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of how climatic variables can and will alter
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tributed to the development of those tools
by combining earth observation, ecosystem
modelling, site based measurements, and
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Abstract

Savannahs are land areas where grass and trees co-exists to create a landscape that is
neither a grassland nor a forest. It is estimated that savannahs cover approximately
one sixth of the global land surface. They also play an important role in the global
carbon cycle due to their total size. Most savannahs are characterized with two
distinct seasons, one dry season and one wet season where a majority of rainfall and
vegetation growth is occurring. This makes the seasonality in climate especially
important since it controls the timing of growth by affecting for example leaf
emergence and leaf fall. Those timing of growth are most often collectively termed
vegetation phenology.

Phenology is the science of observing and describing life cycles and events of plants or
animals over time. Vegetation phenology has a long history and observations were
probably used for the first time thousands of years ago to note down changes in
vegetation and harvests. Nowadays we can represent vegetation phenology at different
scales using many different techniques. It can, for example, be analyzed and estimated
using earth observation, site level measurements, or ecosystem modelling. Earth
observation, or remote sensing, is the science of obtaining information about an
object or area from a distance. For phenology vegetation indices measured from
satellites are normally used. They often take advantage of the fact that plants during
photosynthesis absorb the light in specific wavelengths. Site level measurements are
instead carried out on the ground to monitor the ecosystem properties at the site
level. They typically consist of measurement of temperature, soil moisture,
precipitation, and carbon fluxes. But they could also be expanded with PhenoCams
which is term referring to a digital camera producing images of the vegetation at a
regular interval. Finally, ecosystem models are a mathematical representation of the
ecological system and are used to understand and predict the real system. However,
there exists a knowledge gap regarding the precise mechanisms affecting the
vegetation phenology on savannahs. The aim of this thesis was therefore to use all of
the above mentioned fields to improve our understanding and ability to estimate
savannah vegetation phenology. The main results showed that soil water is of great
importance for estimation of savannah vegetation phenology. It further showed the
potential of using remotely sensed soil moisture and PhenoCams to improve our
estimates of savannah vegetation phenology.
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Sammanfattning

Savanner ir ett landskap med bade trid och gris som skapar en miljo som varken ir
skog eller grasmark. Savanner tar upp cirka en sjittedel av virldens totala landyta och
de har pa grund av detta en stor betydelse for den globala kolbalansen. De flesta
savanner har tvd distinkta sisonger, en regnperiod di vegetationen gronskar samt en
period med torka utan nederbord. Detta gor att forindringar i det sisongsbetonade
klimatet har stor betydelse eftersom det paverkar lingden péd vixtperioden men dven
tidpunkten for nir griset bérjar vixa, nir maximum och vissnar. Dessa tidpunkter
kan kollektivt benimnas vixtfenologi.

Fenologi ir liran eller vetenskapen som beskriver de aterkommande hindelserna inom
djur- och vixtriket. For vixter handlar det om de naturligt 4terkommande
hindelserna som till exempel knoppsprickning och 16vfillning men kan ocksi handla
om den kompletta sisongsvarierande cykeln. Vixtfenologi anvindes troligen redan for
tusentals ar sedan, for enkla manuella observationer av vixtdighet och skord.
Nufértiden uppskattar man vixtfenologi pa olika skalor med hjilp av olika
mitmetoder och modeller. Det uppskattas med hjilp av till exempel fjirranalys,
platsbaserade automatiska mitinstrument eller ekosystemmodellering. Fjirranalys ir
ett begrepp som handlar om att pa avstind mita och kvantifiera information om ett
objeke eller omride. For fenologi kan olika satellitbaserad vegetationsindex anvindas.
De nyttjar kunskapen att vixter anvinder specifika vaglingder av ljus i fotosyntesen.
Platsbaserade mitningar genomférs istillet pd lokal nivd och bestir vanligtvis av
mitningar av nederbérd, temperatur, markfuktighet och kolutbyten mellan vixtlighet
och atmosfir. De kan 4ven utékas med PhenoCams, digitalkameror som regelbundet
tar bilder av vixtligheten. Ekosystemmodeller 4r en matematisk beskrivning av ett
eller flera ekologiska system som anvinds for att férstd och forutspa hur till exempel
forandringar i klimatet paverkar ekosystemet. Det finns ett kunskapsgap nir det giller
de exakta mekanismerna som styr savanners vixtfenologi. Det slutgiltiga malet med
denna avhandling 4r dirfér att anvinda metoder och data frin fjirranalys,
platsbaserad mitningar och ekosystemodeller for att 6ka forstielsen och méjligheten
att simulera savanners vixtfenologi. Det huvudsakliga resultatet visade att
markfuktighet dr en avgorande faktor vid uppskattning av savanners vixtfenologi. Det
visas dven att markfuktighet uppmitt med fjirranalys samt PhenoCams bida har
potential till att anvindas for att forbattra vixtfenologi for savanner.
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Introduction

Vegetation phenology of savannah ecosystems has important consequences for the
carbon cycle by affecting the timing and amount of growth at both regional and
global scales (Myneni, Keeling, Tucker, Asrar, & Nemani, 1997). To increase our
understanding of how climatic variables can and will alter savannah vegetation
phenology, new tools and methods are needed. The aim of this thesis was therefore to
contribute to the development of those tools by combining earth observation,
ecosystem modelling, site based measurements, and PhenoCams'.

