vapour pressure deficit due to enhanced turbulences
are generally not (dry period) or negatively (wet period) correlated to the canopy
top height except for trees during dry periods, where a positive correlation exists up
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Figure 4.2: Transpiration (mm/s) from vegetation as a function of different values for the
plant morphological and soil parameters stated in table 4.1.

to heights of about 30 m (see figure 4.2).

The influences of the canopy height on the evaporation from vegetation has negli-
gible influences except for tree heights above 25 m which lead to a positive correlation
(see figure 4.3). Even though the partly increasing transpiration and evaporation
leads to an increase in the latent heat fluxes, these energy losses can be counterbal-
anced by sensible heat fluxes from the ground surface layer except for trees under
dry conditions.

For all other conditions, a positive correlation between the sensible heat flux and
the vegetation height due to the stronger coupling between the surface layer and
the atmosphere exists (see figure 4.4). As a consequence of the transpiration and
evaporation fluxes, the specific humidity shows a slight increase with canopy height
for trees while for shrubs and grass, no or a small negative trend can be identified.
The canopy bottom height shows no influence on the resulting parameters.

The dependencies stated above lead to negligible percentage differences (<1 %)
in the resulting 2m air temperatures and specific humidities but absolute tempera-
ture differences can exceed 0.5K for trees during dry conditions (see table 4.3 and
4.4). For the sensible heat flux, deviations of about 8% from the mean value have
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Figure 4.3: Evaporation (mm/s) from vegetation as a function of different values for the
plant morphological and soil parameters stated in table 4.1.
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Figure 4.4: Sensible heat flux (W/m?) as a function of different values for the plant mor-
phological and soil parameters stated in table 4.1.
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Figure 4.5: Air humidity (kg/kg) at 2m above ground a function of different values for
the plant morphological and soil parameters stated in table 4.1.

to be expected (see table 4.5), if the vegetation top height changes by the factors
of table 4.1 (i.e. by a factor of £2 except for trees where the increase of vegeta-
tion top height is limited to a factor of +1.4). Larger percentage differences can be
seen only for transpiration and evaporation from trees during dry conditions with
values of 16.63 % and —22.33 % respectively which equals absolute deviations of
62 mm/month and —349 mm /month. For grass and shrubs, the deviation in evapo-
ration and transpiration is below 3 % for changes in the vegetation height by factor
+2 (see table 4.6 and 4.7). The bottom height of the canopy layer has no influence
on any of the output parameters considered.

As a consequence of the already mentioned humidity fluxes, the specific air hu-
midity shows negative correlations with vegetation height except for shrubs and
grass during dry conditions (see figure 4.5). For the evaporation (see figure 4.3) no
significant influence of the vegetation top height exists. The same is true for the
bottom height of the vegetation canopy for all parameters.
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4.3.2 Leaf and stem area index

The leaf area index (LAI) and its sunlit and shaded fractions have a dominant influ-
ence on the radiative transfer inside the canopy and in turn on the energy available
for photosynthesis, heat and water vapour fluxes. Consequently, the 2m air temper-
ature shows a negative correlation with increasing LAT values (see figure 4.1) because
of increasing shading effects and a positive correlated increase in transpiration and
evaporation with leaf area exists (see figure 4.2, 4.3) resulting in an evaporative heat
loss of the canopy air. Except for grass during dry conditions and for large trees
(>25m), the sensible heat flux shows a positive correlation with the leaf area index
(see figure 4.4). The energy reduction at the ground surface due to an increased
shading with increasing leaf area index significantly reduces the evaporation from
the surface layer except for grass areas (during dry conditions) which explains the
predominately negative correlations between the LLAI and the specific air humidity
at 2m height (see figure 4.5).

The stem area index (SAI) is also positively correlated with the canopy energy
budget and generally shows the same tendencies as the LAI. One exception is the
transpiration which shows a positive correlation with SAT for trees during dry con-
ditions resulting in deviations of the sensible heat flux accordingly. The reason for
that is unclear but might be related to effects of the closure of the canopy energy
budget by numerical iteration leading to a decrease of evaporation and an increase
in the soil water available for transpiration.

As for changes in the canopy height, changes in the LAT and SAI have a negligible
percentage influence on the 2m air temperature and humidity but this time, the air
temperature deviation over grass and shrubs can exceed 0.5 K and the air humidity
exceeds 1% for trees and shrubs under dry conditions. For the sensible heat fluxes
and especially for the evapotranspiration, the differences resulting from changing
leaf and stem areas are larger than the ones from the canopy height alteration.
In general, the largest deviations are related to dry conditions and do not exceed
about 14% for the sensible heat flux but reach up to 60 % for the evaporation if the
grass leaf area index is increased by factor 2. Since transpiration is at least partly
controlled by the plants, an increase in the leaf area does generally result in smaller
alterations that do not exceed 25% for trees and shrubs and 47 % for grass. The
SAT has only a minor influence except for trees during dry conditions where it can
induce an increase of the transpiration by 33 % (see tables 4.3 to 4.7).

4.3.3 Soil properties

Soil water availability is - among others - a function of the sand/clay fraction with
feedbacks on field capacity, wilting point and water availability. For transpiration,
the latter factors lead to a negative correlation with increasing clay fraction of the
underlying soil. The same tendency can be found for evaporation. Under dry condi-
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Table 4.2: Tendency of the correlation between the computed values of the 2m air temper-
ature (T'SA), the 2m air humidity (Q2M), the sensible heat flux (F'SH), the
evaporation (QV EGE) as well as the transpiration (QV EGT) from vegetation
surfaces and the morphological and soil related input parameters described in

table 4.1.
Surface Parameter TSA Q@Q2M FSH QVEGE QVEGT
Height Top
Trees Wet Period -+ -+ + -+
Dry Period -+ 0+ - -+ + -
Shrubs Wet Period - 0 + 0 -
Dry Period - + 0 0
Grass Wet Period 0 0 + 0 -
Dry Period - 0 + 0 0
Height Bottom
Trees Wet Period 0 0 0 0 0
Dry Period 0 0 0 0 0
Shrubs Wet Period 0 0 0 0 0
Dry Period 0 0 0 0 0
Grass Wet Period 0 0 0 0 0
Dry Period 0 0 0 0 0
LAT
Trees Wet Period - - + - + —+
Dry Period - - + + -
Shrubs Wet Period - - + + +
Dry Period - - + + + -
Grass Wet Period - 0 -+ + —+
Dry Period - + - + +
SAI
Trees Wet Period - - + + -
Dry Period - - - + +
Shrubs Wet Period - 0 + + 0
Dry Period - + + +
Grass Wet Period 0 0 - + -
Dry Period + + +
Clay
Trees Wet Period - + + - -
Dry Period + - + 0 -
Shrubs Wet Period - 0 - - -
Dry Period + 0 + - -
Grass Wet Period - + - - -
Dry Period + - + - -
Color
Trees Wet Period 0 0 0 0 -
Dry Period 0 0 0 0 -
Shrubs Wet Period 0 0 0 0 -
Dry Period + 0 0 0 -
Grass Wet Period 0 0 + + -
Dry Period + 0 + + -
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Table 4.3: Absolute values (K) and relative deviation from the mean value (%) for the air
temperature in 2m height with respect to the modification of morphological
and soil related input parameters described in table 4.1.

Trees Height Top Height Bot LAI SAT Sand Clay Soil Color
Wet Period
Minimum 295.05 295.05 294.91 295.00 295.02 295.04
0.00 % 0.00 % -0.05 % -0.02 % -0.01 % -0.00 %
Maximum 295.25 295.05 295.34 295.09 295.05 295.05
0.07 % 0.00 % 0.10 % 0.01 % 0.00 % 0.00 %
Difference 0.20 0.00 0.43 0.09 0.03 0.01
Average 295.05 295.05 295.05 295.05 295.04 295.05
Dry Period
Minimum 292.78 292.81 292.67 292.71 292.65 292.80
-0.01 % 0.00 % -0.05 % -0.04 % -0.04 % -0.00 %
Maximum 293.48 292.82 293.19 292.89 292.83 292.82
0.23 % 0.00 % 0.13 % 0.02 % 0.02 % 0.00 %
Difference 0.70 0.00 0.53 0.18 0.18 0.02
Average 292.81 292.81 292.81 292.81 292.77 292.81
Shrubs Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period
Minimum 295.47 295.50 295.20 295.48 295.47 295.49
-0.01 % 0.00 % -0.10 % -0.01 % -0.01 % -0.00 %
Maximum 295.51 295.50 295.60 295.51 295.50 295.50
0.01 % 0.00 % 0.03 % 0.00 % 0.00 % 0.00 %
Difference 0.04 0.00 0.40 0.03 0.03 0.02
Average 295.50 295.50 295.50 295.50 295.49 295.50
Dry Period
Minimum 293.48 293.56 293.16 293.50 293.25 293.54
-0.03 % 0.00 % -0.14 % -0.02 % -0.09 % -0.01 %
Maximum 293.64 293.56 293.95 293.60 293.59 293.58
0.03 % 0.00 % 0.13 % 0.01 % 0.03 % 0.00 %
Difference 0.16 0.00 0.79 0.10 0.34 0.04
Average 293.56 293.56 293.56 293.56 293.51 293.56
C3 Grass Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period
Minimum 295.54 295.54 295.45 295.54 295.53 295.54
-0.00 % 0.00 % -0.03 % -0.00 % -0.01 % -0.00 %
Maximum 295.55 295.54 295.60 295.55 295.59 295.55
0.00 % 0.00 % 0.02 % 0.00 % 0.01 % 0.00 %
Difference 0.01 0.00 0.15 0.01 0.06 0.01
Average 295.54 295.54 295.54 295.54 295.55 295.54
Dry Period
Minimum 293.65 293.69 293.23 293.62 293.52 293.63
-0.01 % 0.00 % -0.16 % -0.03 % -0.04 % -0.02 %
Maximum 293.72 293.69 293.85 293.73 293.80 293.72
0.01 % 0.00 % 0.05 % 0.01 % 0.06 % 0.01 %
Difference 0.07 0.00 0.61 0.11 0.29 0.09
Average 293.69 293.69 293.69 293.69 293.63 293.69
C4 Grass Height Top Height Bot LAI SAT Sand Clay Soil Color
Wet Period
Minimum 295.53 295.54 295.47 295.54 295.52 295.53
-0.00 % 0.00 % -0.03 % -0.00 % -0.01 % -0.00 %
Maximum 295.55 295.54 295.59 295.55 295.58 295.55
0.00 % 0.00 % 0.02 % 0.00 % 0.01 % 0.00 %
Difference 0.02 0.00 0.13 0.01 0.06 0.01
Average 295.54 295.54 295.54 295.54 295.55 295.54
Dry Period
Minimum 293.65 293.68 293.19 293.61 293.49 293.62
-0.01 % 0.00 % -0.17 % -0.03 % -0.05 % -0.02 %
Maximum 293.71 293.68 293.86 293.72 293.82 293.71
0.01 % 0.00 % 0.06 % 0.01 % 0.07 % 0.01 %
Difference 0.06 0.00 0.67 0.11 0.33 0.09
Average 293.68 293.68 293.68 293.68 293.62 293.68
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Table 4.4: Absolute values (g/kg) and relative deviation from the mean value (%) for the
specific air humidity in 2m height with respect to the modification of morpho-
logical and soil related input parameters described in table 4.1.

