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keinem früheren Promotionsverfahren eingereicht.

Sophia Walther





Abstract Photosynthesis is one of the most fundamental processes on Earth fuelling life
by providing food and energy. Moreover, terrestrial vegetation is a key element in the
climate system as it importantly affects exchange processes of carbon, water and energy
between the land surface and the atmosphere. In times of a changing climate there is
urgent need for detailed knowledge on the factors driving plant activity and for reliable
observational systems of the terrestrial vegetation. Satellite remote sensing is the only
means to obtain measurements with global coverage, including remote and inaccessible
regions, in a spatially and temporally continuous manner. This thesis presents an assess-
ment of our current observational capabilities of vegetation dynamics from space. Three
complementary approaches of spaceborne ecosystem monitoring are inter-compared: 1)
Spectral measurements of the land surface reflectance in the optical range give an indica-
tion of the amount of green biomass (as an integrative signal of leaf quantity and quality)
and hence of the potential to perform photosynthesis. 2) In the red and far-red spectral
regions, satellite instruments register a very small additive signal to the reflected radiance
which originates from photosynthetically active chlorophyll pigments, termed sun-induced
chlorophyll fluorescence (SIF). 3) Carbon fluxes measured in-situ are upscaled to a global
data set of model gross photosynthetic carbon uptake (known as GPP - gross primary
production) using empirical relationships with remotely sensed land surface and environ-
mental variables. Three case studies focus i) on the spring phenology in boreal forests,
ii) on the peak growing season in circumpolar treeless regions, and iii) on phenological
changes in ecosystems with varying abundances of trees globally in times of fluctuations
in soil moisture availability. The results of all three case studies highlight the intrinsic
differences between greenness on the one hand and photosynthetic activity on the other
hand. Specifically – for the first time on synoptic scales – a decoupling of photosynthesis
(as indicated by SIF and model GPP) and greenness (approximated by various indices
derived from spectral reflectance measurements) could be observed in evergreen needleleaf
forests during spring recovery. Similarly, a temporal mismatch occurs in northern hemi-
sphere forests during the growing season. There, changes in incoming light co-vary with
soil moisture and immediately affect photosynthetic performance but barely greenness.
Moreover, it has emerged that the timing of peak photosynthesis and peak greenness are
asynchronous in tundra areas, which is indicative of differing dynamics. Conversely, there
is high consistency between the three approaches regarding the length of growing season
in deciduous forests and moisture-related phenological shifts in non-forested ecosystems.
The work in this thesis demonstrates that SIF represents an asset for the monitoring
of the dynamics of photosynthesis and carbon uptake compared to greenness-based ap-
proaches. There are further indications of SIF to track changes in photosynthetic yields.
However, despite these promising results for the accurate tracking of photosynthesis from
space, further research is required to provide higher resolution data sets with clearer sig-
nals. Further, ground-based validation efforts are necessary to improve our mechanistic
understanding of physiological and radiative transfer processes controlling the SIF signal.
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Kurzzusammenfassung Photosynthese ist ein essenzieller Prozess, da er durch die Be-
reitstellung von Nahrung und Energie die Grundlage für Leben auf der Erde ist. Zusätzlich
