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Summary

Evaporation and vegetation are closely linked. Vegetation impacts the evaporation by

enhancing the water and energy availability, and by increasing the aerodynamic conduc-

tance. On the other hand, vegetation can decrease evaporation through stomatal closure.

This thesis addresses the statistical correlation between evaporation and the vegetation

green biomass and the effect of vegetation changes on evaporation. The first objective of

this thesis is: ’to study the link between ground-based observations of evaporation and

satellite remote sensing observations of vegetation’. Satellite observations of the vegetation

green biomass, such as the leaf area index or vegetation indices, are integrated in most

remote sensing based evaporation models. It is however unknown whether the link between

remote sensing observations of the vegetation green biomass and evaporation are valid over

different vegetation types, climate zones, and across spatial-temporal scales. Chapter 2, 3,

and 4 study the link between remote sensing observations of vegetation and ground-based

observations of evaporation. The second objective of this thesis is: ’to study the effect of

drought and land-cover change on evaporation over large areas’. Global change, including

an increasing number of droughts (chapter 4) and land-cover change (chapter 5) will have

an impact on future evaporation and the water, energy, and carbon balance. A better

understanding of the impact of vegetation on evaporation under global change is therefore

crucial to study future global evaporation.

Chapter 2 studies the link between daily mean tree sap velocity and Landsat derived

NDVI in a catchment in Luxembourg. The studied hypothesis is ’there is a positive

correlation between the NDVI and sap velocity’, because forests with a higher leaf biomass

are expected to have a higher sap velocity. However, we found a positive correlation

between sap velocity and NDVI only in April during the phase of vegetation green-up.

During the rest of spring and summer, we found a significant negative correlation for half

of the studied days. During a dry summer, sap velocity was uncorrelated with NDVI, but

varied with water availability and soil type. Methods using the NDVI to predict or scale

(evapo)transpiration should be carefully applied in temperate forest ecosystems.

Chapter 3 studies the link between the yearly mean satellite-derived LAI and the latent

heat flux, sensible heat flux, and GPP for a range of vegetation types. The ecosystem

fluxes were derived from FLUXNET data and the LAI data was available from MODIS.
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In this chapter we show that the link between LAI and the latent and sensible heat fluxes

depends on the vegetation type and aridity. Under arid conditions, the link between the

LAI and water and energy fluxes was strong, but in energy-limited forests, there was no

correlation between LAI and water and energy fluxes. In contrast to the water and energy

fluxes, GPP was always positively correlated with LAI. For savanna and arid grassland,

the LAI can be useful to model or extrapolate water fluxes, but for deciduous broadleaf

forest and evergreen needleleaf forest, the LAI is of limited use.

Forest and grassland have a different drought coping strategy. Trees control their stomata

to reduce water loss, while grasslands take the risk to lose their aboveground biomass. Both

the stomatal control and the reduction in green biomass reduce the surface conductance

(Gs) and evaporation. Chapter 4 studies how different MODIS vegetation and drought

indices reflect the reduction in Gs in forest and grassland. We show that for grassland,

the different optical and thermal indices were sensitive to the reduction in Gs. For the

forest sites, the optical indices were not sensitive to the reduction in Gs, but the thermal

indices did reflect the reduction in Gs. The results were however not uniform across all

forest and grassland sites. A different strategy is required in order to monitor the effects

of drought on the water, energy, and carbon cycle in grassland and forest.

Chapter 5 studies the effect of large-scale tree restoration (totalling 900 million hectares)

on evaporation, precipitation, streamflow, and water availability. Large-scale tree restora-

tion increases local evaporation, and increases (downwind) precipitation through evapora-

tion recycling. We show that the combined effects of increasing evaporation and increasing

precipitation create complex patterns of decreasing (up to 38%) or increasing (up to 6%)

water availability. The effect on large river basins is diverge: several rivers could lose 6% of

their streamflow, while for other rivers, the increased evaporation would be counterbalanced

by enhanced evaporation recycling. Tree restoration significantly shifts terrestrial water

fluxes and future tree restoration strategies should consider these effects.

Chapter 6 synthesises the results of the four core chapters. The main conclusions are: 1)

a significant correlation between ground-based observations of evaporation and satellite

remote sensing observations of vegetation is an exception rather than the rule. Water

availability seems to play an important role in the slope, direction, and strength of the

correlation. This has implications for remote sensing based evaporation monitoring. 2)

Drought and land-cover change had an impact on evaporation, and these effects propagate

further into the water, energy, and carbon balance. Lastly, the synthesis discusses

recommendations for tree restoration and future remote sensing of evaporation.