Trees Height Top Height Bot LAI SAT Sand Clay Soil Color
Wet Period
Minimum 181.02 181.02 179.75 180.38 180.83 180.91
0.00 % -0.00 % -0.70 % -0.35 % -0.09 % -0.06 %
Maximum 182.10 181.02 183.27 181.50 181.13 181.07
0.60 % 0.00 % 1.25 % 0.27 % 0.08 % 0.03 %
Difference 1.09 0.00 3.52 1.11 0.30 0.15
Average 181.02 181.02 181.02 181.02 180.99 181.02
Dry Period
Minimum 134.84 134.94 133.66 134.60 134.49 134.86
-0.08 % -0.00 % -0.95 % -0.25 % -0.37 % -0.06 %
Maximum 136.07 134.94 137.38 135.23 135.42 134.98
0.83 % 0.00 % 1.80 % 0.22 % 0.32 % 0.03 %
Difference 1.23 0.00 3.72 0.63 0.93 0.12
Average 134.94 134.94 134.94 134.94 134.99 134.94
Shrubs Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period
Minimum 185.15 185.39 183.01 185.23 185.24 185.34
-0.13 % 0.00 % -1.28 % -0.08 % -0.02 % -0.02 %
Maximum 185.50 185.39 185.40 185.45 185.45 185.41
0.06 % 0.00 % 0.01 % 0.03 % 0.09 % 0.01 %
Difference 0.36 0.00 2.40 0.22 0.21 0.07
Average 185.39 185.39 185.39 185.39 185.29 185.39
Dry Period
Minimum 138.41 138.87 135.82 138.51 136.45 138.71
-0.34 % -0.00 % -2.20 % -0.26 % -1.59 % -0.12 %
Maximum 139.25 138.87 139.34 139.05 138.95 138.95
0.27 % 0.00 % 0.33 % 0.12 % 0.22 % 0.06 %
Difference 0.84 0.00 3.51 0.54 2.50 0.24
Average 138.87 138.87 138.87 138.87 138.65 138.87
C3 Grass Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period
Minimum 184.85 184.90 184.51 184.89 184.36 184.88
-0.02 % 0.00 % -0.21 % -0.00 % -0.25 % -0.01 %
Maximum 184.93 184.90 185.20 184.90 185.07 184.91
0.02 % 0.00 % 0.17 % 0.00 % 0.13 % 0.00 %
Difference 0.08 0.00 0.69 0.01 0.71 0.03
Average 184.90 184.90 184.90 184.90 184.83 184.90
Dry Period
Minimum 140.24 140.42 139.56 140.16 139.13 140.29
-0.13 % -0.00 % -0.61 % -0.18 % -1.34 % -0.09 %
Maximum 140.60 140.42 140.76 140.93 141.21 140.78
0.13 % 0.00 % 0.24 % 0.36 % 0.14 % 0.26 %
Difference 0.36 0.00 1.19 0.77 2.08 0.49
Average 140.42 140.42 140.42 140.42 141.02 140.42
C4 Grass Height Top Height Bot LAI SAT Sand Clay Soil Color
Wet Period
Minimum 184.87 184.91 184.57 184.89 184.41 184.90
-0.03 % 0.00 % -0.19 % -0.01 % -0.23 % -0.01 %
Maximum 184.96 184.91 185.12 184.92 185.13 184.92
0.02 % 0.00 % 0.11 % 0.00 % 0.15 % 0.00 %
Difference 0.09 0.00 0.55 0.03 0.71 0.01
Average 184.91 184.91 184.91 184.91 184.84 184.91
Dry Period
Minimum 140.35 140.47 139.10 140.25 138.97 140.34
-0.09 % -0.00 % -0.97 % -0.16 % -1.37 % -0.09 %
Maximum 140.64 140.47 140.93 140.96 141.08 140.76
0.12 % 0.00 % 0.33 % 0.35 % 0.13 % 0.21 %
Difference 0.29 0.00 1.83 0.71 2.11 0.42
Average 140.47 140.47 140.47 140.47 140.89 140.47
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Table 4.5: Absolute values (W/m?) and relative deviation from the mean value (%) for
the sensible heat flux with respect to the modification of morphological and
soil related input parameters described in table 4.1.

Trees Height Top Height Bot LAI SAT Sand Clay Soil Color
Wet Period
Minimum 52.09 56.84 55.62 53.79 54.99 56.79
-8.36 % -0.00 % -2.16 % -5.38 % -2.81 % -0.11 %
Maximum 57.05 56.85 56.85 61.40 56.58 56.97
0.36 % 0.00 % 0.00 % 8.02 % 0.00 % 0.22 %
Difference 4.96 0.00 1.23 7.61 1.59 0.19
Average 56.84 56.85 56.85 56.85 56.58 56.85
Dry Period
Minimum 66.21 71.46 61.16 62.78 47.51 71.15
-7.35 % -0.00 % -14.41 % -12.14 % -24.55 % -0.42 %
Maximum 7.7 71.46 81.33 75.04 84.10 71.58
8.83 % 0.00 % 13.81 % 5.03 % 33.54 % 0.19 %
Difference 11.56 0.00 20.17 12.26 36.59 0.43
Average 71.46 71.46 71.46 71.45 62.98 71.44
Shrubs Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period
Minimum 38.11 41.42 41.03 40.72 41.22 41.39
-7.98 % -0.00 % -0.94 % -1.70 % -1.29 % -0.07 %
Maximum 45.02 41.42 42.72 42.79 41.90 41.49
8.70 % 0.00 % 3.14 % 3.31 % 0.32 % 0.15 %
Difference 6.91 0.00 1.69 2.07 0.67 0.09
Average 41.42 41.42 41.42 41.42 41.76 41.42
Dry Period
Minimum 68.44 72.55 67.21 72.13 70.94 72.50
-5.67 % -0.00 % -7.37 % -0.59 % -1.47 % -0.07 %
Maximum 76.34 72.55 79.20 73.33 75.97 72.66
5.22 % 0.00 % 9.16 % 1.08 % 5.53 % 0.14 %
Difference 7.90 0.00 11.99 1.21 5.03 0.15
Average 72.55 72.55 72.55 72.55 71.99 72.55
C3 Grass Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period
Minimum 31.62 34.14 33.11 33.75 33.06 33.57
-7.37 % -0.00 % -2.99 % -1.13 % -4.79 % -1.64 %
Maximum 36.80 34.14 38.39 34.44 38.54 34.41
7.81 % 0.00 % 12.46 % 0.90 % 10.97 % 0.80 %
Difference 5.18 0.00 5.27 0.69 5.47 0.83
Average 34.14 34.14 34.14 34.14 34.73 34.14
Dry Period
Minimum 35.05 37.29 37.07 34.57 33.48 34.85
-6.01 % -0.00 % -0.59 % -7.30 % -3.75 % -6.56 %
Maximum 39.23 37.29 39.71 38.75 51.03 38.47
5.19 % 0.00 % 6.50 % 3.92 % 46.73 % 3.15 %
Difference 4.18 0.00 2.65 4.18 17.55 3.62
Average 37.29 37.29 37.29 37.29 34.78 37.29
C4 Grass Height Top Height Bot LAI SAT Sand Clay Soil Color
Wet Period
Minimum 31.10 33.61 33.58 33.55 32.17 32.92
-7.46 % -0.00 % -0.09 % -0.18 % -6.00 % -2.06 %
Maximum 36.28 33.61 37.27 33.76 37.57 33.94
7.95 % 0.00 % 10.91 % 0.44 % 9.77 % 1.00 %
Difference 5.18 0.00 3.70 0.21 5.40 1.03
Average 33.61 33.61 33.61 33.61 34.23 33.61
Dry Period
Minimum 33.18 35.60 32.76 32.94 31.91 33.32
-6.80 % -0.00 % -7.97 % -7.49 % -4.24 % -6.42 %
Maximum 37.74 35.60 39.85 37.10 52.29 36.71
6.02 % 0.00 % 11.94 % 4.21 % 56.90 % 3.10 %
Difference 4.56 0.00 7.09 4.16 20.37 3.39
Average 35.60 35.60 35.60 35.60 33.32 35.60
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Table 4.6: Absolute values (mm/month) and relative deviation from the mean value (%)
for the evaporation from vegetation with respect to the modification of mor-
phological and soil related input parameters described in table 4.1.

Trees Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period

Minimum 544.70 544.70 391.30 520.50 542.60 544.00

0.00 % 0.00 % -28.16 % -4.44 % -0.39 % -0.13 %

Maximum 608.10 544.70 672.90 581.90 631.00 545.10

11.64 % 0.00 % 23.54 % 6.83 % 15.84 % 0.07 %

Difference 63.40 0.00 281.60 61.40 88.40 1.10

Average 544.70 544.70 544.70 544.70 544.70 544.70
Dry Period

Minimum 373.40 373.50 242.50 353.70 370.80 372.80

-0.03 % 0.00 % -35.07 % -5.30 % -0.62 % -0.19 %

Maximum 435.60 373.50 486.10 408.50 470.10 373.80

16.63 % 0.00 % 30.15 % 9.37 % 26.00 % 0.08 %

Difference 62.20 0.00 243.60 54.80 99.30 1.00

Average 373.50 373.50 373.50 373.50 373.10 373.50

Shrubs Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period

Minimum 431.60 433.90 292.90 421.80 425.50 432.30

-0.53 % 0.00 % -32.50 % -2.79 % -2.52 % -0.37 %

Maximum 436.50 433.90 619.50 457.50 558.70 434.70

0.60 % 0.00 % 42.77 % 5.44 % 28.00 % 0.18 %

Difference 4.90 0.00 326.60 35.70 133.20 2.40

Average 433.90 433.90 433.90 433.90 436.50 433.90
Dry Period

Minimum 285.60 287.10 203.90 276.90 276.50 286.30

-0.52 % 0.00 % -28.98 % -3.55 % -5.05 % -0.31 %

Maximum 289.50 287.10 448.20 307.30 416.30 287.60

0.84 % 0.00 % 56.11 % 7.04 % 42.96 % 0.14 %

Difference 3.90 0.00 244.30 30.40 139.80 1.30

Average 287.10 287.10 287.10 287.10 291.20 287.20

C3 Grass Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period

Minimum 342.60 344.90 226.00 332.90 307.70 339.40

-0.67 % 0.00 % -34.47 % -3.48 % -12.31 % -1.59 %

Maximum 346.50 344.90 525.00 369.20 469.80 347.30

0.46 % 0.00 % 52.22 % 7.05 % 33.88 % 0.70 %

Difference 3.90 0.00 299.00 36.30 162.10 7.90

Average 344.90 344.90 344.90 344.90 350.90 344.90
Dry Period

Minimum 222.00 223.70 156.60 218.20 203.00 214.70

-0.76 % 0.00 % -30.00 % -2.46 % -10.22 % -4.02 %

Maximum 225.40 223.70 358.90 235.50 350.00 228.30

0.76 % 0.00 % 60.44 % 5.27 % 54.80 % 2.06 %

Difference 3.40 0.00 202.30 17.30 147.00 13.60

Average 223.70 223.70 223.70 223.70 226.10 223.70

C4 Grass Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period

Minimum 344.50 346.70 230.30 334.90 308.90 341.70

-0.63 % 0.00 % -33.57 % -3.40 % -12.54 % -1.44 %

Maximum 348.20 346.70 525.70 370.60 469.80 349.20

0.43 % 0.00 % 51.63 % 6.89 % 33.01 % 0.72 %

Difference 3.70 0.00 295.40 35.70 160.90 7.50

Average 346.70 346.70 346.70 346.70 353.20 346.70
Dry Period

Minimum 222.80 224.40 162.30 219.10 207.10 215.60

-0.71 % 0.00 % -27.67 % -2.36 % -8.77 % -3.92 %

Maximum 226.10 224.40 358.50 236.10 350.00 228.90

0.76 % 0.00 % 59.76 % 5.21 % 54.19 % 2.01 %

Difference 3.30 0.00 196.20 17.00 142.90 13.30

Average 224.40 224.40 224.40 224.40 227.00 224.40
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Table 4.7: Absolute values (mm/month) and relative deviation from the mean value (%)
for the transpiration from vegetation with respect to the modification of mor-
phological and soil related input parameters described in table 4.1.