Savannahs

Savannahs are according to the Cambridge Advanced Learner’s Dictionary “a large,
flat area of land covered with grass, usually with few trees, that is found in hot countries,
especially in Africa” (Mclntosh, 2013). Approximately one sixth of the world’s land
surface is a savannah, where grass and scattered trees coexist to create a land that is
neither a grassland nor a forest (Grace, San Jose, Meir, Miranda, & Montes, 20006;
Scholes & Archer, 1997). An approximate spatial distribution of savannahs can be
seen in Figure 1. It has been shown in a continental analysis of the African savannahs
that the maximum tree cover were limited by the mean annual precipitation and that
other disturbances control the amount of woody cover below the upper limit
(Sankaran et al., 2005). Most savannahs are characterized with at least two distinct
seasons, one dry season and one wet season where a majority of rainfall and vegetation
growth is occurring. They are generally grazing rich and strongly controlled by fire
which is also used for ecosystem management (Bond, Woodward, & Midgley, 2005;
Freckleton, 2004).

The study of savannahs is particularly important because they can be populated with
societies depending on farming (Armah et al., 2011) or livestock grazing (Thornton et
al., 2007). In these areas a production loss due to unsuitable climate conditions
during the growing season can have major consequences. Savannahs also play a major

! PhenoCam is a term referring to any digital camera used to take images of the vegetation at a regular
interval.
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role in the carbon cycle due to their high total net primary productivity (Grace et al.,
2006; Scurlock & Hall, 1998). Despite their importance for the global carbon cycle
and food needs, these ecosystems and especially their phenological characteristics
which ultimately drive the carbon exchange are poorly represented in global
vegetation models (Beringer et al., 2011). It is therefore vital to assess savannah
phenology and its feedback to the global carbon cycle and effect on local

communities.

- Tropical and subtropical grasslands, savannahs, and shurblands

Temperate grasslands, savannahs and shurblands

Figure 1. Global map showing the extent of the terrestrial ecoregions; temperate, tropical and
subtropical grasslands savannahs, and shrub lands. Source: Olson et al. (2001).

Vegetation phenology

All ecosystems in the world are affected by seasonal variations in climate and life
cycles (Bourliére, 1983). For savannahs, the seasonality in climate is especially
important since it controls the timings of growth on an annual timescale. The term
vegetation phenology is thereby used to describe those natural reoccurring events such
as budburst or leaf fall but can also be used as a description of the full seasonal cycle
of changing vegetation states. Phenology as a descriptive measure was probably first
used to note changes in vegetation and harvest by primitive farming societies
thousands of years ago (Puppi, 2007).

18



The phenology of an area can be represented by remotely sensed vegetation indices or
images originating from PhenoCams (Figure 2). The climatic controls on savannah
grass growth have been shown to be related to water availability, soil moisture, and
day length (Archibald & Scholes, 2007; Dye & Walker, 1987; Prins, 1988). Tree
phenology is proposed to be influenced by temperature and day length (Archibald &
Scholes, 2007; Chidumayo, 2001; Seghieri et al., 2012).

Figure 2. Differences in vegetation state between wet/growing (left) and dry (right) season for
Dahra, Senegal as seen in phenopictures. Photos taken and modified by Niklas Boke-Olén.

Global carbon budget

The global carbon regulates the concentration of greenhouse gases such as carbon
dioxide (CO,) in the atmosphere. Roughly 55% of the anthropogenic emissions from
fossil fuel burning, industry, and land use change are taken up by the land and oceans
(Figure 3). This implies that around 45% of the emissions stay in the atmosphere
which will increase the atmospheric CO, concentration and enhance the greenhouse
effect. The long wave radiation emitted from earth is absorbed in the atmosphere by
water vapor, CO,, nitrous oxide, methane, and industrial products like
chlorofluorocarbon. The radiation is re-emitted in all directions and the part directed
back to the earth surface is the phenomenon termed the greenhouse effect and can be
seen as a blanket warming the earth. Without the greenhouse effect, the earth surface
would be about 33 °C colder than it is today (Chapin III, Matson, & Vitousek,
2011).
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Vegetation phenology affects the global carbon cycle by influencing the timing and
length of vegetation growth. This plays a role in the global CO, budget by affecting
the ecosystem uptake (the land sink in Figure 3). The plants take up CO, through the
process of photosynthesis. Photosynthesis is a process in which the plant utilizes
sunlight to convert carbon dioxide and water into oxygen and energy. The total
amount of carbon uptake by photosynthesis is termed Gross Primary Production
(GPP) and about 50% of the GPP are left in the plant after respiration. The
remaining C that was taken up by plants is called Nez Primary Production (NPP) and
is the building material for the biosphere and provides us with for example wood and
food. Hence a change in the timing of, for example, bud burst and leaf shedding will
not only affect the global carbon cycle but also potentially the wood and food
availability.