Samenvatting

Binnen ecosystemen staan planten (hierna: vegetatie) en verdamping van water nauw

in verband tot elkaar. Enerzijds versterkt vegetatie de verdamping, en anderzijds kan

vegetatie ook de verdamping verminderen. Vegetatie versterkt de verdamping omdat het

de beschikbaarheid van water en energie verhoogt, respectivelijk door de diepe wortels en

vele bladeren. Ook heeft vegetatie invloed op het transport van water in de atmosfeer.

Vegetatie kan de verdamping verminderen wanneer planten de huidmondjes sluiten, zoals

bijvoorbeeld tijdens een droogte. Het is belangrijk om goed te begrijpen hoe vegetatie

de verdamping bëınvloedt. Zo kunnen we voorspellen hoe grootschalige veranderingen

van klimaat en landgebruik invloed zullen hebben op de toekomstige water-, energie- en

koolstofbalans. In dit proefschrift behandelen we zowel het statistische verband als het

oorzakelijke verband (hoe de één de ander bëınvloed) tussen verdamping en de groene

biomassa van ecosystemen.

Dit proefschrift heeft twee hoofddoelen. Het eerste hoofddoel is om het statistische verband

tussen verdamping en satellietobservaties van vegetatie beter te begrijpen. Satellietdata

van de groene biomassa, zoals de ´bladoppervlakte-index´ (LAI) of de ´Normalized

Difference Vegetation Index´ (NDVI), worden op grote schaal gebruikt om verdamping te

kwantificeren. Het is echter onbekend of er een statistisch verband is tussen verdamping en

satellietmetingen van de vegetatie, en in hoeverre dit verband op gaat voor verschillende

vegetatietypen, klimaatzones en voor verschillende tijd- en ruimteschalen. Hoofdstuk

2, 3 en 4 behandelen het statistische verband tussen satellietobservaties van de groene

biomassa en in situ-metingen van verdamping. Het tweede hoofddoel van dit proefschrift

is het bestuderen van het effect van droogte en landgebruiksverandering op grootschalige

verdamping. Een toename in droogtes (hoofdstuk 4) en landgebruiksverandering (hoofdstuk

5) hebben invloed op verdamping, en daarmee op de water-, energie- en koolstofbalans

van de toekomst.

Hoofdstuk 2 behandelt het statistische verband tussen de gemiddelde sapstroomsnelheid

in bomen en de NDVI (afkomstig van Landsat-satellietdata) in een stroomgebied in

Luxemburg. De hypothese is dat er een positieve correlatie is tussen de NDVI en de

sapstroomsnelheid, omdat we verwachten dat bomen met meer groene biomassa (en dus

een hogere NDVI) een hogere sapstroomsnelheid hebben. De resultaten laten echter
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alleen in April, wanneer de bomen in blad komen, een positieve correlatie zien tussen

de sapstroomsnelheid en NDVI. Tijdens de rest van de lente en zomer was de correlatie

significant negatief voor acht van de achtien studiedagen. Tijdens de droge zomer van

2015 vonden we geen statistisch verband tussen de sapstroomsnelheid en NDVI. In deze

zomer varieerde de sapstroomsnelheid met waterbeschikbaarheid en bodemtype. Dit

hoofdstuk laat zien dat we terughoudend moeten zijn met het gebruik van de NDVI in

verdampingsmodellen voor bossen in gematigde gebieden.

Hoofdstuk 3 behandelt het verband tussen de gemiddelde satellietgemeten LAI op

jaarbasis en de energie die wordt gebruikt voor verdamping (de latente warmteflux),

opwarming (de sensibele warmteflux) of bruto primaire productiviteit (de koolstofopname

door een ecosysteem ten behoeve van photosynthese) voor verschillende vegetatietypen. De

bruto primaire productiviteit en de warmtefluxen zijn berekend uit FLUXNET-metingen

en de LAI was bepaald uit MODIS-satellietdata. In dit hoofdstuk laten we zien dat het

verband tussen LAI en de verdampings- en warmte-energie verschilt per vegetatietype en

varieert met de droogte-index. Onder droge omstandigheden is het verband tussen de LAI

en water- en energiestromen sterk, maar onder koudere omstandigheden is er geen verband

tussen LAI en water- en energiestromen. In tegenstelling tot water- en energiestromen was

de bruto primaire productiviteit altijd positief gecorreleerd met de LAI. Deze studie toont

aan dat de LAI gebruikt kan worden voor het modelleren of extrapoleren van verdamping

in het geval van savannes en droge graslanden, maar dat de LAI voor dit doel niet geschikt

is in gematigde loof- en naaldbossen.