beeinflussen die Aktivität und das Wachstum von Pflanzen den Austausch von Kohlenstoff,
Wasser und Energie zwischen der Landoberfläche und der Atmosphäre. Aus der wichti-
gen Rolle, die die terrestrische Vegetation dadurch im Klimasystem einnimmt, folgt die
Notwendigkeit eines detaillierten Verständnisses der Einflussfaktoren sowie zuverlässiger
Beobachtungsverfahren globaler Ökosysteme. Im Gegensatz zu anderen Methoden ermög-
licht Satellitenfernerkundung räumlich und zeitlich hoch aufgelöste Beobachtungen mit
globaler Abdeckung, abgelegene und unzugängliche Regionen eingeschlossen. In dieser
Dissertation werden drei verschiedene Ansätze der weltraumbasierten Beobachtung der
terrestrischen Vegetation hinsichtlich ihrer zeitlichen Muster miteinander verglichen: 1)
Aus Messungen der spektralen Reflektivität im optischen Bereich kann die Grünheit der
Erdoberfläche (als kombiniertes Signal von Blattmaterial und Chlorophyllpigmenten) und
damit potentielle Photosynthese abgeschätzt werden. 2) Im roten und nahen infraroten
Wellenlängenbereich emittiert photosynthetisch aktives Chlorophyll ein Stahlungssignal
(solarinduzierte Chlorophyllfluoreszenz, sun-induced chlorophyll fluorescence, SIF), das
die Satelliteninstrumente zusätzlich zur reflektierten Solarstrahlung detektieren können.
3) Aus in-situ Messungen von Kohlenstoffflüssen und deren empirischer Beziehung zu
fernerkundlich bestimmbaren Eigenschaften der Landoberfläche und der Umwelt kann die
globale Bruttoprimärproduktion (gross primary productivity, GPP) statistisch modelliert
werden. In drei Fallstudien werden phänologische Muster analysiert: i) das Ende der Win-
terdormanz und den Übergang zum Frühling in borealen Wäldern, ii) das Maximum der
Vegetationsperiode in Tundragebieten, und iii) phänologische Effekte bei veränderlicher
Bodenfeuchte in globalen Ökosystemen mit unterschiedlich stark ausgeprägtem Baumbe-
stand. Die Ergebnisse aller drei Fallstudien stellen insbesondere den intrinsischen Unter-
schied zwischen Grünheit einerseits und Photosyntheseaktivität andererseits heraus. Im
Einzelnen konnte gezeigt werden - zum ersten Mal auf der synoptischen Skala, dass das
photosynthetische Frühjahrserwachen (abgeschätzt durch SIF und Modell-GPP) in bo-
realen Nadelwäldern unabhängig von Veränderungen in diversen spektralen Indizes der
Grünheit erfolgt. In ähnlicher Weise wurde beobachtet, dass Grünheit und Photosynthese
inkongruente zeitliche Muster in Wäldern während des nordhemisphärischen Sommers
zeigen. Einfallende solare Strahlung, die mit der Bodenfeuchte kovariiert, kontrolliert die
Photosyntheseleistung unmittelbar, beeinflusst die Grünheit jedoch kaum. Ein weiteres
wichtiges Ergebnis dieser Arbeit ist das asynchrone Verhalten der Jahresmaxima von Pho-
tosynthese und Grünheit in baumlosen Gebieten der hohen Breiten - ein weiteres Indiz
der Entkopplung. Andererseits gibt es hohe Übereinstimmung hinsichtlich der zeitlichen
Begrenzung der Vegetationsperiode zwischen den drei Beobachtungsansätzen in laubab-
werfenden Wäldern als auch bezüglich der Bodenfeuchteeinflüsse auf die Vegetation in
Ökosystemen mit geringem Baumbestand. Die Ergebnisse der vorliegenden Dissertation
verdeutlichen, dass SIF vorteilhafte Eigenschaften zur fernerkundlichen Abschätzung von
Photosyntheseaktivität gegenüber Grünheitsmessungen aufweist. Desweiteren gibt es Hin-
weise, dass SIF zusätzlich Veränderungen der Effizienz der Photosynthese anzeigen kann.
Trotz dieser aussichtsreichen Ergebnisse für eine direktere weltraumgestützte Beobachtung
von Photosynthese, ist weitere Forschung notwendig um die Auflösung und Qualität der
Datensätze zu verbessern. Ferner werden bodengestützte Validierungsverfahren benötigt
um ein besseres Verständnis physiologischer Mechanismen und von Strahlungstransport-
prozessen zu erlangen.
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CHAPTERI