Global carbon dioxide budget

(gigatonnes of carbon dioxide per year)

2005-2014
Fossil fuels & Atmospheric
industry growth L Land sink
and-use
33.0+1.8 16.0+04 P 109+ 2.9
34£138

Ocean sink
95+18

Carp, Geological %
By g Proy, 2

L 65 207 reservoirs
Data: CDIAC/NOAA-ESRL/GCP

Figure 3. Global Carbon Dioxide budget. Average for year 2005-2014. Figure reproduced
with permission from Global Carbon Project. Source: (Boden, Andres, & Marland, 2016;
Dlugokencky & Tans, 2013; Le Quéré et al., 2015)
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Climate change

According to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) there is unequivocal evidence of ongoing climate change (Stocker et
al., 2013). This is characterized by a global increase of temperature and modification
of rainfall patterns. The carbon sequestration of savannahs are likely to decrease due
to an increase of soil respiration following the temperature increase and rainfall
changes (Fischlin et al., 2007). However, a possible increment in carbon stocks from
an increase of woody cover due to a CO; fertilization cannot be ruled out (Fischlin et
al., 2007). Further, the size of the savannah aboveground carbon stocks is mainly
dependent on disturbances. For example, the Australian savannahs are estimated to be
a net carbon sink but the level of the sink is dependent on fire occurrences (R. J.
Williams et al., 2004). For tropical areas studies have shown an indication of a
potential future shift from forest to a savannah ecosystems due to climatic change
(Anadon, Sala, & Maestre, 2014; Franchito, Rao, & Fernandez, 2012). Overall, the
ecosystem functioning and species composition of savannahs are projected to be
mostly affected by changes in temperature and precipitation for the temperate systems
but also to CO; fertilization, herbivores and fires in the tropical systems (Fischlin et
al., 2007). Only a few studies have examined the multifactorial effect of the above
mentioned factors. This indicates that further work is still needed to assess the effect
of climate change on savannah ecosystems.

Measuring and Modelling the Environment

This thesis uses a combination of remote sensing, earth system models and site
measure data to understand and model savannah ecosystems. Each method comes
with its own advantages and assumptions but together they allow us to paint a more
complete picture compared to using them separately.

Farth Observation

Remote sensing is the science of obtaining information about an object or area from a
distance. This is typically done from active or passive sensors mounted on towers,
drones, aircrafts, or satellites. An active sensor uses the reflection of an emitted signal,
e.g. a laser-beam, to collect data. In contrast, a passive sensor records the natural
energy that is reflected or emitted from an object or surface, most commonly reflected
sunlight. Remote sensing is used in many fields and can be used to measure and
estimate for example vegetation growth, soil moisture, land cover, or topography.
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Satellite remotely sensed data is often recorded in pre-set spatial and temporal
resolutions dependent on satellite and sensor properties. The spatial resolution defines
the area that each measured value is representing, often referred to as a pixel or cell.
Many pixels together form, for each temporal instant, a gridded representation of the
surface which can be referred to as a raster (Figure 4). A raster of vegetation properties
can be acquired by using the difference between the visible (red) and the near infrared
wavelengths in the electromagnetic spectrum. This is because plant leaves strongly
absorb visible light for use in photosynthesis but strongly reflecting the near infrared
light. Such a representation is referred to as a vegetation index.

Figure 4. Observing the earth from space. An example of how a land area is divided into
pixels/cells (squares) and how it together forms a raster surface, in this case for Africa.

Graphics created by Niklas Boke-Olén.

An example of a vegetation index is the Normalized Difference Vegetation Index
(NDVI) which is a spectral index of photosynthetic activity (Sellers, 1985). It ranges
from -1 to 1 where a value close to zero indicates no vegetation and a value of close to
+1 indicates the highest possible density of green leaves (Weier & Herring, 2011).
Negative values of NDVI are associated with clouds or water. Remotely sensed NDVI
can be used for observing vegetation phenology in regions which are lacking field data
(Heumann, Seaquist, Eklundh, & Jonsson, 2007; Reed et al., 1994). By instead using
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the microwave parts (Imm — Im wavelength) of the electormagnetic spectrum it is
possible to get an estimation of the soil moisture of the top soil layer (Wang & Qui,
2009). A good knowledge of large extent soil moisture can be useful for
meteorological and agricultural applications but also for plant growth modelling
(Boke-Olén et al., 2016).

Earth System Models

Dynamic global vegetation models (DGVMs) are processed based terrestrial
ecosystem models created to simulate vegetation dynamics in response to climate
variability. The Lund Potsdam Jena - General Ecosystem Simulator (LPJ-GUESS) is an
example of a state of the art DGVM which is using a set of plant functional types
(PFTs) each being represented by a set of parameters that control the influence of
climate on growth and allocation of carbon (Smith, Prentice, & Sykes, 2001). PTFs
can be described as the model’s representation of plant species groups. It could for
example be a temperate broadleaved evergreen tree or a grass species. Each PFT is
represented with its own parameters controlling how much it grows dependent on the
climate.

DGVMs are normally used to simulate the potential natural vegetation by using a
gridded representation of the entire world, or parts of it. Each grid cell is provided
with its own climate data and soil information which is a representation of the
average for the area which the grid cell covers. The output spatial resolution of the
DGVMs is therefore dependent on its data input, meaning that if climate and soil
data is provided in a higher resolution the result of the model runs will also be in the
same higher resolution, up to a certain limit for which the model can still be
considered valid. Each grid cell is simulated independently of others and there is
therefore a direct tradeoff between spatial resolution and computing requirement.