Bossen en graslanden hebben een verschillende strategie om om te gaan met droogte. Bomen

reguleren de huidmondjes om verlies van water te verminderen. Gras doet dit in mindere

mate, en loopt zo het risico dat de groene biomassa afsterft. Zowel de regulatie van de

huidmondjes als de afname van groene biomassa verminderen de oppervlaktegeleiding van

de vegetatie (Gs, een maat voor hoe makkelijk vocht wordt overgedragen van de vegetatie

naar de atmosfeer), waardoor de verdamping afneemt. In Hoofdstuk 4 bestuderen

we of en hoe verschillende satelliet-indexen van de MODIS-sensoren de afname van Gs

weerspiegelen. De resultaten laten zien dat voor graslanden de verschillende optische

indexen (weerkaatsing van zonlicht) en thermische indexen (warmte-uitstraling) gevoelig

zijn voor de afname van Gs. Voor de bestudeerde bossen waren de optische indexen niet

gevoelig voor de afname in Gs, maar de thermische indexen waren dat wel. De resultaten

waren echter niet uniform voor alle bos- en graslandgebieden. Deze studie laat zien dat

we voor bossen en graslanden een verschillende strategie nodig hebben om het effect van

droogte op de water-, energie- en koolstofbalans te monitoren.

In Hoofdstuk 5 behandelen we het effect van het grootschalig en wereldwijde aanplanten

van bomen op verdamping, neerslag, rivierafvoer, en waterbeschikbaarheid. Door een

toename van bomen neemt de verdamping toe, en door het hercirculeren van vocht in de

atmosfeer neemt de (benedenwindse) neerslag ook toe. Door het gecombineerde effect van
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de toename van verdamping en de toename van neerslag ontstaan ingewikkelde patronen

van afnemende (tot 38%) en toenemende (tot 6%) waterbeschikbaarheid. Het effect op

stroomgebieden verschilt: voor sommige rivieren vermindert de jaarlijkse afvoer met 6%,

terwijl voor andere rivieren de afname nagenoeg nul is, omdat de toename van verdamping

wordt gecompenseerd door een toename in de neerslag. Het grootschalig aanplanten

van bomen heeft een effect op de verdamping, neerslag, en waterbeschikbaarheid op

Aarde. Toekomstige herbebossingsprojecten zouden hier rekening mee moeten houden om

ongewenste afname van waterbeschikbaarheid te beperken.

Hoofdstuk 6 vat de resultaten van de vier eerdere hoofdstukken samen. De belangrijkste

conclusies zijn: 1. Een significante correlatie tussen in situ-metingen van verdamping en

satelietobservaties van vegetatie is eerder uitzondering dan regel. Waterbeschikbaarheid

speelt hierbij een belangrijke rol: het bëınvloedt de hoogte en de richting van de corre-

latiecoëfficiënt, en de significantie van de correlatie. Dit heeft gevolgen voor het kwantifi-

ceren van verdamping op basis van satellietmetingen. 2. Droogte en landgebruiksverander-

ing hebben een belangrijke invloed op verdamping en deze effecten op verdamping werken

door in andere onderdelen van de water-, energie- en koolstofbalans.
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Chapter 1

Introduction



4 Introduction

1.1 Evaporation and its drivers

1.1.1 Introduction to evaporation, a physical and biological process

Evaporation is one of the major components of the terrestrial water cycle and represents the

water flux from the land surface into the atmosphere. In the atmosphere, the evaporated

water condensates into water droplets and eventually precipitates on the Earth’s surface

as rain, snow, drizzle, or hail. On the Earth’s surface, part of this water will infiltrate in

the soil, be taken up by the vegetation, or be transported by rivers to the ocean, and it

will eventually evaporate back into the atmosphere and close the hydrological cycle.

The evaporation from the land surface consists of four components: evaporation from water

bodies such as lakes and rivers, evaporation of intercepted water, evaporation of soil water,

and plant transpiration. Interception evaporation is the evaporation of water that was

intercepted by the vegetation leaves, and transpiration is the evaporation of water through

the stomata of vegetation. Transpiration is the largest of the four components and accounts

for more than two-thirds of the total evaporation over land (Schlesinger and Jasechko,

2014). The total evaporation from an ecosystem is also called evapotranspiration, which

emphasises that it includes the evaporation of water through the stomata of vegetation

(Miralles et al., 2020).

Evaporation of water from water bodies, soil, and leaf surfaces is merely a physical process.

Energy (usually solar radiation) heats up the water molecules in a liquid and makes them

move faster (and faster) until the individual molecules escape as a gas into the atmosphere.