Trees Height Top Height Bot LAI SAT Sand Clay Soil Color
Wet Period

Minimum 2005.00 2195.60 1883.50 2134.30 0.00 2191.10

-8.69 % -0.00 % -14.21 % -2.79 % -100.00 % -0.20 %

Maximum 2348.50 2195.70 2297.40 2226.50 2331.20 2204.30

6.96 % 0.00 % 4.64 % 1.41 % 5.14 % 0.40 %

Difference 343.50 0.10 413.90 92.20 2331.20 13.20

Average 2195.70 2195.70 2195.60 2195.60 2217.20 2195.50
Dry Period

Minimum 1213.30 1562.20 1207.00 1305.30 0.00 1551.70

-22.33 % 0.00 % -22.75 % -16.47 % -100.00 % -0.72 %

Maximum 1657.00 1562.30 1742.60 2076.50 2755.00 1587.00

6.08 % 0.01 % 11.53 % 32.89 % 40.37 % 1.54 %

Difference 443.70 0.10 535.60 771.20 2755.00 35.30

Average 1562.10 1562.20 1562.40 1562.60 1962.70 1562.90

Shrubs Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period

Minimum 2576.20 2642.20 2048.10 2635.10 0.00 2629.60

-2.50 % 0.00 % -22.49 % -0.26 % -100.00 % -0.47 %

Maximum 2690.60 2642.20 2950.10 2644.80 2741.10 2667.50

1.83 % 0.00 % 11.65 % 0.10 % 3.48 % 0.96 %

Difference 114.40 0.00 902.00 9.70 2741.10 37.90

Average 2642.30 2642.20 2642.20 2642.10 2648.90 2642.10
Dry Period

Minimum 1063.40 1076.40 810.70 1059.30 0.00 1068.10

-1.21 % 0.00 % -24.68 % -1.59 % -100.00 % -0.77 %

Maximum 1086.20 1076.40 1256.20 1109.30 1399.00 1093.10

0.91 % 0.00 % 16.70 % 3.06 % 19.36 % 1.55 %

Difference 22.80 0.00 445.50 50.00 1399.00 25.00

Average 1076.40 1076.40 1076.40 1076.40 1172.10 1076.40

C3 Grass Height Top Height Bot LAI SAI Sand Clay Soil Color
Wet Period

Minimum 1342.10 1382.20 804.40 1357.20 0.00 1373.90

-2.90 % 0.00 % -41.80 % -1.81 % -100.00 % -0.60 %

Maximum 1411.30 1382.20 2030.10 1397.10 1531.60 1398.90

2.11 % 0.00 % 46.87 % 1.08 % 9.24 % 1.21 %

Difference 69.20 0.00 1225.70 39.90 1531.60 25.00

Average 1382.20 1382.20 1382.20 1382.20 1402.00 1382.20
Dry Period

Minimum 1370.00 1376.20 904.10 1341.10 0.00 1334.20

-0.46 % 0.00 % -34.30 % -2.55 % -100.00 % -3.04 %

Maximum 1389.10 1376.20 1856.10 1444.50 1690.30 1461.00

0.93 % 0.00 % 34.87 % 4.96 % 7.55 % 6.17 %

Difference 19.10 0.00 952.00 103.40 1690.30 126.80

Average 1376.30 1376.20 1376.20 1376.20 1571.60 1376.10

C4 Grass Height Top Height Bot LAI SAT Sand Clay Soil Color
Wet Period

Minimum 1390.40 1433.50 959.70 1379.80 0.00 1420.90

-3.01 % 0.00 % -33.05 % -3.75 % -100.00 % -0.87 %

Maximum 1465.10 1433.50 1916.30 1462.80 1590.90 1459.20

2.20 % 0.00 % 33.68 % 2.04 % 9.25 % 1.80 %

Difference 74.70 0.00 956.60 83.00 1590.90 38.30

Average 1433.60 1433.50 1433.50 1433.50 1456.20 1433.40
Dry Period

Minimum 1486.70 1490.00 1085.70 1454.40 0.00 1449.90

-0.22 % 0.00 % -27.13 % -2.38 % -100.00 % -2.68 %

Maximum 1501.50 1490.00 2097.70 1551.80 1846.10 1571.00

0.77 % 0.00 % 40.79 % 4.15 % 9.63 % 5.44 %

Difference 14.80 0.00 1012.00 97.40 1846.10 121.10

Average 1490.00 1490.00 1490.00 1489.90 1684.00 1489.90
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tions, the decrease in evapotranspiration also dominates the air humidity leading to
a negative correlation with the clay fraction while for wet conditions, no or positive
correlations can be found. The sensible heat flux trend shows the opposite behaviour
as the air humidity with positive (negative) correlations for trees and dry shrubs and
grass land areas (wet shrubs and grass land areas) and the air temperature generally
follows the same trends as the sensible heat flux.

The soil colour is a proxy for the soil albedo with larger values represent darker
soils and therefore a lower albedo and increasing absorption coefficients for elec-
tromagnetic radiation. It shows no influence on trees and shrubs except for the
transpiration which has a negative correlation (i.e. positive correlation with soil
albedo). For grasslands, the soil surface has a stronger influence on the resulting
parameters and generally shows a positive correlation between the soil colour and
the respective energy and flux parameters.

Since soil water also has a major influence on the heat exchange, the deviations
in the sensible heat flux that result from rather extreme soil modifications (see table
4.1) are larger than for changes in any of the morphological parameters discussed so
far. For trees the deviations exceed 30 % for pure sand or clay soils and for grasslands,
a deviation larger 50 % can be identified. Yet one should to keep in mind, that such
extreme soil conditions can rather be found under vegetation in real case scenarios.
The same is true for the evaporation results which also exceed 50 % for the case of
an ideal silt soil (0% sand and clay fraction) but show only negligible influence of
the soil substrate for all other input modifications. The maximum influence of the
soil composition on the transpiration is smaller than for the evaporation but still
shows an increase of 40 % under dry conditions and soils with a 46 % sand and 20 %
clay fraction. Air temperature and humidity are again barely effected by the soil
composition and the soil colour also has only a minor influence (generally way below
5%) on all discussed output parameters (see tables 4.3 to 4.7).

4.4 Influence of the parametrization of the plant
functional types

Beside vegetation structure and soil parameters, the influence of the plant phys-
iological behaviour on the computed parameters is investigated. To simulate the
vegetation communities already used in the previous chapter (i.e. evergreen trop-
ical trees, shrubs, C3 and C4 grass), each of these plant functional types (PFT)
is described by 48 parameters. Similar to the study setup in section 4.3, each of
the plant specific parameters has been modified by +30 % from the standard values
used within the CLM. The resulting changes in the air temperature and humidity,
the sensible heat flux and the evaporation and transpiration from vegetation exceed
+1% only for 19 of the 48 parameters mainly related to plant morphology, plant
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Table 4.8: PFT parameters leading to a change of more than 1% in at least one of the
output values discussed in this study.

PFT parameter Symbol
roughness length/canopy top height R.om

slope of conductance-to-photosynthesis relationship m
quantum efficiency at 25°C qe

leaf reflectance (VIS) aleet

leaf reflectance (NTR) alne;:,f

stem reflectance (NIR) astem

leaf transmittance (VIS) rieaf

leaf transmittance (NIR) rleaf

stem transmittance (NIR) stem
leaf/stem orientation index X1

CLM rooting distribution parameter a Tq

CLM rooting distribution parameter b T

specific leaf area at the top of the canopy SLAgun
dSLA /dLAI dSLA/dLAI
leaf C/N Cleaf/Nleaf
fraction of leaf N in Rubisco enzyme NRubisco
soil water potential at full stomatal opening Bso

soil water potential at full stomatal closure Bse
nitrogen limitation factor for non-CN mode Niimit

optical properties, photosynthesis and plant physiology. Table 4.8 gives an overview
of these 19 parameters and their formula symbols used within the following tables.

As can be seen from table 4.9, the 2 m air temperature is not affected by changes
of any of the PFT parameters mentioned in table 4.8 and the corresponding air
humidity is only modified over grassland areas during dry conditions by changes of
the conductance-to-photosynthesis relationship (m). The sensible heat flux and the
transpiration is affected by many of the PFT parameters while influences on the
evaporation from vegetation are again restricted to grassland (except for changes in
the conductance-to-photosynthesis relationship of shrubs under dry conditions). In
most of the cases where an output value is affected by changes in a PFT parameter,
this is for both wet and dry conditions. If the influence is restricted to only one
condition, this is generally during the dry period for evaporation and transpiration
but during the wet period for the sensible heat flux. In addition, deviations exceeding
10% (indicated by * in table 4.9) can only be found for the sensible heat flux and
the transpiration.

Tables 4.10 through 4.13 give an overview of the resulting relative deviations
from the average value of each output parameter for a negative (Dy.,) or positive
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Table 4.9: Dependency of the computed values of the 2m air humidity (Q2M), the sensible heat flux (F'SH), the evaporation

(QVEGE) as well as the transpiration (QV EGT) from vegetation from the parametrizations of the tree (1), shrub
(S) and grassland (C3 and C4) plant functional types for wet (W) and dry (D) conditions. Indices marked with *
indicate deviations exceeding 10 %. The meaning of abbreviations of the PFT parameters is given in table 4.8.

Q2M FSH QVEGE QVEGT
R.om Tw Tp Sw Sp C3w C3p Cdyw Cdp Tw Th Sw C3w Clyy
m C3p  Cip T Tp Sy Sh C3h 4y Clp Sp C3w C3p Chy Cidp Ti Ty Si Sy O3 O3, C4h O4f
ge Tw T, Sw C3w C3p Chw Chp Cip Tw T; Sw Sp C3w CO3p C4i, Cdp
ay! Tiy Cdw  C3p Cip T Cw Ciyy
ans’ Tw T Sw Sp C3j O3 Ciiy Cd Ty T Sw 03y C3p C4 Cip
agtem Tw Tp C3w C3p Cdw Cip Tp C3w Cly
o C3p C4p Tp
el Tw Tp Sw Sp C3w O3 Cdyw C4p Tw Tp C3w C3p Cdy
Tt C3w C3p Cdw Cdp C3w Clyy
Xt C3p C3p C4p Tp C3p C4yw Cip
Ta T C3p Cip T Sp C3p
Ty Tw Tpr Sw Sp C3p C4p Tw Tp Sw Sp C3p C4p
SLAgun Tw T Sw C3w C3p C4y Cip C3p Tw Th Sw Sp O3y, C4y Cdp
dSLA/dLAI Tp Tw Tp
Ciea/Nicaf Tw Ty Sw C3w C3p Cdyw Cip C3p Tw T5 Sw Sp O3y Cdw Cip
Nrubisco Tw T Sw C3w Cdy Cdp C3w C3p Tw Ty Sw Sp O3y C3p Cdw Cidp
Bso Tp Tp C3p C4p
Bse Tp C3p C4p Tp Sp C3p C4p
Niimit Ty T5 Sw O3y C4w Cip O3y C3p Tw T, Sw Sp O3y C3p Cdw Cdp
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4 Sensitivity of PF'T' Parameter

(Dpos) modification of the respective PFT parameter by 30 % and for each plant
functional type. Since the changes of the parametrization has no influence on the
2m air temperature, it is not considered in these tables. The same applies for
the 2m air humidity even though changes in the conductance-to-photosynthesis
relationship (m) over grassland areas lead to a maximum deviation of 1.03 % during
dry conditions.

Out of the remaining output parameters, the sensible heat flux is influenced from
most of the PFT parameters followed by the transpiration and finally the evapora-
tion. The latter shows (almost) no dependency from the PFT parameters for trees
and shrubs and the sensitivity of grassland is mainly restricted to nutrition and pho-
tosynthesis related parameters also controlling the transpiration and therefore the
water vapour pressure deficit in the vicinity of the plants. With deviations of the
evaporation generally not exceeding 2 % except for modifications of the conductance-
to-photosynthesis relationship (m) for C4 grass, the sensitivity is insignificant (see
tables 4.12 and 4.13).

In contrast to the evaporation, deviations of the transpiration values are more
significant and considerably exceed 10 % or even 20 % especially for trees (see tables
4.10 and 4.11). At this, the largest deviations can be found during dry periods
and depend on modifications of the slope of conductance-to-photosynthesis rela-
tionship (m), the quantum efficiency at 25°C(ge) , the leaf C/N ratio (Ciear/Nicas)
the fraction of leaf N in the Rubisco enzyme (Ngypisco), and the nitrogen limitation
factor (Nymi). These PFT parameters have a major influence on the simulated
metabolism which is linked to water uptake and stomata resistance. For wet con-
ditions or grassland areas, the deviations are generally smaller but the conductance
relationship and the quantum efficiency still lead to maximum deviations between
15% and 25 % (see tables 4.12 and 4.13).

Because changes in the transpiration have a negative feedback on the sensible
heat flux, the latter decreases (increases) if the transpiration increases (decreases)
caused by changes in the parametrization of the metabolism of the vegetation types.
Although the resulting deviations of the sensible heat flux are generally less than
10% to 15 %, the feedback can clearly be identified for all vegetation types (see
tables 4.10 to 4.13). In addition, changes in the absorption properties of the plants
expressed by the reflection and transmission of leafs and stems (- and 7) lead
to changes in the sensible heat flux which are most significant for grassland areas
where they could exceed 30 % although the majority of deviations is below 15% to
10 % (see tables 4.12 and 4.13). For trees under dry conditions, they could reach up
to 15 % to 20 % (see tables 4.10).
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Table 4.10: Mean values and relative deviations from the mean values (%) for the sensible
heat flux (FSH, W/m?), the evaporation and transpiration from vegetation
(QVEGE and QV EGT, mm/month) with respect to the negative (Dyeg) and
positive (Dp,s) modifications of the PFT parameters for trees. If no values
are given in the table, the respective deviations are less than 1 %.

FSH QVEGE QVEGT

Trees Mean  Dpeg Dpos Mean Dneg Dpos Mean Dpeg Dpos
Wet Period
R:om 56.84  96.66  102.13 2195.71  102.84  97.83
m 56.84  115.81  86.49 2195.71  81.25  115.86
qe 56.84  107.01  94.21 2195.71  91.61  106.80
aleat 56.84  101.28  98.72
et 56.84  108.03  89.03 2195.71  103.03  95.83
astem 56.84  101.45 98.47

leaf
Tiiis
rieaf 56.84  104.49  94.59 2195.71  101.73  97.90
rstem

nr
Xi
Ta
T 56.84  102.27  98.15 2195.71  97.38  102.13
SLAsun 56.84  93.03  104.46 2195.71  108.16  94.70
dSLA/dLAI 2195.71  101.00  99.06
Cleaf/Nicay 5684  92.01  104.87 2195.71  109.36  94.20
NRubisco 56.84  106.27  93.97 2195.71  92.53  107.07
Bso
Bse
Niimit 56.84  106.27  93.97 2195.71  92.53  107.07
Dry Period
R:om 71.46  105.04  95.48 1562.09  88.38  109.05
m 71.46 7223 115.51 1562.09  152.48  69.92
qe 7146 7227  113.35 1562.09  154.92  73.77
aleat 1562.09  101.85 98.44
aff;f 7146 114.75  79.35 1562.09  88.80  116.62
astem 71.46  102.73  97.11 1562.09  97.86  102.31
rieaf 1562.09  101.26  98.83
roeaf 71.46  108.12  90.20 1562.09  93.94  107.43
TS _em

nr
Xt 1562.09  98.20  101.82
Ta 71.46  102.29  98.52 1562.09  95.14  103.11
T 7146  95.09  98.39 1562.09  109.70  103.30
SLAsun 71.46  114.58  80.37 1562.09  71.54  138.84
dSLA/dLAI 7146 103.10 96.91 1562.09  93.89  106.10
Cieaf/Nicay 7146 11510  78.55 1562.09  70.52  142.45
NRubisco 71.46  73.56  113.83 1562.09  152.27 72.98
Bso 71.46  98.43  101.38 1562.09  103.09 97.28
Bse 71.46  102.77  97.89 1562.09  93.62  104.74
Nismit 71.46  73.56  113.83 1562.09  152.27  72.98
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Table 4.11: Same as table 4.10 but for shrubs.