Many of the processes within LPJ-GUESS are typically represented at a daily scale
while others are performed at the annual scale. For example, the allocation of carbon
between PFT compartments is done at the end of each simulation year while
photosynthesis is usually modeled on a daily time scale.

Ecosystem-Scale Measurements

Ecosystem scale measurements are carried out to monitor the ecosystem properties at
a specific site location and how they respond to changes in the environment
(Tagesson et al., 2015). They typically consist of a micrometeorological tower
measuring temperature, wind velocities and carbon fluxes. The carbon, water, and
energy exchanges between the ecosystem and atmosphere are normally acquired using
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the eddy covariance (EC) technique (D. Baldocchi, Falge, Gu, & Olson, 2001) which
is a high frequency sampling technique. The site based measurements can also be
expanded with precipitation, soil moisture and phenological measurements. The
phenological measurements can be made using a PhenoCam.

The term “PhenoCam” was initially used to describe a regional-scale phenological
camera network in the US (Richardson, Braswell, Hollinger, Jenkins, & Ollinger,
2009). It is now more used to describe any digital camera used to monitor vegetation
on a regular interval. They can for example be mounted at a micrometeorological
tower and directed towards a vegetated area with the purpose of taking pictures. The
resulting pictures can be analyzed together with the ecosystem properties in order to
create models or to analyze climatic controls on vegetation phenology. The pictures
can also be used to separate tree and grass phenology (Moore et al., 2016) which can
be incorporated into light use efficiency models to improve GPP estimations (Moore,
Beringer, Evans, Hutley, & Tapper, 2017).

Aim and objectives

The objective of this thesis is to analyze the vegetation phenology of savannahs by
combining methods and data from ecosystem modelling, remote sensing, and
phenological site observations. This is done to gain a better understanding of the
mechanisms controlling savannah leaf phenology and to increase our ability to
correctly model it. The thesis can be divided into the following main aims:

I.  Understanding and estimating savannah site scale phenology using in-situ
data and remotely sensed NDVI.
II.  Quantifying the controls of water stress in the savannah ecosystem.
III.  Using phenological pictures to understand and separate the savannah grass

and trees phenology and their relative importance for a remotely sensed
vegetation index.

IV.  Estimating savannah vegetation phenology for large areas and compare the
usefulness of remotely sensed soil moisture products.

V. Introducing daily carbon allocation into the dynamic vegetation model LP]J-
GUESS and use it to study the grazing potential of a savannah area.
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Material & Methods

This thesis was centered on savannah vegetation phenology but combined data and
methods from a range of different sources and fields. It used site scale flux
measurements, PhenoCams, and environmental data in combination with large extent
remotely sensed data and ecosystem models. The understanding and ability to model
savannah vegetation phenology were improved by combining the different types of
measurements and models, each with its own spatial and temporal domain.

Site scale savannah phenology was analyzed and estimated which resulted in a
statistical phenological model. The model uses mean annual precipitation, soil
moisture and day length to estimate NDVI which was used as a proxy for phenology.
To investigate water stress the GPP was analyzed with both climatic and remotely
sensed variables for a selection of African sites. The site scale analysis was further
expanded by using phenopictures from which tree and grass phenology was separated.

To extend the analysis to a larger region, the developed statistical phenological model
was used to evaluate four global remotely sensed soil moisture datasets and their
usability in phenological studies for savannah regions. To improve the ability to
model savannah vegetation on a large extent, a daily carbon allocation component for
grasses was developed and added into the dynamic global vegetation model LPJ-
GUESS. The addition allowed improved vegetation dynamics for the savannah
regions and a more detailed study of livestock grazing with a potential regrowth on a
daily scale which was not possible without the addition.

Ecosystem scale phenology

Statistical phenological model

The site scale phenology was analyzed using observation data from 15 sites® as
indicated in Figure 5 together with satellite remotely sensed NDVI from the
MODerate Imaging Spectroradiometer (MODIS) (ORNL DAAC, 2011) with a

2 For more detailed site and method information see Paper I and references therein.
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spatial resolution of 250 meters. MODIS is an instrument onboard the Terra and
Aqua satellites which together are viewing the entire earth surface every one to two
days. The sites were selected based on data availability and their aridity index (AI)
which is the ratio between potential evapotranspiration (evaporation plus
transpiration) and mean annual precipitation that can be used to classify the aridity of
an area. Only sites classified as arid, semi-arid or dry sub-humid were included in the

analysis.

B Humid
- Dry sub-humid
[ semi-Arid

[ ] Aid

I:l Hyper-Arid l
* Site locations é

Figure 5. Locations of the 15 sites used to study the vegetation phenology showed on top of
the aridity index divided into five classes; Humid, Dry sub-Humid, Semi-Arid, Arid, and
Hyper-Arid. Some of the sites are located too close to each other to be able to distinguish
them in this map (especially for North America and Australia). For a complete list and
description of the sites see paper .