Transpiration is both a physical process (the water molecules in the leaves move faster

and eventually escape through the stomata into the atmosphere), as well as a biological

process. Transpiration involves the uptake of water by the vegetation roots and release

through the leaf stomata. The stomata can close and thereby decrease the water loss

through transpiration.

1.1.2 Evaporation is important for the water, energy, and carbon cycle

Evaporation is a critical component in the water, energy, and carbon cycle and has an

impact on the terrestrial water, energy, and carbon stores and fluxes (Fig. 1.1).

Evaporation in the energy cycle

The incoming solar radiation is absorbed or reflected by the Earth’s surface, and the

Earth’s surface also emits radiation. The net balance between the incoming and outgoing

radiation is called the net radiation, and that is the energy that is available to affect our

living environment. The net radiation at the Earth’s surface is used to evaporate water

(the so-called latent heat flux), to heat up the land surface (the sensible heat flux), or to

heat up the soil and vegetation (the ground heat flux) (Fig. 1.1a). The ground heat flux
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(a) E in the energy cycle (b) E in the water cycle (c) E in the carbon cycle

Figure 1.1: Evaporation (E) plays an important role in the energy, water, and

carbon cycle. (a) In the energy cycle, the net radiation (Rn) is divided over the sensible heat

flux (H), latent heat flux (λE), and ground heat flux (G). (b) In the water cycle, precipitation

water (P) is divided over transpiration (Et) and interception and soil evaporation (Ei and

Es) and, discharge (Q), and storage water in the soil and canopy (S). Note that E = λE/λ

(evaporation, mass flux in m−3 = latent heat, energy flux in W m−2 / the latent heat of

vaporization). (c) In the carbon cycle, the gross primary productivity (GPP), the amount of

carbon fixed by the vegetation during photosynthesis, is closely linked to the transpiration of

water (Et).

is small as compared to the other two components and is often ignored in evaporation

studies. Therefore, one can say that the energy that is not used for evaporation is used

to heat up the Earth’s surface. This explains why dry regions can get very hot, and why

irrigation on a hot day decreases the air temperature.

Evaporation in the water cycle

Rainfall and other forms of precipitation that reach the Earth’s terrestrial surface are

partitioned between evaporation, surface runoff and streamflow, and soil or groundwater

storage (Fig. 1.1b). The change in soil or groundwater storage is noticeable on smaller

time scales (for example the soil water storage increases after a rainfall event), but is often

ignored on longer time scales. The total amount of water that leaves an area as streamflow

is the water that is available to humans for drinking water, irrigation, transportation over

water, or hydroelectric energy. An increase in evaporation, during warm weather, or after

forest planting, therefore decreases the fresh water availability and streamflow.

Evaporation in the carbon cycle

Transpiration and the fixation of carbon dioxide by the vegetation (the gross primary

productivity) go hand in hand. When stomata open to take up carbon, water is released

into the atmosphere (Fig. 1.1c). Forest planting, in order to increase the global carbon
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stock, therefore impacts evaporation and water availability. Furthermore, stomatal closure

on a dry day impacts both the evaporation and the carbon uptake by the vegetation.

1.1.3 The drivers of evaporation and variability in evaporation

In order to evaporate water, the following three things are required: water, energy for

the phase change from liquid water to water vapour, and a vapour pressure gradient to

remove the water vapour away from the evaporating surface. The water is supplied by

precipitation or soil moisture, the energy is generally supplied by solar radiation, and

the atmospheric vapour pressure deficit and wind speed drive the movement of water

molecules into the atmosphere, and supply more dry air. There is generally not one driver

of evaporation, and evaporation directly feed backs into a change in the temperature,

vapour pressure gradient, and water availability, that will in turn change the evaporation

flux.

If one would compare the evaporation in one region with another region, or one day with

the next day, one would find a high spatial and temporal variability in evaporation. On

large spatial and temporal scales, the climate plays a major role in this variability (Awada

et al., 2013; Hasler and Avissar, 2007). Around 60 - 65 % of the variation in evaporation is

explained by the mean yearly net radiation and mean yearly precipitation (Padrón et al.,

2017; Williams et al., 2012). The leftover 35 - 40 % of the variability in evaporation is

explained by other factors such as meteorological variables (wind speed, maximum air

temperature, or relative humidity), topographic variables, such as slope and aspect, the soil

water content and other soil characteristics, and vegetation (Awada et al., 2013; Mitchell

et al., 2012; Williams et al., 2012). These factors mainly control small-scale variability in

evaporation, for example from one day to another, and within a climate zone. The main

focus of this thesis is the link between the vegetation on evaporation.