INTRODUCTION

I.1 Preface

Photosynthesis is the starting point of the terrestrial carbon cycle and the fundamental
process through which food, energy and an oxygenic atmosphere are provided to sustain
humankind. Together with soil and plant respiration, the carbon uptake by vegetation
drives the terrestrial carbon exchange on time scales from days to decades. However,
the mechanisms of interaction between the land surface and the atmosphere are not fully
understood and constrained which is largely a consequence of limited observational capa-
bilities of the same. Knowledge about the exchange processes of carbon and its drivers is
key for accurate projections of atmospheric CO2 concentrations and climate in times of
high anthropogenic carbon emissions and a changing climate.
Currently, there is no method or instrument to directly measure gross photosynthetic car-
bon uptake by the terrestrial biosphere (Baldocchiet al., 2016). For decades, researchers
have used satellite measurements of spectral re
ectance to estimate the amount of green
biomass and hence photosynthetic potential to monitor the health and status of the vege-
tation globally. In vitro, chlorophyll 
uorescence - a small radiation signal in the red and
far-red that is emitted by photosynthesising chlorophyll pigments - has helped to infer pho-
tosynthetic e�ciency in laboratory measurements. In 2007, it has been demonstrated for
the �rst time that the 
uorescence 
ux is observable from space (Guanter et al., 2007) and
four years later the �rst global retrievals have been achieved (Frankenberget al., 2011a;
Joiner et al., 2011). Therefore, vegetation can be now globally monitored by observing
the signal emitted directly by photosynthesising plants.
This thesis contributes to an enhanced understanding of the bene�ts and limitations of
both approaches with respect to the global space-based assessment of the dynamics of
vegetation activity. Next to re
ectance-based greenness estimates and measurements of
sun-induced chlorophyll 
uorescence, data-driven model results of gross photosynthetic
carbon uptake are used as a third data source throughout the thesis. Variability in time of
photosynthesis and green biomass is explored jointly and presented in three case studies:
The phenology of greenness indices, chlorophyll 
uorescence and model photosynthetic
carbon uptake is explored in boreal forests (�rst study) and in tundra ecosystems (second
study). Both biomes pose major challenges for re
ectance-based monitoring of vegetation

1



I.2. RESEARCH BACKGROUND AND CONTEXT

dynamics due to their small annual greenness changes and background in
uences on the
signal. The third study has a global context. The aim is to understand the phenological
behaviour of the three vegetation proxies with changing water availability while taking
into account the amount of tree cover that is present in an ecosystem.
The thesis is presented as an accumulation of three research papers that have been pub-
lished or submitted to peer-reviewed journals or that are currently under peer-review. My
work has been funded by the GlobFluo-Project of the Emmy-Noether-Programme of the
Deutsche Forschungsgemeinschaft (GU 1276/1-1). The subject of the thesis supports the
aims of the project which is the `global assessment of vegetation photosynthesis through
the monitoring of chlorophyll 
uorescence from space'.
I will �rst summarize the relevant research background and context to understand the
work of this thesis by explaining the functioning of the terrestrial carbon cycle and its sig-
ni�cance in the global climate system. The role of photosynthesis as an important driver
of atmospheric CO2 concentrations is presented and related to environmental conditions.
I will then switch from the global to the molecular scale to describe the relevant processes
and mechanisms of photosynthesis and its relation to chlorophyll 
uorescence, before elab-
orating on the principles of observing and assessing vegetation dynamics from space. In
chapters II, III, IV the three study cases are presented. Chapter V gives a synthesis and
conclusions of this thesis.

I.2 Research background and context

I.2.1 The relevance of vegetation in the carbon cycle and for climate

Vegetation abundance and activity is a key part of the global climate system because it
critically a�ects exchange processes of carbon, water and energy between the land surface
and the atmosphere. In the context of rising atmospheric CO2 concentrations with the
inherent reinforcement of the greenhouse e�ect, of climate change and human impacts on
the climate, it is important to understand and quantify those exchange processes. The
knowledge can subsequently be used for model projections of the future evolvement of the
Earth system. However, current model results diverge strongly in magnitude, variability
and partly phase of the carbon 
uxes and have high uncertainties (Huntzinger et al.,
2012; Schaeferet al., 2012; Anav et al., 2015). The simulations even disagree on whether
the land surface will be a carbon sink or source (Piaoet al., 2013). This indicates that
important driving variables and mechanistic understanding are still missing in the models
(Beer et al., 2010; Junget al., 2011). Reliable climate scenarios cannot be accomplished
without a detailed knowledge and modelling of the functioning of ecosystems. The work
done in the context of this thesis contributes to advance knowledge on gross carbon uptake
by vegetation through photosynthesis which is the starting point of the terrestrial carbon
cycle.