The aim was to create a common model that could estimate the phenology for all the
sites. NDVI was in this case used as a proxy for phenology and modelled with the
variables soil moisture, day length, and mean annual precipitation (MAP). Each
variable was allowed to be time delayed to account for a previously shown potential
lag between climatic events and vegetation activity (Schulez & Halpert, 1993; C. A.
Williams, Hanan, Scholes, & Kutsch, 2009). Many different models were tested,
from which the model with the best results for all sites was selected. The model was
tested for its sensitivity to adding more sites by estimating the root mean squared
error (RMSE) many times for increasing model sizes (number of sites). The test was
done to ensure that the model was stable with respect to the incorporated sites and
did not change substantially when adding more sites. The model was further validated
using a cross validation hold-out method which is a method that divides the data into
many training and evaluation subsets. Twelve of the sites were chosen randomly as
training sites and the remaining three were used to evaluate the performance of the
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trained model. The process was repeated 1000 times and the average root mean
squared error and coefficient of determination (r’) were assumed to be representative
for the overall model. RMSE is measure of the model error compared to observed
values. It was calculated using the root of the average of the squared error. A lower
RMSE indicates in this case a better model fit to observations. The coefficient of
determination (r*) shows how much the proportion of the variance in the observed
variable is explained by the model. It ranges from zero to one where a higher value is
better, i.e. more variance explained.

Water stress controls on GPP

The analysis was further expanded for three of the African sites’ (Dahra, Senegal;
Demokeya, Sudan; Wankama Fallow, Niger; Figure 6) located in the semi-arid area
of Sahel®. For these sites the relationship between hydrology, remote sensing product
and GPP was studied. GPP was for all three sites estimated from eddy covariance
(EC) flux data and evaluated against plant available water (PAW), vapor pressure
deficit (VPD), and antecedent precipitation index (API). PAW is the amount of water
in the soil that the plants are able to extract and takes into account soil type, water
content at field capacity and permanent wilting point. VPD is the difference between
the moisture in the air and the amount of moisture in the air at saturation which is
dependent on the temperature. VPD has a nearly linear relationship to the rate of
evapotranspiration, which is the sum of evaporation and plant transpiration. API is
used to characterize how the influence of previous rainfall affects GPP by using
rainfall from up to 8 days before with a decay factor built in.

% For more detailed site descriptions see Paper IV and references therein.

# Sahel is a region that separates the Sahara desert from more arid regions in the south. It stretches from
the Atlantic Ocean in the west to the red sea in the east. For a more detailed description see paper I1I
and especially Figure 1 within that paper.
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() PhenoCam Site

* GPP water stress site

D Kordofan

Figure 6. Locations of PhenoCam sites (circle) and GPP water stress sites (stars). Kordofan
region in Sudan is outlined with a solid black line. Background map is Normalized Difference
Vegetation Index (NDVI) from GIMMS (Global Inventory Modeling and Mapping Studies)
NDVI version 3 (Tucker et al., 2005) for August year 2000.

The analysis of EC GPP together with API, PAW, and VPD made it possible to
identify the limitations of water stress on vegetation growth. However, to be able to
link this to earth observation data these metrics were also evaluated against remotely
sensed data from MODIS’. Both in-situ and remotely sensed variables were compared
against EC GPP using ordinary least square regression from which statistical metrics
were calculated and compared. Water stress controls on GPP were evaluated using the
calculated statistical evaluation metrics. From this a multiple linear regression (MLR-
GPP) model based on remotely sensed data was identified. Such a GPP model, that
uses only remotely sensed data, is especially important for regions as Sahel where field
data is very limited (Ardo, 2016).

Phenopictures

For two of the African sites (Dahra, Senegal and Demokeya, Sudan; Figure 6) the
measured data were complemented with daily phenological observations from

> For a complete description of the remotely sensed products and variables used see paper I1I.
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PhenoCams (Wingscapes® TimeLapseCam 8.0). The PhenoCams were mounted on
micrometeorological towers and in operation between July 2012 and July 2014 for
Dahra and June 2013 to April 2015 for Demokeya. The images were checked for
field of view (FOV) movements due to wind and other disturbances which
introduced camera movements between the days. These shifts were corrected for by
adjusting horizontal and vertical movement, making sure that a reference point had a
constant location in all of the images. The FOV correction allowed regions to be
chosen and analyzed for all images without a considerable amount of image
movement influencing the result.

Two regions of interest (ROI) were for each site chosen, one covering a grass area and
one covering a tree crown. The average green proportion (G,) was for each ROI
calculated. G, is a measure of the greenness of the ROI that also take the total
brightness into account (Richardson et al., 2009) and has been shown to be less
affected by changes in illumination (Sonnentag et al., 2012). It is calculated using the
red (R), green (G), and blue (B) channel of the images using equation 1 below.

G

Gy = T C+B

(Equation 1)

G, was calculated for each image and for the tree and grass separately which created a
time series of greenness. The time series of G, for each site were evaluated with
respect to the differences in tree and grass phenology. It was further compared to
MODIS-NDVI in order to assess the relative contribution of grass and tree in the
remotely sensed 250 x 250 m NDVI pixel location covering each of the sites. This
was done comparing the time series of G, together with MODIS-NDVI to estimate
their relative performance. It was further expanded by calculating the coefficient of
determination (r’) between MODIS-NDVI and G, for grass and tree separately.