1.2 The link between vegetation and evaporation

1.2.1 In theory: how vegetation characteristics control evaporation

Vegetation interacts with solar radiation and the roots take up water from the deeper soil

layers. Therefor vegetation impacts the availability of water and energy for evaporation.

Furthermore, the vegetation can exert additional control on the evaporation flux through

the stomata. When the stomata are open, water can freely move out of the vegetation,

but when stomata close, the transpiration decreases also when enough water and energy

are available. Below, five aspects of the vegetation (Fig. 1.2) are discussed that impact

the vegetation control on evaporation:

• Albedo The albedo is the fraction of incoming solar radiation that is reflected back

into space. The solar radiation that is not reflected back into space is available
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at the Earth’s surface for evaporation. The albedo of vegetation depends, among

others, on the vegetation density and structure (Sellers, 1985). A forest, with a dense

vegetation structure and high leaf area generally has a lower albedo than grassland

and the total energy available for evaporation is therefore higher in forest. This

effect is stronger in the snow-covered high-latitude areas, because snow-covered short

vegetation has an even higher albedo than the short vegetation itself.

• Rooting depth Vegetation roots have excess to water that is stored deeper in the

soil, while this water would have not been available for soil evaporation. Therefore

vegetation increases the amount of water available for evaporation. Deep-rooted

vegetation, such as pine forest, has access to deeper groundwater layers, compared

to more shallow-rooted vegetation, such as grasses or crops (Canadell et al., 1996;

Schenk and Jackson, 2002), which is important during the dry season or during a

drought.

• Leaf area index (LAI) The leaf area index (LAI) is the leaf area per ground area (in

m2 m-2). The LAI is a key vegetation property and important for the energy, water,

and carbon balance. The LAI has a different impact on soil evaporation, interception

evaporation, and transpiration. Soil evaporation decreases with increasing LAI,

because the leaves shade the soil. In contrary, both the interception evaporation

and transpiration increase with LAI, because the total surface for interception

and transpiration of water increases with increasing LAI. Furthermore, the LAI

impacts the available energy through the albedo, and the LAI impacts the surface

aerodynamic properties and turbulent exchange of water (Granier et al., 2000; Wang

et al., 2014).

• Aerodynamic roughness A combination of different vegetation properties, such as

the leaf area and vegetation height, impact the aerodynamic roughness; the resistance

to flow. A high roughness facilitates the turbulent exchange of energy and moisture,

and therefore increases the aerodynamic conductance. Above a vegetation with a

high roughness such as a forest, there is a high ventilation of the air and a more

sustained supply of dry air from the overlying atmosphere, which maintains the

vapour pressure gradient.

• Stomatal closure Vegetation closes their stomata when the conditions are un-

favourable for photosynthesis (Jarvis, 1976). This is for example during the night,

when there is no energy available, or when the soil moisture content is low, in order

to reduce the water loss. The stomata do not completely close, but they reduce the

size of the aperture to reduce water loss. Stomatal closure changes over the coarse

of a day and is thus more dynamic than the other four vegetation characteristics

described above.
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Figure 1.2: Vegetation characteristics that control evaporation. Trees have deeper

roots, a higher leaf area index, a higher aerodynamic roughness, and a lower albedo than

grasslands. Therefore, forest evaporation is generally higher than grassland evaporation.



1

1.2 The link between vegetation and evaporation 9

1.2.2 In practise: How vegetation controls evaporation

It is very difficult, if not impossible, to study the effect of the albedo, rooting depth,

or leaf area index on evaporation, and also the stomatal closure cannot be measured at

the canopy scale. Therefore, studies that address the vegetation control of evaporation

generally study ’vegetation’ as a whole, through the vegetation type or the vegetation

appearance, or focus solely on the stomatal regulation. Already in the eighteenth and

nineteenth century, plant physiologists showed that vegetation impacts transpiration by

regulating their stomatal aperture (Jarvis and McNaughton, 1986). In the 20th century,

researchers derived the canopy scale stomatal regulation from measurements of the vapour

pressure deficit and transpiration, or the inverted Penman-Monteith equation (Baldocchi

et al., 1991; De Kauwe et al., 2017; Mallick et al., 2016; Monteith, 1965). These studies

showed that the stomata are of main importance when the water supply becomes limiting

and atmospheric demand is high, such as during the dry season, or during a drought

(Blackman et al., 2019; Mallick et al., 2016; Meinzer et al., 1993). The impact of stomata

on the evaporation depends on the spatial and temporal scale of the study, as well as on

the vegetation type (Blackman et al., 2019; Jarvis and McNaughton, 1986; Mallick et al.,

2016; Wolf et al., 2013).