I.2.1.1 The carbon cycle

I.2.1.1.1 The global carbon cycle Carbon cycles globally between the solid Earth,
the land surface, the oceans and the atmosphere (Fig. I.1 left). Solid Earth processes are
negligible on time scales of up to centuries. Ocean uptake as well as terrestrial photosyn-
thesis are the only pathways through which carbon can be removed from the atmosphere.
The gross amount of carbon taken up through photosynthesis is commonly referred to as

2



I.2. RESEARCH BACKGROUND AND CONTEXT

Figure I.1: Left: Carbon 
uxes between di�erent pools/components of the climate
system. From http://kfrserver.natur.cuni.cz/globe/materialy/03Others/CCdiagram-
english.jpg, accessed February, 9th 2018. Right: Evolvement of components of the global
carbon budget as of 2017 with uncertainties as one� . From Le Qu�er�e et al. (2017).

gross primary productivity (GPP, carbon per unit of time and area) and globally amounts
to approximately 120 PgC/year (Le Qu�er�e et al., 2017). However, there is a large spread
between di�erent model estimates ranging from 112 to 169 PgC/year (Anavet al., 2015) or
between 105 and 150 PgC/year (Beeret al., 2010). About half of the GPP is released back
to the atmosphere through plant respirational processes for cell maintenance and growth
(autotrophic respiration). Also heterotrophic respiration by microbes and the fauna in the
soil causes a 
ux of carbon to the atmosphere. The net gain of photosynthesis in the form
of accumulated plant biomass is called net ecosystem productivity, or from an atmospheric
perspective, net ecosystem exchange (NEE). Other processes that in
uence carbon con-
centrations in the atmosphere are changes in land cover and land use (de-/a�orestation,
forest degradation, expansion and abandonment of agricultural areas, shrub expansion in
the Arctic), burning of fossil fuels and oceanic carbon release (Fig. I.1 left).

I.2.1.1.2 Partitioning of the carbon budget The time series in the right part of
Fig. I.1 show the temporal evolution of estimates of the di�erent components of the global
carbon budget over the recent decades. Emissions by fossil fuels have been steadily in-
creasing and by 2017 have reached a level of about 500 % of the value of 1960. Changes
in land use have created relatively stable emissions over the last decades, but are not
well constrained. The sum of these (mostly anthropogenically caused) emissions is parti-
tioned between the ocean, the land and the atmosphere. The ocean is taking up about
a quarter of the carbon emissions, even with an apparently increasing trend in the total
uptake since 1960. The land surface (the land sink) is largely responsible for taking up
another quarter of the total emissions through net photosynthesis (gross photosynthesis