Coarse scale phenology

Remotely sensed soil moisture for estimating NDVI

The site scale analysis was extended by using the developed statistical phenological
model for savannahs globally to evaluate the European Space Agency (ESA) Climate
Change Initiative (CCI) soil moisture dataset and three of its included products with
respect to their relative performance in estimating NDVI. This was done since there is
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a potential for combing remotely sensed soil moisture with other products to extract
enhanced land surface information (Njoku, Jackson, Lakshmi, Chan, & Nghiem,
2003) or to estimate missing NDVI data. Remotely sensed soil moisture has in
contrast to remotely sensed NDVI the benefit of being unaffected by cloud cover due
to the measurements being made in the microwave domain (Bartalis, Naeimi,
Hasenauer, & Wagner, 2008; Njoku et al., 2003). There exists therefore a potential
to combine remotely sensed soil moisture with other products to extract enhanced
land surface information (Njoku et al., 2003) or to estimate missing data.

CCI soil moisture combines data from four active and two passive satellite sensors to
create a long term merged dataset (Liu et al., 2012). The three evaluated products
included in the CCI datasets were from the advanced scatterometer (ASCAT) on
board METOP (Naeimi, Scipal, Bartalis, Hasenauer, & Wagner, 2009; Wagner,
Lemoine, & Rott, 1999), Land Parameter Retrieval Model-Advanced Microwave
Scanning Radiometer-Earth Observing System (AMSRE) (Owe, de Jeu, & Holmes,
2008), and Soil Moisture and Ocean Salinity (SMOS)® (Kerr et al., 2010). To
convert the datasets into NDVI, the statistical time phenology model was used, which
required soil moisture, long term mean annual precipitation (MAP), and day length.
MAP was derived from a global climate dataset (Weedon et al., 2014) and day length
were calculated from latitude and date. Only savannahs according to their land cover
classification, from MODIS, were considered and the NDVI modelled from soil
moisture were evaluated against MODIS-NDVI. The correlation (r) was used as the
evaluation measure since it allowed an evaluation of the temporal dynamics which is
important in vegetation phenology studies. Correlation is the measure of the linear
relationship between two variables. It ranges between -1 and +1 where -1 indicates a
perfect negative relationship and +1 indicates a perfect positive relationship.

Daily carbon allocation in LPJ-GUESS

To improve our ability to model global savannah vegetation and its impact on the
carbon cycle and local grazing potential, the DGVM LPJ-GUESS was updated. The
update was an improved representation of how the grass was modelled by including a
daily carbon allocation routine. The routine was based on the model developed by
theory from Johnson and Thornley (1983)". It was calibrated using measured Net
Ecosystem Exchange (NEE) from one Australian grassland site and validated using a
site located in the study region and remotely sensed NDVI for the area. The addition
allowed us to allocate the carbon from photosynthesis into leaf and root on a daily

¢ See paper II and references therein for a detailed description of the remotely sensed soil moisture
dataset used.

7 See paper I for details regarding the implemented daily carbon allocation for grass PFT's
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scale. This differs from the previous implementation in which the carbon was
allocated to leaf and roots with an annual time step. The change also allowed the
model to include a more detailed representation of livestock grazing potentials since it
can simulate a grass regrowth on a daily scale.

The grazing potential was estimated between 1995 and 2005 for the Kordofan region
(North and South Kordofan), in Sudan (Figure 6). The area is approximately
380 000 km?” with mostly rural inhabitants (63%) and pastoralists (24%) and is a
region which depends on the high livestock population (El Tahir, Mohammed Fadl,
& Fadlalmula, 2010). The modelled grazing potential was compared against reported
livestock Tropical Livestock Units (TLU) information for 2005 from the Food and
Agricultural Organization (FAO) to identify regions which overused the grazing
resources or can handle increased grazing. TLU was used as the livestock unit
measurement because official estimates of livestock numbers roughly correspond to
surveyed livestock biomass consumption when different species are converted to their
TLU equivalent (Behnke & Osman, 2012). One unit of TLU represents the grazing
demand for one camel, or 0.7 cattle, or 0.1 sheep.
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Result and Discussion

Ecosystem scale phenology

Statistical phenological model

The development of the statistical phenological model showed that two time steps (16
days) delayed day length (dayL) and soil moisture (sm) together with MAP were the
most important variables for estimating savannah vegetation phenology. The 16 days
delay means that the soil moisture and day length from 16 days before was used to
estimate the current state of NDVI as described by the final model equation below.

NDVI = 0.12 - log, (sm, - MAP) + 0.01 - dayL, + 0.22 (Equation 2)

The found result indicates that the average vegetation response to an increase or
decrease in soil moisture was 16 days across the 15 sites used for model estimation.
The cross validation of the model gave an average RMSE of 0.10 + 0.02 and an
average r* of 0.60 + 0.18. However, when evaluated at the site scale some of the sites
(Nylvsley, Mongu, Skukuza, and Bira) were standing out with a lower performance
(higher RMSE) compared to the others (Figure 7). The reason for that was attributed
to site specific differences which the simplified approach could not include. This
could for example be soil type, which previously has been shown to have an effect on
the relationship between NDVI and soil moisture (Farrar, Nicholson, & Lare, 1994).
However, the RMSE of the model did not increase when increasing the number of
sites above seven. This indicates that the cross validated result will be a representative
average when applying the model to a new savannah site or region.
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Figure 7. Statistical phenological model evaluation for each site separately. Bars showing the
root mean squared error (RMSE) between model and MODIS-NDVI. The dashed line shows

the average value for all sites.