In the early twentieth century, the so-called ’paired catchment studies’ were one of the first

studies to the effect of land-cover change on evaporation (Bates and Henry, 1928). These

paired catchment studies compare two nearby river basins that have similar characteristics

over a prolonged period, during which one of the river basins experiences land-cover change,

while the other did not experience any change. These observational studies have, virtually

without exception, concluded that tree planting increases annual evaporation and decreases

streamflow (Bates and Henry, 1928; Bosch and Hewlett, 1982; Brown et al., 2005). More

recently, Williams et al. (2012) studied evaporation from 167 flux tower sites and concluded

that vegetation type plays a nearly-significant role on evaporation. Interestingly, they

also concluded that grassland evaporation was higher than forest evaporation, which is

in contrast to the paired catchment studies described above. This difference is referred

to as the ’forest evapotranspiration paradox’ (Teuling, 2018). Other studies reported

that neither forest cover, nor the total vegetation cover reliably explained the spatial

variability in the evaporation to precipitation ratio or that the contribution of vegetation

cover was very low (Padrón et al., 2017; Yang et al., 2009). Generally, the vegetation

control of evaporation differs per region and climate type, and there is no consensus on

how important the vegetation or vegetation characteristics are.

1.2.3 In statistics: How vegetation controls evaporation

Above we describe how vegetation can control evaporation and how this is reflected in

evaporation and vegetation data. According to these studies, a change in vegetation

(characteristics) could have an effect on evaporation. A link between vegetation and



10 Introduction

evaporation can however also be pure statistically, rather than causal. While a pure

statistical correlations does not provide information about the relevance of vegetation for

evaporation, it can be useful for example if one wants to use one component to measure

the other. Several studies reported that the vegetation green biomass (measured from

satellite remote sensing) explained 60 - 90 % of the spatial or temporal variability in

evaporation (Nagler et al., 2005; Szilagyi, 2000), and Obrist et al. (2003) concluded that

the LAI explained almost 90 % of the variability in daily evaporation in grassland. These

high, but non-causal, correlations are confounded by the effect of water availability: both

the green biomass of a canopy and evaporation increase with increasing water availability,

especially in arid regions (Kergoat, 1998; Mallick et al., 2018).

1.3 Why study the link between evaporation and veg-

etation?

1.3.1 Using satellite observations of vegetation to estimate evaporation

Satellite data provides an opportunity to study the spatial and temporal variation in

evaporation over large areas. Studies by Nagler et al. (2005) and Szilagyi (2000) found a

strong correlation between ground-based measurements of evaporation and a satellite based

vegetation index. This suggests that one could estimate or extrapolate evaporation using

satelite based observations of the vegetation. Observations of the vegetation green biomass

are integrated in most remote sensing based evaporation models, for example 1) models

use vegetation indices and their empirical correlation with evaporation to estimate or scale

evaporation, 2) surface energy balance models use vegetation indices to parameterize the

aerodynamic roughness or the stomatal conductance, 3) models use the vegetation green

biomass to calculate a spatio-temporal crop coefficient (e.g. Boegh et al., 2009; Chiesi et al.,

2013; Kim et al., 2006; Mallick et al., 2009; Maselli et al., 2014; Su, 2002). Currently, it is

however unclear if, and under what circumstances, vegetation green biomass represents

evaporative processes. Therefore, there is a need to further investigate the link between

satellite remote sensing observations of vegetation and ground-based measurements of

evaporation for different vegetation types, different climate zones, and different spatial-

temporal resolutions. Furthermore, in this century of major global changes, it is important

to know whether these statistical correlations remain valid under global change.

1.3.2 Understanding the effect of global change on evaporation

Past and future climate change and land-cover change had, and will have, a great impact

on evaporation and the water and energy balance. In the past thirty years, land-cover

changes had affected almost a third of the global land area, especially forest area and

agricultural area (Winkler et al., 2021). Furthermore, Zhu et al. (2016) showed that,

between 1982 and 2009, the LAI increased for nearly half of the global vegetated area,
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while the LAI decreased for 4 % of the vegetated areas. The increased atmospheric CO2

concentration explained most of this greening, but also other factors played a role, such as

nitrogen fertilization, climate change, and land-cover change. These changes will continue

in the near future, for example through the continued deforestation in tropical regions in

demand for agricultural land, and efforts to increase the tree cover elsewhere, to mitigate

climate change.

Increasing global temperatures will impact the aridity and drought occurrence of the land

surface. Under a warmer climate, evaporation will increase, there will be longer periods

without precipitation, while having intense rainfall events. For most of the terrestrial

surface, this will increase the aridity (Dai, 2011), and increase the frequency, duration, and

intensity of droughts (Böhnisch et al., 2021). These changes in climate will shift vegetation

types and change vegetation characteristics (Wu et al., 2015) and impact the vegetation

control on evaporation through the stomata (Mallick et al., 2016).