FSH QVEGE QVEGT
Shrubs Mean  Dpeg Dpos Mean Dpneg  Dpos Mean Dpeg Dpos
Wet Period
R.om 41.42  95.81 103.21 2642.27 101.02  99.13
m 41.42  117.72  90.32 2642.27 82.72 109.49
qe 41.42  106.09  95.35 2642.27 94.08 104.51
ae!
aeaf 41.42  103.88  95.49 2642.27  102.78  96.60
ast'em
leaf
Tis
reeaf 41.42  101.09 98.86
rsiem
X1
Ta
Ty 41.42  102.01  99.01 2642.27 98.12 100.99
SLAsun 41.42  94.31 104.73 2642.27 105.57  95.37
dSLA/dLAI
Cleaf/Nieay 4142  93.57 105.24 2642.27 106.30  94.86
Rubisco 41.42  107.13  95.16 2642.27 93.01 104.74
Bso
Bsc
Niimit 41.42  107.13  95.16 2642.27 93.01 104.74
Dry Period
R.om 72.55 97.13 102.03
m 72.55  88.91 100.25  287.15 98.83  100.37 1076.42 137.06  100.52
qe 1076.42 101.38  99.18
a;ef;f
eaf
Z%Tm 72.55  104.40 94.83
leaf
T'Ll)is
rieat 72.55  101.22  98.71
Ts%'em
nr
X1
Ta 1076.42 96.97 102.11
Ty 72.55  103.54  99.80 1076.42 86.99 100.97
SLAsun 1076.42 101.46  97.50
dSLA/dLAI
Cleaf/Nicaf 1076.42 101.56  97.00
Rubisco 1076.42 95.92 101.50
Bso
Bsc 1076.42 96.65 102.04
Niimit 1076.42 95.92 101.50
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Table 4.12: Same as table 4.10 but for C3 grass.

FSH QVEGE QVEGT

C3 Grass Mean  Dpeg Dpos Mean Dpyeg Dpos Mean Dpyeg Dpos
Wet Period
R.om 34.14  96.14  102.89 1382.22  101.18  99.00
m 34.14  111.81 9224  344.92 98.18  100.60 1382.22  75.61  115.16
qe 34.14  102.94  99.15 1382.22  94.41  101.62
aleat 3414 101.21  98.77 1382.22  101.03  98.90
araf 34.14 11538  78.42 1382.22  115.00 76.16
affii;” 34.14  102.18  97.73 1382.22 10225  97.60

lea
Tyis
reeaf 34.14  107.09 91.81 1382.22  107.21  91.18
ratem 34.14 10142  98.54 1382.22 10149  98.45
Xt
Ta
b
SLAsun 34.14  93.60  106.02 1382.22  112.68 87.83
dSLA/dLAT
Cieaf/Nicas ~34.14  93.60  106.02 1382.22  112.68 87.83
NRubisco 34.14 10832  95.09  344.92 98.86  100.48 1382.22  83.09  109.73
Bso
Bsc
Niimit 34.14  108.32  95.09  344.92 98.86  100.48 138222  83.09  109.73
Dry Period
Rz0m 37.29  96.99  102.04
m 223.72 93.17  101.61 1376.25  78.78  98.08
qe 37.29  97.98  100.62 1376.25  101.70  99.27
aleat 37.29  102.02  97.89
aless 37.29 12743  62.69 1376.25  96.17  96.54
astem 37.29  103.90  95.94
rleaf 3729 101.21 98.76
Ti?f 37.29 11255  85.64 1376.25  98.69  100.34
Totem 37.29 10251  97.42
Xi 37.29  98.91  100.96 223.72 98.83  101.31 1376.25  101.89  98.23
ra 37.29  98.66  100.66 1376.25  101.21  99.41
o 37.29  95.94  102.72 1376.25  105.43  96.24
SLAsun 37.29 10143  99.63  223.72 101.41  98.14
dSLA/dLAI
Cieaf/Nicas 3729 10143  99.63  223.72 101.41  98.14
NRubisco 223.72 96.89  101.07 1376.25  90.39  100.82
Bso 1376.25  98.16  101.43
Bse 37.29  101.11  99.21 1376.25  96.94  102.13
Niimit 223.72 96.89  101.07 1376.25  90.39  100.82
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Table 4.13: Same as table 4.10 but for C4 grass.

FSH QVEGE QVEGT
C4 Grass Mean  Dpeg Dpos Mean Dpneg  Dpos Mean Dpeg Dpos
Wet Period
R.om 33.61  96.12  102.94 1433.55  101.23  98.95
m 33.61  112.00 93.18  346.72 97.82  100.54 1433.55  75.58  112.74
qe 33.61  107.47  95.66 1433.55  86.16  107.78
aleat 143355  101.53  98.36
araf 33.61 114.87 78.94 1433.55  115.73  75.48
affﬁ;” 33.61  102.11 97.81 1433.55  102.35  97.50
lea
Tyis
reeaf 33.61  106.83  92.08 1433.55  107.56  90.84
ratem 33.61  101.37  98.60 1433.55  101.55  98.38
Xi 1433.55  101.54  98.52
Ta
b
SLAsun 33.61  98.27  102.24 1433.55  103.52  95.50
dSLA/dLAT
Cieaf/Nicas 33.61 9827  102.24 1433.55  103.52  95.50
Rubisco 33.61  103.38  98.63 1433.55  93.25  102.78
Bso
Bsc
Niimit 33.61  103.38  98.63 1433.55 9325  102.78
Dry Period
Rz0m 35.60 96.58  102.38
m 35.60 10248 102.26  224.38 92.80 10193 1490.01  73.03  99.08
qe 35.60 98.53  102.53 224.38 98.81  100.62 1490.01  98.02  97.62
aleat 35.60 102.26  97.67
aless 35.60 128.88  63.01 1490.01  96.06  95.25
astem 35.60 103.95 95.93
rleaf 35.60 101.36  98.62
rff%;‘tf 35.60 112.87  85.62
Totem 35.60  102.55  97.40
Xi 224.38 98.93  101.25 1490.01  101.44  98.65
ra 35.60 98.94  100.43
o 35.60 94.88  103.68 1490.01  106.15  95.40
SLAsun 35.60 96.78  101.63 1490.01  105.74  95.84
dSLA/dLAI
Cieaf/Nicas 35.60 96.78  101.63 1490.01  105.74  95.84
Rubisco 35.60  102.14  97.72 1490.01  94.02  104.18
Bso 1490.01  98.77  101.00
Bse 35.60 101.54  98.97 1490.01  96.57  102.25
Niimit 35.60  102.14  97.72 1490.01  94.02  104.18
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4.5 Summary and conclusion

In this study, the influence of changes in the vegetation structure, soil and plant
functional type parameters on certain output variables from the CLM model have
been examined. Therefore, mean vegetation structure and soil parameters have
been modified mainly by a factor of 2 (see table 4.1) and the parameters describing
evergreen tropical tree, shrub, C3 and C4 grass plant functional types have been
modified by £30% from the standard values used within the CLM (see section
4.4). Since the deviation of the output parameters also depends on the general
atmospheric conditions, the simulations encompassed one wet and one dry period.

In general, the influence of these parameters on the simulated monthly mean values
of the 2m air temperature and humidity are negligible for most applications. The
deviations resulting from modifications of the input parameters for the vegetation
structure and soil parameters are well below 1% except for the stem area index
which leads to a deviation of —2.20 % for shrubs under dry conditions. However one
has to keep in mind that for the 2m air temperature, such deviations correspond
to absolute deviations of up to 0.5 K. This could lead to problems if the absolute
output values are of importance and not the differences between several scenario
runs. Variations in the plant functional type parametrizations have no consequence
on the computed air temperatures and humidities.

In contrast to the air humidity, hydrological parameters like the evaporation and
transpiration from vegetation are stronger affected by changes in the structural and
PFT specific parameters. In this context one has to mention the influence of changes
in the leaf area index on the evaporation which could lead to deviations of around
30 % with peaks of around 60 % for shrubs, C3 and C4 grass under dry conditions.
At the same time, the evaporation is rather independent from changes of the PET
parametrization which lead to deviations in the respective output values of generally
less than 2 %.

As for the evaporation the transpiration from vegetation shows a strong depen-
dency on the leaf area index with similar deviations of the output values although
the maximum deviations are a little smaller. In addition, changes of the stem area
index lead to a variance of the transpiration by —16 % to 33 % for trees under dry
conditions while for all other vegetation types and conditions the deviations are
(well) below 5%. Another difference lays in the stronger influence especially of
the plant functional type parametrizations directly relevant for photosynthesis and
plant metabolism which could induce deviations of more than 50 % for trees under
dry conditions. Yet, the influence of the majority of PFT parameters that induce a
change in the transpiration at all is restricted to much less than 10 %.

Since water vapour fluxes have feedbacks on the sensible heat flux, the latter is also
affected by changes of the photosynthesis and metabolism controlling parameters.
The resulting deviations however are generally smaller and do not exceed —30%
to 15%. A stronger influence emanates from leaf and stem optical properties that
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could lead to changes in the sensible heat flux between —40 % to 30 %. Compared
to these figures, the influence of the leaf area index with maximum deviations of
about 14% is rather small.

All other morphological and plant functional type parameters that have not been
explicitly mentioned in the paragraphs above have only minor influences on the
resulting values of the evaporation, transpiration and sensible heat flux. Magni-
tudes of deviations due to changes in the soil composition are comparable to or
even exceed the maximum deviations presented above. However, the applied mod-
ifications to the composition parameters are much larger than the modifications of
all other input parameters and rather extreme (encompassing 100 % sand, silt, and
clay soils). Therefore the actual error of area wide soil datasets e.g. generated by
geostatistical techniques and as a consequence the resulting deviations of the output
parameters can be assumed to be significantly smaller than the modifications of the
soil parameters in this sensitivity study.

Considering these sensitivities one can conclude that the general lack of highly
accurate morphological and plant physiological datasets in the framework of social
(economic) studies has no significant influence on the output values of interest (i. e.
mainly the air temperature and humidity).
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Optical Properties of Selected Plants
from a Tropical Mountain Ecosystem —
Traits for Plant Functional Types to
Parametrize a Land Surface Model
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Marburg, Germany
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The optical properties (reflectance and transmittance) of selected leaves from a
tropical mountain rainforest in southern Ecuador are determined to parametrize
optical traits of plant functional types (PFT) of a state of the art land model
(Community Land Model, CLM). 46 spatially dominating species are selected
from 4 different forest types, the subparamo and a succession stage of pasture
areas representing ecologically predefined functional types within the study
area. Measurements are conducted under a standardized experimental setup
with a field spectrometer covering the radiation between 305-1305nm. The
results of the optical properties of all species are checked for similarity by clus-
ter analysis and are compared to the composition of species of the predefined
PFTs. Furthermore the results are compared to other studies, the default val-
ues for the globally defined PFT of tropical evergreen trees in the CLM and
another forest growth model operated in the same study area. The results
show that the clusters aggregated by the reflectance, transmittance or com-
bined properties do not represent the predefined PFTs. The values of the other
studies suggests a reassessment of the experimental setup for the transmittance
measurements. Nevertheless, new reflectance values for the regionalized PFTs
can be determined. The optical values differ from the CLM-PFT of tropical
evergreen trees, and new values for the reflectance are recommended.

Keywords: CLM, SVAT, reflectance, transmittance, Ecuador

5.1 Introduction

Biodiversity is threatened by human impacts in various ways. Global climate change
(SALA et al., 2000) and pressure on existing natural ecosystems by a growing human
community lead to a loss or shift of habitats (COLWELL et al., 2008). A major task
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in order to secure biodiversity for future generations will be to protect areas, reinstall
destroyed ecosystems and develop sustainable management systems.