Woater stress controls on GPP

The analysis of water stress control on GPP showed that a combination of PAW and
VPD explained the largest variation across all three studied African sites. However,
VPD and PAW influenced different parts of the season. The growth phase was started
by a quick decrease in VPD after the onset of the rain which was followed by an
expected increase in PAW. The maximum rate of growth (EC GPP) was occurring
when PAW was above 50 mm and VPD below roughly 2 kPa which is in line with
previous studies (Merbold et al., 2009; Tagesson et al., 2016; Zhao & ]Ji, 2016). At
the end of the growing season, PAW was declining and VPD was increasing which
affects the photosynthetic activity by causing stomatal closure to prevent a moisture
loss. The variance explained by PAW and VPD was highest when data from both the
dry and growing seasons were included. This was attributed to a potential effect of the
dry season conditions on the subsequent growing season. It has for example been
shown that increased rainfall has less impact on growth compared to the intensity and
duration of the dry season (Murray-Tortarolo et al., 2016).

For the remotely sensed product it was found that between 88% and 96% of the
variance in EC GPP could be explained by a multiple linear regression GPP (MLR-
GPP) model consisting of the enhanced vegetation index (EVI), land surface
temperature (LST), and spectral band 7 (2105 — 2155 nm). In this case EVI is a
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proxy for the photosynthetic activity, band 7 a proxy for soil moisture and LST is
linked to VPD. The concept of modelling GPP in water limited systems is nothing
new. For example, Sjostrom et al. (2011) found that the ability to model GPP for
seven African sites improved by using a combination of flux tower evaporative
fraction, EVI and photosynthetically active radiation (PAR). Further, Ma et al.
(2014) were able to explain 88% of the variability in GPP using EVI, soil moisture,
and top of atmosphere PAR. However, in contrast to the MLR-GPP model, none of
these studies used only earth observation data which makes estimates for larger areas
impossible. The presented MLR-GPP estimation used only remotely sensed data and
can be used to make estimations for larger areas and a longer temporal domain for
which remotely sensed data is available.

Phenopictures

Due to the mixture of tree and grass in savannahs a satellite base vegetation index,
such as MODIS-NDVI, cannot sufficiently be used to predict phenological metrics
such as leaf onset and offset (Archibald & Scholes, 2007). This is since the NDVI
signal recorded for 250x250 m by the satellite consists of a combination of trees and
grass. There is therefore a need to develop methods that can separate the NDVI signal
into the relative contributions of tree and grass.

The MODIS-NDVI signal was dominated for both of the studied sites by the grass
green proportion (G,) (Figure 8 and Figure 9) showing a higher r* compared to the
tree G,. For Demokeya the r* was 0.75 and 0.52 for grass and trees respectively. The
result was similar for Dahra with tree r* = 0.76 and grass r* = 0.54. The higher
correlation between grass G, and NDVI was attributed to the relative low tree canopy
cover at the two sites, estimated to 6% for Dahra and 12% for Demokeya®. For both
the sites the phenology of the trees and grass differed by having different timings for
the onset of growth. The trees were developing their leaves before grass and kept their
green material longer which was visible in the G, signals (further shown in the
example pictures included in Figure 8 and Figure 9). The difference in phenological
strategy between the grass and trees are attributed to that the trees are able to sustain a

longer photosynthetic activity because they can access deeper soil water (D. D.
Baldocchi, Xu, & Kiang, 2004).

8 Tree canopy cover as estimated in paper 1.
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Figure 8. Result of PhenoCam analysis in Demokeya, Sudan (lat=13.28 lon=30.48). Top
figure shows normalized (between 0 and 1) tree and grass greenness proportion (G,) together

with normalized MODIS-NDVI covering the site location.

The advantage of using G, is that the phenological signal for the trees and grass can
be separated relatively easily using field mounted PhenoCams from which the tree
and grass phenology can be studied separately. The separation of tree and grass
phenology has been shown to positively influence the result of a GPP light use
efficiency model for Australian savannahs (Moore et al., 2017) which further
highlights the potential use to separate the NDVI signal. Previous work included
environmental cues for a South African savannah to identify the leaf green up for trees

and grass separately.
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Figure 9. Result of PhenoCam analysis in Dahra, Senegal (lat=15.40 lon=-15.43). Top figure
shows normalized (between 0 and 1) tree and grass greenness proportion (G,) together with
normalized MODIS-NDVT covering the site location.

Coarse scale phenology

Remotely sensed soil moisture to estimate NDVI

The statistical phenological model (equation 2) was used to convert the four remotely
sensed soil moisture datasets to NDVI. NDVI modelled with the combined remotely
sensed soil moisture product gave a higher correlation to MODIS-NDVI compared
to its included products. It gave the highest average correlation of 0.81 when
compared to MODIS-NDVI. It was further estimated to be the best dataset in 64%
of the tested pixels (Figure 10) and the performance only decreased slightly
(correlation decreased with 0.01) when using CCI compared to using the best dataset
per pixel (Figure 10). These results are promising since CCI has a long temporal
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extent (1978 to 2014), which will allow for a greater use than one of the single
products.