Land-cover change and climate change will impact each other, as well as have an impact

on vegetation characteristics and evaporation (Bonan, 2008). A better understanding of

the vegetation control of evaporation under global change is crucial to study the future

evaporation, as well as the effects on the global water and energy balance.

1.4 Observing evaporation and vegetation

The research in this thesis relies on evaporation and vegetation data acquired by various

ground-based and satellite-based measurement techniques. Both ground-based and remote

sensing measurement techniques have their own limitations and advantages, but a general

advantage of satellite monitoring is the option to cover a large spatial area and to study

spatial variability in both evaporation and vegetation characteristics. Furthermore, there is

a high availability of free remote sensing data, and satellites monitor the Earth continuously

which has a great potential for studying changes over time. Therefore, remote sensing data

has become more popular in vegetation evaporation studies over the past decades (Fig.

1.3). The early satellites, launched in the sixties and seventies, had a spatial resolution

of a few kilometers (Nimbus) or twice monthly revisit time (Landsat). Since then, the

spatial and temporal resolution kept increasing, up to a ten meter resolution and twice

weekly revisit time (Sentinel). Below, a few common monitoring techniques are discussed

for evaporation and vegetation properties. For evaporation, the focus is on ground-based

monitoring techniques, and for vegetation monitoring, the focus is on satellite-based

monitoring techniques.
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Figure 1.3: The use of remote sensing data increased over time. The percentage of

studies in evaporation of vegetation that use remote sensing data has increased over the last

decades. The figure includes a few commonly used satellite or sensor (series) in evaporation

monitoring.

1.4.1 Observations of evaporation

Ecosystem evaporation and latent heat are very difficult to measure. Especially measuring

variability over space, and measuring at the right spatial and temporal scale is extremely

difficult. This paragraph shortly discusses some commonly used measurement methods,

and addresses all data used in this thesis.

Water balance methods use the equation in fig. 1.1b to calculate evaporation. This

equation is usually applied on a catchment scale, where lateral movement of water other

than streamflow is absent, and on a yearly scale, when the change in storage is negligible.

Lysiemeters are a measuring device to measure evaporation of a (semi-)natural vegetated

surface. They are small or large, deep, vessels filled with soil and vegetation. Evaporation

is derived from the difference between the incoming precipitation and outgoing water

through the soil. Micro-meteorological methods calculate evaporation from meteorological

measurements. This is for example through observations of the air temperature, vapour

pressure deficit, and radiation, in combination with the Penman-Monteith equation

(Monteith, 1965). The eddy correlation method is another micro-meteorological method

where sensors measure the upward wind velocity and humidity and temperature. From

these measurements one can derive the total upward or downward movement of water and

energy (the latent heat and sensible heat). Tree transpiration can be derived from the sap

velocity of single trees. Sensors measure the upward movement of the sap in a tree, and
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based on this measurement of sap velocity, one can estimate whole tree transpiration. The

ground-based evaporation observation methods all have their own uncertainties, but they

generally work well on their own specific spatial and temporal scale. However, none of

them can be used to study small- or large-scale spatial variation in evaporation.

Contrary to ground-based evaporation measurements, satellite remote sensing methods

have the potential to calculate evaporation at all places and at all times. There are different

of such monitoring methods, and a few of them are discussed. The so-called surface energy

balance models use satellite observations of the infrared radiation emitted from the Earth’s

surface as a measure of the land surface temperature (Bastiaanssen et al., 1998; Su, 2002).

The land surface temperature provides information on the partitioning of energy between

the latent and sensible heat flux, and provides information on the water stress level. Other

methods for example make use of the Penman-Monteith equation (Cleugh et al., 2007;

Zhang et al., 2009), optionally in combination with the a surface energy balance model

(Mallick et al., 2014), or use remote sensing data to scale ground-based measurements

of evaporation to regional evaporation (Kim et al., 2006; Rahman et al., 2001). The

major shortcoming of remote sensing evaporation techniques is that they only provide

observations under non-cloudy conditions and that they cannot provide estimates at very

high spatial and temporal resolution.

1.4.2 Satellite remote sensing of vegetation

Remote sensing data are commonly used to monitor the Earth’s vegetation status. In this

thesis, we selected the MODIS and Landsat satellite data among many other options (Fig.

1.3). These satellites have their own specific temporal revisit time and spatial resolution.