The high mountains of southern Ecuador represent not only a major hotspot of
plant biodiversity (BARTHLOTT et al., 2007), but also an area in which the nat-
ural ecosystems are under extreme pressure, resulting in a major loss of natural
forests (MOSANDL et al., 2008). The German research unit ‘Biodiversity and Sus-
tainable Management of a Megadiverse Mountain Ecosystem in South Ecuador’
(www.tropicalmountainforest.org) investigates the processes and interactions in this
area from a biological, climatological and a socio-economical point of view (BECK
et al., 2008).

To support the outcome of different landuse scenarios and to document the changes
in eco-climatological parameters, a soil-vegetation-atmosphere-transfer (SVAT) scheme
is implemented. The Community Land Model (CLM, BONAN et al., 2002b; DICK-
INSON et al., 2006; OLESON et al., 2008) is used to model energy and water fluxes
under different landuse developments. This model is highly adapted to the study
area and a major task is to provide suitable regionalized parameters, especially for
the characterization of the vegetation. CLM describes the vegetation through plant
functional types (PFT) rather than biomes (BONAN et al., 2002a).

All PFTs are represented by their spatial delineation, their time and space variant
value of leaf and stem area indices (LAI, SAI), their top and bottom canopy height,
and 48 invariant functional parameters concerning optical, morphological and phys-
iological specifications. A sensitivity study of these PFT-parameters (GOTTLICHER
et al., 2010) concludes that the optical properties of the PFT, in addition to the LAI,
have a major influence on the modelling results and deserve a more sophisticated
assignment than other parameters.

Spatial delineation in this rugged and difficult to access terrain is done with by
classifying satellite data (GOTTLICHER et al., 2009). The endmembers and allocated
training sites used for this classification are determined by botanical distinction
(HOMEIER et al., 2008). The results of the satellite classification are proven to be
good, according to the accuracy assessment calculating a contingency matrix using
independent ground truth sites. The overall accuracy is 87.3% and the Kappa
value is 0.86 (GOTTLICHER et al., 2009). The vegetation units could be determined
even in a subpixel proportion using a modified linear spectral unmixing technique
(Zuu, 2005). The question remains if these botanically derived vegetation units
used in the satellite classification are actually functional groups in the sense of the
PFT concept (LAVOREL et al., 2007; SMITH et al., 1997). This paper examines the
following questions:

1. Are the vegetation units from the satellite classification analog to the clus-
ters of similar behaviour in reflectance and transmittance, and can they be
interpreted as PFTs, at least in regard to spectral properties?
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2. What are the mean reflectance and transmittance values of each PFT, and do
they vary significantly that it is worthwhile to distinguish between them?

3. What are the mean reflectance and transmittance values for all measured trop-
ical trees, and how significantly do they differ from the initial values of the
global dataset provided by the CLM?

The paper gives a short introduction to the study site (section 5.2.1), followed
by a description of the measurement setup, the collected plants and the statistical
analysis (see sections 5.2.2, 5.2.3 and 5.2.4). The results of the field observations
and the cluster analysis are presented in section 5.3. In section 5.4 the results are
highlighted in comparison to the predefined values. Section 5.5 summarizes the
potential use of the study.

5.2 Methods and Material
5.2.1 Study site

The study site is located in the Andes of South Ecuador. The mentioned research
unit operates the Estacion Cientifica San Francisco (ECSF) between the two provin-
cial capitals Loja and Zamora in cooperation with the foundation ‘Nature and Cul-
ture International’. The catchment of the Rio San Francisco comprises the central
investigation area (see fig.5.1). The valley reaches from 1800 m up to 3200 m above
sea level (asl). The southern slopes are predominantly covered with indigenous
mountain forest types in their typical altitudinal belts. The northern slopes show the
anthropogenic replacement systems of pastures (dominated by Setaria sphacelata),
abandoned pasture areas overgrown by bracken fern (Pteridium arachnoideum) and
reforested areas (mainly with the exotic pine Pinus patula). A detailed land cover
classification (GOTTLICHER et al., 2009) based on satellite data was conducted
to determine the spatial distribution of the dominant vegetation units. A general
overview of the ecological environment can be found in BECK et al. (2008).

5.2.2 Measurements

All measurements of the leaf reflectance and transmittance are performed with a
portable spectrometer from tec5 AG (Oberursel, Germany, www.tec5.com). The
custom made ‘HandySpec® Field’ consists of two separate sensors to cover a cumus-
lative spectral range from 305-1705 nm. The sun is used as the original light source,
so that the device has two channels, one measuring the incoming solar radiation
from the hemisphere above (reference channel) and one detecting the reflectance
from underneath (sample channel). To calibrate the two different sensors, as well
as the reference and the sample channels, a measurement with a classified white
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- Premontane Forest
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Figure 5.1: Location of the study site and vegetation units from satellite classification.
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Table 5.1: Technical specifications of the two sensors from the used spectrometer.

Sensor 1 VIS Sensor 2 NIR

spectral range [nm] 305-1100 960-1705
pixel dispersion [nm)] 3.3 1.5
type MMS 1 NIR enh. PGS NIR 1.7
vendor Carl Zeiss Carl Zeiss
integration time [ms] 1.5-6000 1.5-6000
radiometric resolution [bit] 15 15

standard (Spectralon) is taken at fixed intervals. The technical specifications of the
spectrometer are shown in table 5.1. All final measurements for the statistical anal-
ysis consist of the mean of three consecutively executed exposures. The raw data
from the reference and sample channel is processed on the fly on a connected laptop
using the vendor software MultiSpec®P™ and is saved in separate ASCII textfiles.
The spectral raw data is interpolated to steps of 1 nm. The reflectance a as well as
the transmittance 7 are calculated in % with the formula (TEC5, 2005) as follows:

o _ S/Ry (5.1)
100 (C/W)/R.
where S is the raw counts of the sample channel, R, is the raw counts of the reference
channel, C' is the raw counts of the sample channel from the last white standard
calibration, R, is the corresponding raw counts of the reference channel and W is the
sensor specific correction coefficient for the white standard provided by the vendor.
Thus, the second half of the term (C'/W)/R, represents a calibration factor.

The post processing includes the storage of all spectrums in a relational database
with sufficient metadata on the sampling and measuring circumstances (photo of
sample, timestamp of sampling and measurement, short notices to the weather,
species or probe name and geographic coordinates of the sampling site).

Reflectance

The reflectance measurements are conducted in a defined setup rather than in the
field to guarantee consistent conditions. The sensor head is fixed to a stand to
provide an invariant distance to the sample of 33 cm. The leaves are cut at the edge
if necessary to prevent overlapping layers (i.e. a constant leaf area index of 1 is
guaranteed). A special foil is used underneath the probe to minimize the reflectance
from the base caused by unavoidable, minuscule gaps between the individual leaves
and by the radiation transmitted by the leaves (see fig. 5.2)

92



5 Quantification of Optical Properties

Light cable
{ Opening reference %

| Sensor head

Spectrometer Stand Opening
sample (25°) A

Laptop

Black foil
\/ Battery

/ Opening reference

-t

Figure 5.3: Experimental setup for measuring transmittance.

Transmittance

The transmission is also measured in a defined setup. The leaf is clipped with a
special device directly beneath the opening of the reflection channel at the sensor
head. The white standard is mounted underneath the opening, providing the light
to be transmitted through the leaf (see fig. 5.3). This procedure does not work if the
leaves are very small, because the sample does not completely cover the opening.

5.2.3 Collected Plants and Vegetation Units

All 46 measured plants used in this study are collected in the immediate vicinity
of the ECSF research station, where the measurements are performed. A selection
of only some plant species was necessary due to the high biodiversity of the study
area (more than 280 tree species HOMEIER & WERNER, 2007). The first criteria
is to select all dominant species according to spatial crown coverage in different
vegetation units. Secondly, all species relevant for other working groups (especially
the forestry groups) are selected. All selected plants are kept in plastic bags and
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are watered until measuring. Under normal conditions, the measuring takes place
immediately, but at the latest 24 hours after the selection, to guarantee no change
in the optical behaviour (FOLEY et al., 2006).

The vegetation units (HOMEIER et al., 2008) distinguish between 4 forest types,
the Subparamo and a succession stage from abandoned pastures. Forest type I
(F'T7) dominates the valley bottom and major ravines from 1800 m up to 2200 m asl.
Forest type II (F'T}) is described as forest along ridges and upper slopes from ap-
proximately 1900 m to 2100 m asl. Forest Type III (F'T7;;) continues on the ridges
and upper slopes from 2100m to 2250 masl. Forest type IV (FT}y) is monodomi-
nated by Purdiaea nutans and stretches from 2250 m up to the timberline at around
2700 masl. The Subpéaramo (SP) is dominated by shrubs, also called evergreen
elfin forest, and rises from the timberline up to approx. 3150masl. Initially, the
successional stages (SC') are typically covered entirely by the bracken fern and at a
later stage replaced by shrubs. This paper deals exclusively with the appearance of
shrubs, because the bracken fern could be classified as a PF'T of its own. Fukalyptus
spec. and Pinus patula are characterized as exotic since they were introduced as
forestry plants. Table 5.2 gives an overview of all measured plant species and the
vegetation units the most closely belong to.

5.2.4 Statistics

All statistical analyses are calculated using the free software package R (R DE-
VELOPMENT CORE TEAM, 2009). Initially, the stability and reliability of the used
spectrometer is checked. Three measured spectra of the same plant are compared
with the spectra of all other plants. The spectra of the same plant are meant to show
significant correlation with each other and significant contrast to all other plants.

For all further calculations, the mean of the three initial measurements for each
taxa is used. Three different sections are analysed: first the reflectance, second
the transmittance and third the combination of both. A hierarchical agglomerative
cluster method is used to group the species together. The dissimilarity between the
variables is calculated by the Euclidian distance (KAUFMAN & ROUSSEEUW, 2005).
The clustering algorithm is based on the Ward method (WARD, 1963). The clus-
tering is performed with the agnes command of the R-package cluster (MAECHLER
et al., 2005).

The resulting composition of the clusters is compared with the classification of
species into the botanically derived vegetation units. It is examined whether these
units mirror the optical traits and can be interpreted as functional types. The
statistical mean for the visible (305-699nm) and the near infrared (700-1305nm)
part of the spectrum is determined in order to compare the results of the single
species with the standard values of the predefined PFTs of the CLM (OLESON
et al., 2004, p.23). Mean spectra are calculated for all species belonging to the
single clusters as well as the vegetation units. Aggregated values are calculated for
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Table 5.2: List of species, referring codes and dominate vegetation units.

Species Code Vegetation unit
Alnus acuminata alna FTy
Cecropia andina cecd FTy
Cecropia angustifolia cecg FTr
Cedrela montana cedm FTy
Ficus citrifolia fici FTy
Ficus cuatrecasana ficu FTr
Ficus spec. fic FTy
Heliocarpus americanus hela FTy
Inga spec. ing FTr
Isertia laevis isel FTy
Piptocoma discolor pipd FTy
Tabebuia chrysantha tabc FTy
Tibouchina lepidota tibe FTy
Alzatea verticillata, alzv FTrr
Hyeronima moritziana hyem FTrr
Miconia punctata micp FTrr
Vismia tomentosa vist FTyg
Abarema killipii abak FTrr and FTrrr
Alchornea grandiflora alcg FTrrand FTyg
Clethra revoluta cler FTrr and FTrrr
Graffenrieda emarginata grae FTrrand FTyg
Miconia spec. 3 mic3 FTrr and FTrrr
Podocarpus oleifolius podo FTrr and FTrrr
Aniba spec. ani FTrrr
Clusia spec. 1 clul FTrrr
Dictyocarium lamarckianum dicl FTrrr
Hedyosmum spec. hed FTrrr
Licaria subsessils lics FTrrr
Myrcia spec. myc FTrrr
Ocothea benthamiana ocob FTrrr
Purdiaea nutans purn  FTyrr and FTry
Clusia spec. 2 clu2 SP
Miconia spec. 1 micl SP
Miconia spec. 2 mic2 SP
Myrica pubescens myip SP
Schefflera spec. sch SP
Ageratina dendroides aged SC
Baccharis genistelloides bacg sC
Baccharis latifolia bacl sC
Brachytotum spec. bra SC
Monochaetum lineatum monl SC
Rubus spec. rub sC
Sticherus spec. sti SC
Tibouchina laxa tiba sC
Eukalyptus spec. euk exotic
Pinus patula pinp exotic
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the visible and near infrared section for the means of the clusters, the vegetation
units and all tree species to use with the SVAT model.

5.3 Results

5.3.1 Plant Spectra

The initial three measurements of each of the same species, which are averaged for
further calculations, always are more similar to each other than they are different
from other species. This verifies the importance of further statistical analysis.