3
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minus respiration)1. Further, there is considerable change in the estimated strength of the
land sink between years (Fig. I.1e). This interannual variability represents the imprint
of environmental conditions on the functioning of the terrestrial vegetation and on the
release processes associated with respiration (e.g. Keelinget al., 1995; Houghton, 2000).
Figure I.1d further illustrates that the variability in the land sink is directly translated
into variability in the rate of increase in atmospheric CO2 concentrations between years
(CO2 atmospheric growth rate). Roughly half of the emissions remains in the atmosphere
(Le Qu�er�e et al., 2009). Next to the year-to-year variability there is also a trend towards
increased amounts of the emissions to accumulate in the atmosphere, despite a strength-
ening ocean sink (Fig. I.1d,f). This might indicate that the removal of carbon from the
atmosphere by the land surface is not necessarily increasing at the same rate.
Generally, the magnitude of the sources and sinks is not su�ciently constrained in dif-
ferent regions of the Earth. There remains a certain imbalance (Fig. I.1c) in the budget
from the various approximations and this illustrates the large uncertainties and possibly
biases in the component estimates (Le Qu�er�eet al., 2017). Similarly, when focussing on
the carbon 
uxes between the land surface and the atmosphere, di�erent approaches to
constrain them give very di�erent results (Reuter et al., 2017). The average magnitude of
the land-atmosphere 
uxes for di�erent regions of the Earth as inferred from an ensemble
of global dynamic vegetation models for the 1990s and the 2000s is depicted in green-
coloured bars in Fig. I.2. This is usually referred to as the `bottom-up' approach. The
`top-down' approach consists in measuring atmospheric CO2 concentrations and applying
atmospheric transport models as well as ancillary information to infer the location and the
magnitude of the land carbon 
uxes. Such estimates are depicted in the red and orange
bars in Fig. I.2. There is a considerable gap in the estimated magnitudes of the 
uxes be-
tween top-down and bottom-up approaches, with the inversions showing generally higher

uxes. A second major conclusion is that the di�erent approaches in some regions do not
even agree on the sign of 
uxes, i.e. whether the region is actually a sink or a source of
carbon (e.g. the tropical regions of America and Asia). This illustrates that there is urgent
need to constrain the global carbon budget in a better way, both through improvements
in observational capabilities as well as through advancements in land surface and global
Earth system models.

I.2.1.1.3 The roles of gross primary productivity and respiration in the global
carbon budget One major source of uncertainty in the carbon 
uxes is the lack of un-
derstanding of how di�erent processes drive the sink strength of the land surface and of
the regional contributions to the global total (Schimel et al., 2001). Anderegget al. (2015)
report on strong correlations between tropical nighttime temperature and interannual
changes in the strength of the global land sink mediated though changes in respiration.
Ballantyne et al. (2017) explain an observed increase of the land uptake in the recent
decade by the e�ect of the warming hiatus on respiration. In line with that, Schneising
et al. (2014) �nd a decreased strength of land carbon uptake in warm years due to enhanced
respiration in the recent decade. Conversely, several other publications stress the impor-
tance of GPP with respect to respiration in driving interannual changes in the strength of

1A record of daily measurements of atmospheric CO2 concentrations on Mauna Loa, Hawaii, that
extends back to the 1950s (the well-known Keeling curve, not shown) exhibits annual oscillations overlaid
on an increasing trend. This illustrates the dominant e�ect of vegetation activity on atmospheric CO 2

concentrations very well.
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Figure I.2: Average of the carbon 
uxes between the land and the atmosphere for the
two decades from 1990-2000 and 2000-2010 for di�erent regions of the Earth as inferred
from 10 di�erent atmospheric CO2 inversions (yellow and orange, denoted as `top-down')
and simulated by 10 dynamic vegetation models (DGVMs, green and light green, denoted
as `bottom-up'). From Ciais et al. (2013, Fig.6.15).
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the global carbon sink (Wang et al., 2016; Marcolla et al., 2017) as well as the dominant
role of low and mid-latitude water-limited ecosystems (Liu et al., 2013; Zscheischleret al.,
2014; Huanget al., 2016; Junget al., 2017). For example, Ahlstr•om et al. (2015) argue
that the variability in global net biome productivity is dominated by semi-arid regions
where GPP is most strongly driven by temperature and precipitation anomalies. Similar
results were obtained from the evaluation of empirical model studies by Junget al. (2017).
They �nd that hotspots of interannual variability of carbon 
uxes are concentrated in
semi-arid/ semi-humid areas and that overall GPP more strongly a�ects net ecosystem
carbon exchange variability than respiration (except in the south-American and east-Asian
tropics). Poulter et al. (2014) correlate the 2011 record land sink with strong vegetation
growth in semi-arid regions of the southern hemisphere, particularly Australia, as a result
of enhanced precipitation under La Ni~na conditions. High sensitivity of the GPP to wa-
ter limitation and short carbon turnover times cause the strong contribution of semi-arid
regions to interannual variability of the terrestrial carbon sink (Poulter et al., 2014; Ma
et al., 2015, 2016). In contrast to that, during the strong El Ni~no of 2015/16, major reduc-
tions in the pantropical land uptake due to the e�ects of heat and drought on respiration,
GPP, and �re activity led to a record high in atmospheric CO 2 concentrations (Liu et al.,
2017b). Next to the ENSO conditions, also the North Atlantic Oscillation in an interplay
with the East Atlantic pattern a�ect the land sink through meteorological in
uences on
photosynthesis and also respiration in middle and higher latitudes (Bastoset al., 2016).
In essence, changes in environmental conditions as controlling variables of the terrestrial
land uptake are unquestionable, but the exact feedback mechanisms and their quanti�ca-
tion for gross photosynthesis and respiration remain uncertain, both globally and region-
ally.