The advantage of converting the remotely sensed soil moisture into NDVI is that it
can be directly comparable to MODIS-NDVI and there is a potential to combine to
two products. There are many studies dedicated to combining of remotely sensed data
from different sources to enhance spatial and temporal resolution (Hansen et al.,
2008; Meng, Du, & Wu, 2013). The results shows that there could be a potential to
combine the CCI modelled NDVI with other remotely sensed datasets to enhance
phenological information by offering additional information from a dataset not
sensitive to cloud cover.
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Figure 10. Best remoteley sensed soil moisture dataset map. Best dataset identified as the one
with the highest correlation between modelled NDVI and MODIS-NDVI. All NA class
(grey) indicates missing data in all datasets, no significant correlation to NDVI, or correlation
below 0.5 in all datasets. Data has for visual purposes been filtered with a 3x3 modal filter.
Figure adapted from paper III.

Daily carbon allocation in LPJ-GUESS

The estimated grazing potential for the Kordofan area, Sudan, was approximately
133% higher than the reported feed requirement (Figure 11). From this a spatial
mismatch between the reported carbon demand and modelled grazing potential was
found for the area. The spatial mismatch indicated a positive difference for latitudinal
band 13 — 15 °N and a negative difference for the 9.5 - 12 °N band (Figure 11). This
indicated a potential migration potential in the area in the form of a potential re-
location of herds. However, such a potential might only exist in the modelling
framework since it can be highly problematic to attain in reality due to land
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ownership, cultural problems, distance to water supply, or infrastructure. The result
can still be valuable since it provides decision makers or land owners with information
about which areas that have the vegetative potential for an increased grazing.

16°N

14°N

12°N -

10°N

27°E 28°E 29°E 30°E 31°E 32°E

R

-300-200-100 O 100 200 300

Figure 11. Difference between modelled grazing potentials and Tropical livestock units (TLU)
reported grazing demand for Korodfan region, Sudan. Positive values indicate a higher grazing
potential compared to the reported grazing demand. Figure adapted from paper IV.
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Conclusion

This thesis has investigated the savannah ecosystem from different aspects and the
main conclusions linked to the main aims are;

L. Global savannah vegetation phenology can be estimated from soil moisture,
mean annual precipitation and day length.

II.  The GPP of three savannah sites can be sufficiently estimated from PAW and
VPD. Those products can be substituted with the remotely sensed products;
EVI, LST and MODIS band 7.

III. ~ Phenopictures shows potential to be useful for estimating and separating
vegetation phenology of savannah tree and grass.
IV.  The merged remotely sensed soil moisture dataset from ESA shows a better

capability to model savannah NDVI compared to using one of its included
soil moisture datasets.

V. The inclusion of daily carbon allocation for grasses into the DVM LPJ-
GUESS improved the model capabilities by allowing a more detailed
estimation of grazing potentials for savannah areas.

Main findings

This thesis has shown that water availability is one of the main controlling factors for
the savannah ecosystem. This is since soil moisture was identified as an important
model variable for the statistical phenological model and plant available water was
identified as the main controlling variable (together with VPD) of EC-GPP. Because
of this, it was important to investigate the suitability of using remotely sensed soil
moisture for savannah regions to estimate NDVI. It was found that the merged CCI
soil moisture from ESA was the most suitable remotely sensed soil moisture dataset
for savannahs. It was further found that phenopictures can be useful to estimate and
separate the vegetation phenology of trees and grass. Finally, the inclusion of daily
carbon allocation for grasses into LPJ-GUESS showed a great potential in estimating
the grazing potentials of the savannah environment. The results increased our
understanding and ability to model savannah vegetation phenology. However, further
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work is still needed to assess the potential effect of climate change on the savannah
ecosystem.
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Outlook

This thesis has studied savannahs from different perspectives using a combination of
earth observation, models and site measured data. The acquired knowledge and tools
can be used for further research of the savannah ecosystem.

This could for example be related to the vegetative possibility to provide a value to the
population living in the areas in form of food, feed, or firewood. There exists studies
which relate NPP to food, feed, and firewood (Abdi, Seaquist, Tenenbaum, Eklundh,
& Ardo, 2014; Sallaba et al., 2016). However, the daily carbon allocation addition to
LPJ-GUESS, developed in the framework of this thesis, allows this to be studied in
more detail and to make future predictions. By combining it with the already existing
LPJ-GUESS crop model a detailed representation of the climate driven food supply
can be estimated for current and future conditions. A step further can be taken by
combining that information with food demand functions (Abdi et al., 2014) and
gridded population datasets (Boke-Olén, Abdi, Hall, & Lehsten, 2017) which will
allow analyses between food supply and food demand. It also opens up for a range of
research questions in which the model can be used to predict future vegetation
conditions but still account for disturbances or changes to the grass on a daily
temporal scale.

It has further been shown within this thesis that PhenoCams can be used to separate
grass and tree phenology at the ecosystem scale. Therefore, there exists a potential to
use that information to develop methods that can be used to separate the relative
contribution of tree and grass in a remotely sensed vegetation index. The information
from the PhenoCams could potentially be used to analyze the different mechanisms
controlling savannah tree and grass phenology. For this a more detailed study is

needed.
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