All spectra show the typical shape of reflectance and transmittance curves based
on green vegetation. Figure 5.4 shows exemplarily the curves for spectral reflectance
and transmittance for three selected species. The reflectance curve starts with rela-
tive low values between 5-7 % in the visible sector (blue light), followed by a small
peak up to 10-15% around the green light range (490-560nm). A significant steep
increase up to 40-60 % occurs at the change-over from red light to the near infrared
range (red edge around 700nm). The values for the near infrared section stay at
this high level but exhibit greater inter-species variability than visible light.

The curves for transmittance also show a typical shape, starting with even smaller
values (1-5%) in the visible section and abruptly rising up to 15-25% at the red
edge. The magnitude and shape of the curves also differ more significantly in the
infrared section than in the visible section.

5.3.2 Cluster Analysis

All three agglomorative cluster analyses using all single values in the spectral range
from 305-1305nm (of the reflectance (fig.5.5), of the transmittance (fig.5.6) and
of the combined data (fig.5.7) show similar results. All dendrograms are grouped
into five clusters. This number represents the amount of predefined vegetation
units without considering forest type IV, because it is mono-dominated by only one
species. Within the transmittance data, only one species ( Tabebuia chrysantha) is
kept outside a cluster due to the exceptionally high transmittance values in the near
infrared section. Because there is no evidence that this measurement is faulty, the
value and the species is not considered to be an outlier or rejected from the combined
data.

The agglomerative coefficient AC, which is a dimensionless indicator of the group-
ing structure ranging between 0 and 1 (KAUFMAN & ROUSSEEUW, 2005), is 0.96
for the reflectance data, 0.97 for the transmittance and 0.92 for the combined data.
High AC-values indicate a clear structure where low values tends to represent only
one large cluster. These values do not show the quality of the clustering results be-
cause they are dependent on the numbers of objects to be clustered (which are equal
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Figure 5.4: Example of three single reflectance (black) and transmittance (grey) spec-
tra. Solid Purdiaea nutans (FTry, woody tree, maximum height 5-20 m, very
slow growing), dashed Tabebuia chrysantha (FT7, woody tree), dotted Graf-
fenrieda emarginata (FTrr and FTyr, woody tree, maximum height 4-15m,
slow growing).
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in this case). The colours underlying the species’ names in the figures 5.5-5.7 show
their dominant related vegetation unit. Each cluster has a minimum of 4 species
(cluster 3 transmittance), whereas the maximum is 18 (cluster 1 reflectance). The
majority of the clusters are comprised of around 10 species.

5.3.3 Cluster versus Vegetation Unit

A comparison of the results of the cluster analysis with the composition of the veg-
etation units reveals that the clusters do not clearly represent one of the vegetation
units. Table 5.3 summarizes the distribution of the single species on the clusters.

An examination of the reflectance data reveals that FT; is mostly represented
in cluster C1 (46.2 %) but this makes only 28.6 % of the cluster composition. For
Cl1 FTy; (40.0%), FTyrr (50.0%) and SP (40.0%) show also a maximum of the
relative frequency. The overall maximum value of a cluster frequency is found in C2
(41.7 %) but only represents 38.5 % of the PFT FT}. In the remaining clusters, the
frequencies show lower values, with local maximums spread over 2 to 4 PFTs.

The transmittance data have a similar appearance, with no distinct correlation
between clusters and PFTs. The highest frequency values can be observed in F'Ts¢
(62.5%), representing 45.5 % of C2. The same representation ratio of C2 is shown
by FT;. C5 is composed of 75.0% FTy, but this is only 21.4 % of this PFT. The
maximum representation ratios of C4 are equally spread over 4 PF'Ts. The maximum
ratio of C3 is 42.9% (FTy;;) and of C1 is 41.7% (F'Ty).

The highest PFT value in the combined data can be found from SP (60.0%)
representing half of cluster 5. C2 is also described as 50 % of one PFT (38.5% of
FTy). C1, C3 and C4 are all dominated by one PFT (33.3% of FT7y, 46.7% of FTy;
and 42.9% of FTjy; respectively). A clear mapping of the PETs to the clusters is
not possible.

5.4 Discussion

5.4.1 Reflectance and Transmittance Values

Comparison of the measured reflectance and transmittance values of single species
to other examinations produces divergent results. On the one hand, the reflectance
values are very similar to the results of various studies (trees mostly in tropical dry
forest, CASTRO-ESAU et al. (2006); trees from tropical rain forest in Costa Rica,
CLARK et al. (2005) and POORTER et al. (1995); tropical trees from various sites
LEE & GRAHAM (1986)). The study of POORTER et al. (2000) conducted on trees
in the cloud forest of Venezuela allows a direct comparison of the combined value
for photosynthetically active radiation (PAR, 400-700nm). Some of the trees even
belong to the same genus. The mean percentage in the range between 400-700 nm
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Table 5.3: Number of species of each botanically derived PFT against the calculated clus-
ters and their relative frequency in the clusters (rows) and the PFT (columns).
PFT FTyy is not considered because of the domination of only 1 species. Higher
total numbers of species depend on the assignment of some species to more than
one vegetation unit. One species in the transmittance section is not assigned
to a cluster. Maximum values of the frequencies of each cluster and PFT are

marked in bold.

FTr %  FTyr %  FTrrr % SP % sC % %
Reflec- C1 6 46.2 4 40.0 7 50.0 2 40.0 2 25.0 21
tance % 28.6 19.0 33.3 9.5 9.5
C2 5 38.5 2 20.0 2 14.3 0 0.0 3 375 12
% 41.7 16.7 16.7 0.0 25.0
C3 1 7.7 1 10.0 2 14.3 0 0.0 2 25.0 6
% 16.7 16.7 33.3 0.0 33.3
C4 0 0.0 1 10.0 1 7.1 1 20.0 1 12.5 4
% 0.0 25.0 25.0 25.0 25.0
Cb 1 7.7 2 20.0 2 14.3 2 40.0 0 0.0 7
% 14.3 28.6 28.6 28.6 0.0
) 13 10 14 5 8 50
Trans- C1 5 41.7 3 30.0 3 21.4 0 0.0 0 0.0 11
mit- % 45.5 27.3 27.3 0.0 0.0
tance C2 5 41.7 1 10.0 0 0.0 0 0.0 5 62.5 11
% 45.5 9.1 0.0 0.0 45.5
C3 0 0.0 4 40.0 6 42.9 3  60.0 1 12.5 14
% 0.0 28.6 42.9 21.4 7.1
C4 2 16.7 2 20.0 2 14.3 1 20.0 2 25.0 9
% 22.2 22.2 22.2 11.1 22.2
C5 0 0.0 0 0.0 3 21.4 1 20.0 0 0.0 4
% 0.0 0.0 75.0 25.0 0.0
) 12 10 14 5 8 49
Com- C1 4 30.8 2 20.0 2 14.3 1 20.0 3 37.5 12
bined % 33.3 16.7 16.7 8.3 25.0
C2 5 38.5 1 10.0 1 7.1 0 0.0 3 375 10
% 50.0 10.0 10.0 0.0 30.0
C3 3 23.1 4 40.0 7 50.0 0 0.0 1 12.5 15
% 20.0 26.7 46.7 0.0 6.7
C4 0 0.0 2 20.0 3 21.4 1 20.0 1 12.5 7
% 0.0 28.6 42.9 14.3 14.3
C5 1 7.7 1 10.0 1 7.1 3  60.0 0 0.0 6
% 16.7 16.7 16.7 50.0 0.0
2 13 10 14 5 8 50

100
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is reported as 7.1 for shade leaves and 7.2 for sunlit leaves and is identical with the
mean of 7.1 % in PAR for all measured trees of this study.

On the other hand, the transmittance values in the near infrared area are much
too low compared to the studies of POORTER et al. (1995) and LEE & GRAHAM
(1986). The study of POORTER et al. (2000) again allows a direct comparison of
the mean value for the transmittance in the PAR. Shaded and sunlit leaves are re-
ported with 3.0 % and 1.9 % respectively, in contrast to 0.5 % from our study. The
low transmittance values in the near infrared section will produce much too high
absorption rates and a resulting heating of the leaves. One reason for the low trans-
mittance values is most likely the experimental setup. Consequently, the presented
experimental setup for the transmittance measurements has to be reassessed, and
the values are considered only to be practicable for relative intercomparison within
the samples of this study.

5.4.2 Optical Properties of the Clusters

The determination of the amount of groups in an agglomerative cluster analysis is
a subjective task. In this study, the number of PFTs which are composed of more
than 1 species are considered as the number of clusters to allow comparisons between
them. The results of the comparison of the predefined PFTs and the clusters do not
match very well. This is may due to the fact that the vegetation units consist of
multiple tree species with all different physiological approaches. This leads to the
consideration of whether the PFTs for the regional setup of the CLM in the study
area have to be newly defined on behalf of the clustering results. On the other hand,
it has to be kept in mind that the spatial delineation of the PFTs is an unavoidable
task to run the model. The spatial distribution of the PFTs is only achieveable
using remote sensing data and will not work for the composition of the clusters.

Preexaminations (ALBERT, 2009) on the relationship of the reflectance in the
near infrared and morphological traits (thickness of leaves, relative thickness of
spongy mesophyll, trichomes, thickness of cuticule) of the plant leaves show no sig-
nificant correlation, in contrast with other investigations, which find a relationship
between optical and physiological /morphological properties (BILLINGS & MORRIS,
1951; KNAPP & CARTER, 1998; SLATON et al., 2001; POORTER et al., 2000). Bi-
coloured leaves, however, tend to have higher reflectance values. Other attempted
explanations for the variation in optical behaviour are stress (i.e. competition, in-
fection with fungi, lack of nitrogen or water, increase in carbon dioxide or ozone)
and the accompanying loss of chlorophyll (CARTER & KNAPP, 2001). But these are
not examined in this study and cannot be taken into consideration when explaining
the composition of the clusters. Consequently, the true reason for optical variance
and, consequently, the composition of the clusters are not detected and make a new
definition of regionalized PFTs impracticable.
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Figure 5.8: Values of reflectance in the visible (VIS) and near infrared (NIR) section for all
single measurements (black symbols corresponding to the cluster number), the
mean for the clusters (magenta symbols), the mean for the vegetation units
(green crosses), the mean of all tree data (red triangle) and the standard value
of evergreen broadleaf tropical trees from the CLM (blue rhombus).

5.4.3 Optical Properties of the CLM

The actual values which are needed for the CLM are aggregated values of reflectance
and transmittance over the wavelengths between 305-699nm (visible) and 700
1305nm (near infrared). Figure5.8 and fig. 5.9 illustrate the reflectance and trans-
mittance values for the visible and near infrared section for all calculated clusters,
the mean of the PFTs, the mean of all measured tree data and the relevant value
supplied with the CLM.

Figure 5.8 shows that the standard reflectance value of the CLM for evergreen
tropical trees lies well within the range of the near infrared section but exceeds the
values in the visible section. Figure 5.9 also documents the low values of transmit-
tance in both the near infrared and the visible section. Table 5.4 gives the relative
and absolute differences between the standard CLM-value for broadleaf evergreen
trees (BET) and the measured tree data of this study. A weighted mean in relation
to the abundance of the species within this vegetation type is not considered because
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Figure 5.9: Values of transmittance in the visible (VIS) and near infrared (NIR) section for
all single measurements (black symbols corresponding to the cluster number),
the mean for the clusters (magenta symbols), the mean for the vegetation units
(green crosses), the mean of all tree data (red triangle) and the standard value
of evergreen broadleaf tropical trees from the CLM (blue rhombus).
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Table 5.4: Calculated values (%) of reflectance («) and transmittance (7) in the visible
(vis) and near infrared (nir) sector for all trees (BET} opicai) compared to the
CLM standard input value (CLMBpEgT,,,) of broadleaf evergreen tropical trees
with absolute (Agps) and relative (A,;) difference.

PET Qyis Anir Tvis Tnir

CLMppr,,, 100 450 5.0 25.0
BETyopica 6.6 494 04 144
Aps 34 —44 46 10.6
Aol 340 9.8 92.0 424

most of the spatially dominating species are considered.

The highest discrepancy, both in relative and absolute values, are allocated in
the transmittance data due to the afore mentioned questionable experimental setup
for measuring. The minimum relative difference can be found at the reflectance of
the NIR section but still shows a value of approx. 10%. Variations of the optical
parameters within all standard CLM-PFTs (e.g. needleleaf trees, deciduous trees,
grasses and crops in the range of 7-11% for a,,, 35-58 % for au;., 57 % for 7,
and 10-25 % for 7,;; OLESON et al., 2004, table 3.1, p. 28) differ roughly in the same
amount as the data of the tropical trees and shrubs presented in this paper.

The original CLM data is taken from the work of DORMAN & SELLERS (1989) and
was compiled from various sources. Another reason for the higher discrepancy in the
NIR section, independent of the experimental setup, could be that the interval of the
wavelength is not clearly defined. The technical description of the CLM (OLESON
et al., 2004) states only the split point of 700 nm between visible and near infrared
light. DORMAN & SELLERS (1989) defines the NIR section with 700-4000 nm and
SELLERS (1985) with 700-3000 nm in contrast to 700-1305 nm used in this study.