I.2.1.2 Vegetation and climate

I.2.1.2.1 Vegetation and climate change Enhanced understanding of the function-
ing of the terrestrial biosphere is vital considering that a changing climate will critically
a�ect global and regional GPP and respiration. However, the feedback mechanisms be-
tween the atmosphere and the vegetation are not fully understood. Consequently, model
projections on the future land sink, its sensitivity to environmental conditions as well as
its variability diverge widely (e.g., Friedlingstein et al., 2006).
Rising atmospheric CO2 concentration may have a fertilizing e�ect on plant activity and
carbon uptake (Zhu et al., 2016). Even climate change induced forest mortality (Allen
et al., 2010) might be alleviated by higher CO2 (Liu et al., 2017c). However, Friedling-
stein et al. (2006) report from an evaluation of coupled climate-carbon cycle simulations
that there is \unanimous agreement among the models that future climate change will
reduce the e�ciency of the earth system to absorb the anthropogenic carbon perturba-
tion." (Friedlingstein et al., 2006, abstract). Indeed, there are indications that the sink
e�ciency of the land surface has already been decreasing in the last �ve decades2 which
represents a shift from a CO2 fertilization-dominated sink towards increasing constraints
by climate e�ects, but uncertainties are high (Le Qu�er�e et al., 2009; Pe~nuelaset al., 2017).
Conversely, Ballantyne et al. (2012) conclude the opposite by inferring an enhanced car-
bon sink in both land and ocean in the last �ve decades with no decrease in its e�ciency.

2despite an increase in the absolute sink strength
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I.2. RESEARCH BACKGROUND AND CONTEXT

Keenan et al. (2016) explain an observed pause in the atmospheric CO2 growth rate with
enhanced land uptake as a consequence of fertilization. At the same time, the observed
hiatus in global warming reduces warming-related increases in respiration and in that way
has enhanced land uptake in the last decade (Keenanet al., 2016; Ballantyneet al., 2017).

One example for changes in the biosphere is the widespread greening of the land surface,
particularly in boreal and polar areas, that is observed as a consequence of warming, longer
growing seasons and northward shifts of higher vegetation (Sturmet al., 2001; Nemani
et al., 2003; Elmendorfet al., 2012). Increased GPP due to warming and plant growth is
believed to dominate the observed increase in the seasonal amplitude of atmospheric CO2

in northern latitudes with respect to respiration (Graven et al., 2013; Forkelet al., 2016).
However, warming might enhance autumn respiration in northern ecosystems (Piaoet al.,
2008) and attenuate night minimum temperatures which enhances respiration as well. At
the same time, in several regions of the Earth aridity increases and drylands expand with
strong alterations in ecosystem composition and functioning (Feng and Fu, 2013; Huang
et al., 2015; Schlaepferet al., 2017). Next to a shift in the mean state, climate change is
also expected to enhance climate variability with more frequent and stronger extremes,
e.g. droughts and 
oods or heat waves (Seneviratneet al., 2012). It will put constraints
on the carbon uptake by plants and enlarge its variability. As stated above, especially
water availability has been a major recent focus of research with respect to global GPP
(Poulter et al., 2014; Ahlstr•om et al., 2015; Papagiannopoulouet al., 2017). This is par-
ticularly critical for agriculture and food production for a growing world population and
might severely impact food security (Wheeler and von Braun, 2013).