The sampling method of these data values could be another cause for this discrep-
ancy. SELLERS et al. (1989) which is stated as one of the various sources mentioned
above, refer to the initial dataset provided by WILLMOTT & KLINK (1986). Un-
fortunately, in these conference proceedings, neither actual values for the optical
properties nor any methods or species are stated and it is assumed that all informa-
tion was provided by personal communication. Furthermore, SELLERS et al. (1989,
p.731) adjusted the original values (ay; from 0.40 to 0.45 and 7, from 0.55 to
0.25) after an unexplained literature review and some field observations. Finally,
the authors of this article assume that in SELLERS et al. (1989, table 2) the values
for transmittance and reflectance in the visible sector are switched by accident and
are correctly cited in DORMAN & SELLERS (1989, table 2) as they are used in the
CLM.

In general the procedure to determine not only the optical properties but most of
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Figure 5.10: Changes in % for the air temperature in 2m height (squares) and the sensible
heat from vegetation (triangles) using the original CLM reflectance data for
broadleaf evergreen tropical trees and the measured values presented in this
study for 24 days.

the needed parameters of the PFT by averaging values from single species is ques-
tionable. Alternatively, parameters which can be measured for the whole vegetation
can be used by inverse modelling to detect the composition of PFTs.

A simplified setup to run the CLM is accomplished to investigate the influence
of the modified reflectance values for broadleaf evergreen tropical trees (7% in the
VIS and 49 % in the NIR instead of 10 % and 45 % respectively from the original
data). Two modelruns are initialized using a spin-up time of one year under offline
atmospheric forcing. Figure 5.10 shows the relative changes for the air temperature
in 2m height (TSA) and the sensible heat from the vegetation (FSH_V) for 24 days
after the spin-up time.

The new reflectance values show no or negligible influence in the TSA output. Ab-
solute values differ only in the maximum range of 0.07 K. Output variables which are
more connected to the influence of the vegetation parametrization like the FSH 'V
show a small influence in the range of 1.5-2.5 % with a maximum absolute difference
of approx. 20 W/m?.

105



5 Quantification of Optical Properties

5.4.4 Optical Properties of FORMIND

Another working group within the research unit compiles plant functional types for
a different purpose, but is scientifically comparable because it worked at the same
study site. DISLICH et al. (2009) need PFTs to run the forest growth model FOR-
MIND (KOHLER, 2000). In their work, the grouping of 71 species into 7 PFTs are
based on both the maximum diameter at breast height and the growth rate of the
trees. Due to the experimental setup, these PFTs are all located in the lower forest
type along the ridges and upper slopes (F7Tj;). The irradiance on a single leaf at a
specific height within the crown is calculated using a light extinction coefficient (k)
and a leaf transmission coefficient (m). The transmission coefficient is not divided
into visible and near infrared components, but corresponds to the presented trans-
mittance values in the PAR. DISLICH et al. (2009, table 2) use m = 0.1 (which is
10%) for all PFTs referring to LARCHER (2001). A combined transmittance value
from the collected data of PAR for all trees of F'Ty; produces 0.4 % and for all con-
jointly listed trees (19 species assembled of all trees from FTj; and a few from F'T;
and FTyyr) a value of 0.3%. This also corresponds to the low transmittance values
of this study.

5.5 Conclusions

The measurements of reflectance and transmittance of leaves of selected plants from
a tropical mountain rain forest reveal that the predefined values for the globally
aligned plant functional type of tropical evergreen trees of the CLM vary between
approx. 10 and 90 %. Due to the high deviance of the transmittance values to data
of earlier studies, only the reflected radiation is considered for further use.
Nevertheless, this study suggests that the standard input values of leaf reflectance
within the CLM should be modified. The PFT of broadleaf evergreen tropical trees
(BETopicar) might be set to a reflectance percentage of 7% in the visible and 49 %
in the near-infrared section (see table5.4). The transmittance should be examined
using a reassessed experimental setup. A verification of the optical values for all
other globally implemented PFTs of the CLM should be performed in further studies.
The clustering of the optical properties of the single species does not match with
the composition of PFTs using botanically derived vegetation groups. Future in-
vestigations on other plant traits (physiology) could perhaps support the selected
functional types. As long as remote sensing remains the only possibility to delineate
the spatial distribution of the regionalized PFTs, it is impractical to define other
functional groups based on the cluster analysis. Consequent, new values for the
reflectance properties of the adapted PFTs are applied as stated in table 5.5 for
use in a regional setup of the CLM in prospective examinations. As long as the
transmittance measurements are not verified, the standard values of the CLM are
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Table 5.5: Calculated values (%) of reflectance («) in the visible (vis) and near infrared
(nir) sector for the botanically derived PFTs.

PET Qyis Anir

FT, 65 503
FT;; 6.7 49.6
FT;; 6.6 49.0
FTyy 6.2 41.7
Sp 55 50.9
sSC 6.2 47.2

used.

A recent publication by USTIN & GAMON (2010) describes the use of remote sens-
ing to distinguish plant functional types. It states that a modern interpretation of
PFTs (a continuous flow rather than discrete classes of vegetation) and the develop-
ment of new remote sensing techniques and instruments (hyperspectral sensors, light
detection and ranging (LiDAR) methods to receive data about the vertical struc-
ture of the vegetation) are technically feasible. The proposed new concept of ‘optical
types’ verifies in several experiments the link between observations of backscatter-
ing of radiation and physiological, morphological and optical plant traits, as well
as environmental conditions. The concept needs further investigation, but ‘... offers
the potential to create a universal solution’(USTIN & GAMON, 2010, p.811) to dis-
tinguish functional groups of vegetation viewed from space. This encourages the
presented approach to retain the PFTs recovered by satellite data. Possibly, the use
of higher resolution satellite data, in combination with data of the vertical structure
of the vegetation - which will become available in the near future - may conclude in
new or adapted plant functional types.
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5.6 Appendix

Raw data

Table 5.6: Reflectance and transmittance values for all measured species in the visible
(VIS) and near infrared (NIR) section in %. Additional the used code and the
dominant vegetation unit is shown.

Species Code Vegetation unit Reflectance Reflectance Transmittance Transmittance

VIS NIR VIS NIR
Abarema killipii abak Type 2 and 3 5.72 48.26 0.23 14.68
Ageratina dendroides aged succession 7.01 52.40 0.72 17.34
Alchornea grandiflora alcg Type 2 and 3 7.09 50.31 0.09 11.74
Alnus acuminata alna Type 1 7.24 44.00 0.50 17.92
Alzatea verticillata alzv Type 2 6.08 40.07 0.30 13.35
Aniba spec. ani Type 3 6.84 43.80 0.15 11.11
Baccharis genistelloides bacg succession 6.81 45.26 0.63 16.49
Baccharis latifolia bacl succession 7.33 51.72 0.77 17.89
Brachytotum spec. bra succession 4.48 47.56 0.58 15.34
Cecropia andina cecd Type 1 5.93 52.87 0.63 16.78
Cecropia angustifolia cecg Type 1 6.67 60.03 0.23 13.58
Cedrela montana cedm Type 1 6.27 52.84 1.02 18.60
Clethra revoluta cler Type 2 and 3 7.87 52.38 0.58 15.08
Clusia spec. 1 clul Type 3 6.23 49.52 0.05 7.68
Clusia spec. 2 clu2 Paramo 5.59 55.26 0.08 10.56
Dictyocarium lamarckianum dicl Type 3 7.31 46.84 0.19 13.01
Eukalyptus spec. euk exotic 6.95 44.11 0.21 13.78
Ficus spec. fic Type 1 8.14 51.38 0.29 17.76
Ficus citrifolia fici Type 1 6.59 52.82 0.52 18.42
Ficus cuatrecasana ficu Type 1 7.65 49.05 0.18 13.39
Graffenrieda emarginata grae Type 2 and 3 6.24 59.39 0.29 14.18
Hedyosmum spec. hed Type 3 6.11 55.92 0.27 16.83
Heliocarpus americanus hela Type 1 6.07 49.15 0.68 18.34
Hyeronima moritziana hyem Type 2 6.96 49.03 0.10 11.94
Inga spec. ing Type 1 4.22 47.03 0.10 16.24
Isertia laevis isel Type 1 7.14 51.82 0.38 13.65
Licaria subsessils lics Type 3 4.95 46.13 0.10 9.85
Miconia spec. 1 micl Paramo 5.72 54.05 0.28 11.40
Miconia spec. 2 mic2 Paramo 2.72 39.90 0.20 11.02
Miconia spec. 3 mic3 Type 2 and 3 6.68 49.40 0.26 11.98
Miconia punctata micp Type 2 6.41 47.21 0.59 15.87
Monochaetum lineatum monl succession 5.41 37.84 0.81 17.69
Myrcia spec. myc Type 3 8.23 52.24 0.30 12.61
Myrica pubescens myip Paramo 6.53 47.02 0.31 16.17
Ocothea benthamiana ocob Type 3 6.71 46.51 0.04 9.10
Pinus patula pinp exotic 4.49 38.95 2.16 11.14
Piptocoma discolor pipd Type 1 5.78 49.84 0.38 13.34
Podocarpus oleifolius podo Type 2 and 3 6.76 43.32 0.66 11.73
Purdiaea nutans purn Type 3 6.15 41.71 0.34 10.99
Rubus spec. rub succession 6.66 50.95 0.64 18.46
Schefflera spec. sch Paramo 6.78 58.27 0.12 11.72
Sticherus spec. sti succession 6.41 47.59 0.30 11.76
Tabebuia chrysantha tabc Type 1 5.81 46.40 2.15 24.78
Tibouchina laxa tiba succession 5.12 43.87 0.88 17.41
Tibouchina lepidota tibe Type 1 7.19 46.05 0.41 14.59
Vismia tomentosa vist Type 2 6.75 56.41 0.27 17.19
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6 Summary and Outlook

6.1 Summary

Global biodiversity is threatened by climate and land cover change. The research
unit ‘Biodiversity and Sustainable Management of a Megadiverse Mountain Ecosys-
tem in South Ecuador’ (FOR 816) funded by the German research council (Deutsche
Forschungsgemeinschaft, DFG) is working in one of the hottest hotspots of biodi-
versity of the world. In this region the pressure from the local population on the
environment is severe resulting in a high deforestation rate. Sustainable manage-
ment, systems have to be developed on a regional scale to counteract the loss of
livelihood of the local population.

Numerical models are capable to investigate the changes of the mentioned fu-
ture land cover changes and its response to climatic and hydrologic variability. The
chance to test numerously land use scenarios without interfering into the real envi-
ronment offers the possibility to investigate and to evaluate the proposed manage-
ment strategies.

The presented work targets at an analysis of the impact of the predicted land cover
changes in respect of the ecosystem services of climate and water regulation. There-
fore a state-of-the-art land surface model called Community Land Model (CLM) is
setup in a regional scale. The parametrization of the vegetation is implemented
using plant functional types (PFT). The PFTs are defined a priori with vegetation
classes based on ecological field surveys. Three central hypotheses are formulated to
support the parametrization of the model. Accordingly, three work packages (WP)
are established to test the hypotheses. In detail the results of the WPs and the
review of the hypotheses are as follows:
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6 Summary and Outlook

Hypothesis 1 — WP 1

H1

WP1

A continuous spatial delineation of land use classes based on ecological-
functional field studies can be mapped in a subpixel accuracy from
medium space-resolved satellite data.

The spatial delineation of the PFTs is achieved by the use of classi-
fied Landsat ETM+ satellite data. Besides a hard classification using a
maximume-likelihood algorithm, a soft classification method is conducted.
The modified linear spectral unmixing approach offers percentage cover-
age of the PF'Ts in a subpixel resolution. The results of both classification
schemes are good and the probability guided spectral unmixing is chosen
for the determination of plant functional types for the land model. A
similar model run done with a spatial distribution of land cover from
both the hard and the soft classification clearly points to more realistic
model results by using the land surface based on the probability guided
spectral unmixing technique (chapter 3).

The hypothesis can be verified.

Hypothesis 2 — WP 2

H2

WP 2

Gradual changes in the composition of vegetation, its morphological, op-
tical and physiological behavior do not have influence on the energy and
water fluxes estimated in a SVAT model.

A sensitivity study on all PFT parameters of the CLM is conducted.
The experimental setup is characterized by numerous model runs with
changing one specific parameter while all others are kept constant. The
results are used to decide which parameters must be gathered in the field
with priority in order to parametrize properly the model with region-
alized PFTs. With respect to temperature and humidity, the variation
of most investigated parameters of +£30 % appeared to cause only negli-
gible variations (< 1%). Other output variables like transpiration and
evaporation from the vegetation show much higher deviations especially
by variations of the structural parameter (leaf area index > 30%). A
stronger influence also emanates from leaf and stem optical properties
that could lead to changes in the sensible heat flux between —40% to
30 % (chapter 4).

This hypothesis is true for most of the PFT parameters concerning the
output variables of temperature and humidity. Only the input values of
LAT have a significant influence in many output variables and the optical
traits in some variables.
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Hypothesis 3 — WP 3

H 3 Clusters of species with similar plant optical properties reflect ecologically
derived vegetation types.

WP 3 Optical properties (reflectance and transmittance) of leaves from relevant
species of the predefined PFTs are measured using a new field spectrom-
eter. The gathered spectra are clustered by the means of similarity and
compared to the composition of the predefined PFTs. The results show
that the clusters aggregated by the reflectance, transmittance or com-
bined properties do not represent the predefined PFTs. The values of
the other studies suggest a reassessment of the experimental setup for
the transmittance measurements. Nevertheless, new reflectance values
for the regionalized PFTs can be determined. The optical values differ
from the CLM-PFT of tropical evergreen trees, and new values for the
reflectance in the visible and near-infrared are recommended (chapter 5).
The hypothesis has to be falsified. However, the regional setup is run
with the PF'Ts defined from the vegetation units because of their distinct
spatial delineation. The new means of reflectance data are used for the
single PFTs accordingly.

The completed work offers a regionalized model setup to analyze different land
cover developments in reference to energy and water fluxes between the soil, the
vegetation and the atmosphere under changing climatic conditions. Besides the
appraisal of the stated hypotheses other innovative contributions are made. The
new values for the pre-installed CLM-PFT of tropical evergreen trees add to the
current improvements made to the CLM as mentioned in LAWRENCE et al. (2010)
for the new optical values of grass and crop.

6.2 Outlook

6.2.1 Preliminary Model Runs

Preliminary model runs are presented to demonstrate the potential of the regional-
ized land model. The first model runs in a preliminary setup are already presented
in chapter 3. They include only coarse atmospheric forcing, no regionalized soil
properties and no regionalized PFT parameters except their spatial distribution (es-
pecially no spatially differentiated LAT values). Therein, the differences between the
two classification schemes are analyzed. Now the model runs represent the differ-
ent output values due to change in land cover and change in atmospheric forcing.
Therefore the following hypothetical alterations are taken place:

e Scenario 1: The areas with bracken fern and shrubs are converted to forests
(reforestation of abandoned pastures)
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Figure 6.1: Distribution of PFT cover which are stable in the preliminary model runs.

e Scenario 2: The lower forest areas are converted to pastures (intensification
of pasture farming)

e Scenario 3: The air temperature of the atmospheric forcing is increased by
3K (climate change scenario)

Additionally, a control run with the estimated distribution of PFTs from the
satellite data is conducted. The distribution of the PFTs which are stable throughout
the model runs are presented in figure 6.1. The distribution of the changing PFTs
are visualized in figure 6.2.

Atmospheric forcing is implemented from NCAR/NCEP reanalysis data (QIAN
et al., 2006; KALNAY et al., 1996). The increase in temperature in the latter model
run is based on the highest values from the most likely (A1B) scenario of the In-
tergovernmental Panel on Climate Change (IPCC) / Special report on Emissions
Scenarios (SRES?) simulations by the year 2100 (CHRISTENSEN et al., 2007; NAKI-
CENOVIC & SWART, 2000). The model is run with a spin-up time of one year. The
output results are the daily mean of the last day of the first month after spin-up
time. The soil is not regionalized and taken from the global data set supplied with
the CLM. The results of a soft classification is used to determine the percentage and
spatial distribution of the PFTs. For scenarios 1 and 2 to the new distribution of
PFTs are simple calculated from the values of the control run.

Exemplarily, the results for the canopy transpiration are shown in figure 6.3. It is
obviously that the higher temperatures in the atmospheric forcing (scenario 3) causes
higher transpiration rates especially in the forest areas. The shift in land cover from
forest to grasses (scenario 2) show a significant decrease in the transpiration rate in
the affected areas. In the contrary to this, the transpiration rate rises in the areas
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Figure 6.2: Distribution of PFT cover in the preliminary model runs.
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which are subject to the change from successional stadiums to forest again (scenario

1).

The model demonstrate in these very simplified conditions its possibilities for the
future work.

6.2.2 Future Work

Additional work has to be conducted to finish the spatial parametrization of the
model in the future. Following steps are suggested by the author:

LIESS et al. (2009) are presenting a regionalization of soil types. For these
soil types adequate values for the percentage of sand and clay have to be
determined. This can be done directly over the soil type if appropriate or with
the use of transfer functions including additional topographic features like the
slope or altitude. Furthermore a soil color class has to be identified.

The values of the LAI have to be determined for each PFT in spatial and tem-
poral dependency. Therefore transfer functions from in situ LAI measurements
and spatial corresponding values of vegetation indices from satellite data could
be used.

The experimental setup for the transmittance measurements of the leaves has
to be redesigned and new values should be calculated.

A major task is the preparation of a weather regionalization tool or at least
the interpolation of static datasets from the station data within the study area
to regionalize the atmospheric forcing to real conditions. First steps towards
this achievement are presented by FRIES et al. (2009) regarding the thermal
structure.

The responsible subprograms of the research unit have to specify in which
way real case scenarios look like and should be implemented in the model and
analyzed under different climatic conditions.

Finally, the land model should be coupled to a mesoscale atmospheric model
like the Weather Research and Forecasting Model (WRF) to analyze the feed-
backs between land cover change and climate change.

118



6 Summary and Outlook

000

-79°2'32”

control 2001 +3K

-3°57'42”

-3°569'14”

forest to grass fern & shrubs
to forest

I I I I
o w [ o)) o o - [ o ~
J i ey & o N © > @ s}

Canopy transpiration [mm/day]

Figure 6.3: Results of the preliminary model runs for canopy transpiration.
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7 Zusammenfassung

Klima- und Landnutzungsverinderungen bedrohen die globale Biodiversitit. In
einem der artenreichsten Gebiete der Welt arbeitet die von der Deutschen Forschungs-
gemeinschaft (DFG) finanzierte Forschergruppe ‘Biodiversity and Sustainable Man-
agement of a Megadiverse Mountain Ecosystem in South Ecuador’(FOR 816). Von
der lokalen Bevolkerung geht ein enormer Druck auf die Umwelt aus und resul-
tiert in einer sehr hohen Entwaldungsrate. Um die Lebensgrundlage der 6rtlichen
Bevolkerung zu wahren, miissen nachhaltige Bewirtschaftungssysteme entwickelt
werden.

Zukiinftige Landnutzungsverdnderungen und ihre Auswirkungen auf klimatische
und hydrologische Faktoren kénnen mit numerischen Modellen untersucht werden.
Entwickelte Managementstrategien konnen durch die Modellen untersucht und be-
wertet werden, ohne real in das Landschaftsgefiige einzugreifen.

Ziel der prisentierten Arbeit ist es, das Ausmafder vorhergesagten Landnutzungsén-
derungen und ihre Auswirkungen auf die Okosystemleistungen hinsichtlich der Reg-
ulation von Wasserfliissen und Klimaparameter zu analysieren. Um dieses zu er-
reichen, wird ein spezifisches, hochmodernes Austauschmodell der Energie- und
Wasserfliisse (Community Land Model, CLM) zwischen Boden, Vegetation und der
Atmosphire in einer regionalen Auflésung aufgesetzt (auch SVAT-Modell genannt).
Die Parametrisierung der Vegetation erfolgt iiber sogenannte Pflanzenfunktionstypen
(PFT). Die PFT werden im vorhinein mit Hilfe von Vegetationseinheiten definiert,
die auf 6kologischen Felduntersuchungen beruhen. Die Parametrisierung des Models
wird durch die Formulierung von 3 Hypothesen unterstiitzt. Um die Hypothesen zu
testen, werden dementsprechend 3 Arbeitspakete (AP) etabliert. Die Ergebnisse der
AP und die Bewertung der Hypothesen sind im Einzelnen:
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Hypothese 1 — AP 1

H1

AP1

Eine flichendeckende Abgrenzung von Landnutzungsklassen, basierend
auf okologisch-funktionalen Felduntersuchungen, aus mittel aufgelosten
Satellitendaten ist mit einer Genauigkeit im Subpixelbereich moglich.
Die rdumliche Abgrenzung der PFT wird durch eine Klassifikation von
Landsat ETM+ Satellitendaten erreicht. Neben einer harten Maximum-
Likelihood Abschéitzung wird eine weiche Klassifikation durchgefiihrt.
Eine modifizierte lineare spektrale Entmischung errechnet prozentuale An-
teile der PFT im Subpixelbereich. Die Ergebnisse beider Klassifikation-
salgorithmen sind gut. Die Ergebnisse der weichen Klassifikation werden
letztendlich zur Bestimmung der rdumlichen Verteilung der PFT in dem
Modell benutzt. Identische Simulationsldufe des Models mit beiden un-
terschiedlichen Klassifizierungsergebnissen zeigen, dass die Landnutzung
der spektralen Entmischung ein klar realitdtsndheres Bild widerspiegeln
(Kapitel 3).

Die Hypothese kann verifiziert werden.

Hypothese 2 — AP 2

H2

AP2

Allméhliche Verdnderungen in der Vegetationszusammensetzung und
ihrem morphologischen, optischen und physiologischen Verhalten haben
keinen Einfluss auf die berechneten Energie-und Wasserfliisse eines SVAT-
Modells.

Fiir alle PFT wurde eine Sensitivititsstudie durchgefiihrt. Zahlreiche
Modelllaufe mit Verdnderungen von einem Parameter, wihrend alle an-
deren konstant gehalten werden, kennzeichnen den experimentellen Auf-
bau. Die Ergebnisse geben dariiber Aufschluss, welche Parameter in Fel-
duntersuchungen im besonderen Mafe begutachtet werden miissen, um
das Modell mit den regionalen PFT zu parametrisieren. Hinsichtlich der
Temperatur und der Luftfeuchtigkeit haben Abweichungen von £30 % in
den untersuchten Parametern eine nur geringfiigige Auswirkung (< 1%).
Sehr viel héhere Abweichungen werden bei anderen Ausgabevariablen
wie Transpiration und Evaporation der Vegetation festgestellt. Beson-
ders strukturelle Parameter wie der Blattflichenindex zeigen grofse Verén-
derungen (> 30%). Weiterhin zeigen die optischen Eigenschaften der
Blatter und Stdmme einen grofen Einfluss und kénnen Abweichungen im
sensiblen Warmestrom zwischen —40 % und 30 % ausmachen (Kapitel 4).
Die Hypothese kann fiir die meisten PFT-Parameter im Hinblick auf
die Ausgangsvariablen von Temperatur und Luftfeuchtigkeit angenommen
werden. Auf viele Ausgabegroften hat nur der Blattflichenindex einen sig-
nifikanten Einfluss, die optischen Eigenschaften beeinflussen noch wenige
Variablen.
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Hypothese 3 — AP 3

H3

AP3

Okologisch definierte Vegetationseinheiten spiegeln sich in Cluster wieder,
die auf d&hnlichen, optischen Eigenschaften der Pflanzen beruhen.

Blitter relevanter Arten der definierten PFT werden mit einem Feldspek-
trometer hinsichtlich ihrer optischen Eigenschaften (Reflexion und Trans-
mission) untersucht. Auf Grund der Ahnlichkeit der gemessenen Spek-
tren werden Cluster gebildet und mit der Zusammensetzung der PFT
verglichen. Die Ergebnisse zeigen, dass die Cluster der Reflexion, Trans-
mission und auch der kombinierten Daten nicht den PFT entsprechen. Ein
neues Design der Transmissionsmessungen wird durch einen Vergleich mit
anderen Studien nahe gelegt. Dennoch kénnen neue Reflexionswerte fiir
die regionalisierten PFT bestimmt werden. Die gemessenen Werte we-
ichen von den Werten fiir immergriine tropische Baume des CLM ab und
es werden fiir die Reflexion im sichtbaren und nahen infraroten Bereich
neue Werte vorgeschlagen (Kapitel 5).

Die Hypothese muss abgelehnt werden. Allerdings wird die regionalisierte
Version des Models auf Grund der genauen rdumlichen Differenzierung
mit den auf den Vegetationseinheiten beruhenden PFT durchgefiihrt. Die
neuen Mittelwerte fiir die Reflexion werden den entsprechenden PFT
zugewiesen.

Die gesamte Arbeit bietet eine regionalisierte Modelumgebung, um verschiedene
Landnutzungsdnderungen im Hinblick auf ihre Auswirkungen auf die Energie- und
Wasserstrome zwischen Boden, Vegetation und Atmosphéire unter veranderlichen,
klimatischen Verhiltnissen zu analysieren. Neben der Bewertung der einzelnen Hy-
pothesen hat die Arbeit andere innovative Beitrige geleistet. Die neuen Werte fiir
den vorinstallierten CLM-PFT der immergriinen tropischen Bidume tragen zu den
aktuellen Verbesserungen des CLLM bei.
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