I.2.1.2.2 Vegetation and the terrestrial energy and water cycles Vegetation is
not only a fundamental component of the climate system because of the role that pho-
tosynthesis plays in the carbon cycle, but also because of its biophysical impacts on cli-
mate. Regionally strong biosphere-atmosphere feedbacks exist (Greenet al., 2017) through
the coupling of vegetation abundance and activity to the energy and hydrological cycle.
Through physiological regulation of transpiration by opening and closing the leaf pores
(stomata) and root water uptake, vegetation importantly a�ects the water transport be-
tween the land surface and the atmosphere (Seneviratneet al., 2010; Teulinget al., 2010).
A plant transpires up to 500 g water for each gram carbon �xed through photosynthesis
(Blankenship, 2014). Moreover, the abundance of di�erent types of vegetation controls the
energy budget of the land surface (e.g. Duveilleret al., 2018). Land cover change, and in
particular modi�cations in forest cover, have been shown to lead to strong alterations in
the albedo and absorption of solar radiation as well as in evapotranspiration (Alkama and
Cescatti, 2016; Forzieri et al., 2017; Duveiller et al., 2018). Through the signi�cant role
that vegetation plays in the partitioning of energy between latent and sensible heat to the
atmosphere (Bowen ratio, e.g. Forzieriet al., 2017) plants may even partly adjust their
growing conditions by modifying rain fall patterns (Miralles et al., 2016; Teuling et al.,
2017). As another example, agricultural intensi�cation in the middle US, and its e�ects on
evapotranspiration, are considered the driving mechanism of an observed attenuation of
summer high temperatures, despite e�ects of land cover conversion and of enhanced atmo-
spheric CO2 concentrations on temperature in the opposite direction (Muelleret al., 2016).
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Figure I.3: Anatomy of a leaf. Adapted from Blankenship (2014).

Gross photosynthetic carbon uptake is the starting point of the terrestrial carbon cycle.
Because of its direct impact on atmospheric CO2 concentrations it is of key importance
to understand the drivers of photosynthesis globally, regionally, and in time, and to have
an observation system in place that has the capacity to reliably monitor vegetation abun-
dance, health and activity. Constraining photosynthetic carbon 
uxes is a �eld of active
research with key relevance for climate modelling studies. The work in this thesis relates to
the carbon e�ects of vegetation and is a contribution to understand our current satellite-
based capacities to monitor environmental e�ects on ecosystem photosynthetic activity.
The focus is exclusively on the inference of changes in GPP as no satellite-based proxies
of respiration exist. The temporal patterns in re
ectance-based greenness indices as well
as measurements of sun-induced chlorophyll 
uorescence will be compared. In order to
understand how these proxies are related to actual GPP, the next section will change
the focus from the regional and global scale of carbon budgets to the leaf, molecular and
quantum scale to explain the processes involved in photosynthesis, their interdependence
and control by environmental conditions, as well as its relation to 
uorescence.

I.2.2 Photosynthesis and sun-induced chlorophyll 
uorescence

\Life on Earth ultimately depends on energy derived from the sun. Photosynthesis is the
only process of biological importance that can harvest this energy."(Taiz and Zeiger, 1991,
p.179)

I.2.2.1 The phases of photosynthesis and its regulation by plants

I.2.2.1.1 The anatomy of a leaf and the organisation of pigments Photosyn-
thesis describes a complex system of chemical reactions and physical processes that plants
continuously adjust. Pigments use solar energy, water and CO2 to produce sugars and
starch for the maintenance of existing and synthesis of new plant material whilst releasing
oxygen. In a �rst phase of photosynthesis, light energy is absorbed and converted into
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