MODIS provides data over the same location twice per day, and Landsat only twice per

month, and one MODIS pixel pictures an area of 1× 1 km while this is 30× 30m for

Landsat. Satellites monitor the Earth’s reflection or emission at different wavelengths,

including wavelengths that we cannot observe by eye, such as the near-infrared and

shortwave infrared. The different wavelengths reflect different vegetation characteristics,

for example changes in the moisture content are reflected in the shortwave infrared, while

changes in the surface temperature are reflected in the thermal infrared. The information

from the different wavelengths can be used to observe the health or characteristics of the

vegetation and fig. 1.4 shows a few examples of this.

In fig. 1.4a and 1.4b, a combination of the reflectance in red (wavelength: 665 nm)

and near-infrared (wavelength: 842 nm) shows the green-up of the vegetation in the

Attert region (Luxembourg) in Spring 2018. In fig. 1.4c and 1.4d, the reflectance in the

red-near infrared transition zone (wavelength: 865 nm), combined with shortwave infrared

(wavelength: 1610 nm) gives a good impression of the drying of the vegetation
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(a) Attert catchment on 8 April 2018 (b) Attert catchment on 8 May 2018

(c) Wageningen and Betuwe on 28 May 2018 (d) Wageningen and Betuwe on 12 July 2018

(e) Attert catchment on 28 May 2018 (f) Attert catchment on 12 July 2018

Figure 1.4: Satellite-based monitoring of the vegetation and moisture content. (a)

and (b) show the green-up of the vegetation in the Attert catchment (Luxembourg), (c) and

(d) show the effect of the summer drought in 2018 on the vegetation and water bodies in the

Wageningen floodplains and Betuwe region (the Netherlands), and (e) and (f) show the cloudy

skies on those same days as (c) and (d) but in the Attert catchment. The satellite figures are

taken from the Sentinel 2A data and have a spatial resolution of 10 m (figure a, b, e, and f)

and 20 m (c and d).

and water bodies during the summer drought 2018 in the Wageningen floodplains and

Betuwe region (the Netherlands). On the exact same days, it was however difficult to

study the drying in the Attert region, because of the cloud cover (Fig. 1.4e and 1.4f).

Vegetation indices combine information from several spectral bands to enhance the signal

that one is interested in, while mitigating other factors, such as soil background effects or

atmospheric distortion. Vegetation indices are commonly used to monitor land surface

processes such as vegetation development or droughts. The most popular index for

vegetation monitoring is the Normalized Difference Vegetation Index (NDVI): reflectance

in the the red decreases with plant development, because the red light is absorbed by the
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chlorophyll, while the reflectance in the near-infrared increases with plant development

through scattering processes in the healthy leaves. A combination of these two is therefore

a good measure of vegetation development and health. Many different indices exist to

monitor the vegetation greenness, the moisture content, or vegetation water stress.

1.5 Research objectives and outline of this thesis

The introduction showed that there is a link between vegetation and evaporation. This

link between vegetation and evaporation can be purely statistical, but this link can also be

causal, which means that the vegetation controls the evaporation, and a vegetation change

would impact the evaporation. In this thesis, both aspects of the link between vegetation

and evaporation are discussed. First, we aim to improve the understanding of when and

where we can use satellite remote sensing observations of vegetation for the monitoring of

evaporation. Second, we aim to study evaporation in a changing world, with a focus on

droughts and land-cover change. The two main research objectives of this thesis are:

• Research Objective 1 Study the link between ground-based observations of evapo-

ration and satellite remote sensing observations of vegetation.

• Research Objective 2 Study the effect of drought and land-cover change on evapo-

ration over large areas.

The chapters 2 to 5 constitute the core chapters of this thesis and these chapters are linked

to the main research objectives of the thesis. Chapter 2, 3, and 4 contribute to research

objective 1, while chapters 4 and 5 contribute to research objective 2 (Fig. 1.5).

Chapters 2 and 3 study the link between satellite remote sensing observations of

vegetation green biomass and ground-based measurements of transpiration and evaporation.

The two studies have a different spatial and temporal scale, and are conducted in a different

study area, that differs in climate and vegetation characteristics. Chapter 2 describes

a study for oak and beech trees in the Attert catchment in Luxembourg. The study

combines 30m resolution NDVI data with sap velocity data. Chapter 3 describes a study

for 93 sites globally, distributed over five different vegetation types and a range of arid to

humid climate zones. The study combines 500m resolution estimation of the LAI with

yearly mean flux tower estimations of evaporation. Next to evaporation, this study also

includes fluxes of carbon and sensible heat. Chapter 4 describes how the satellite-based

monitoring of the vegetation drought differs between grasslands and forests.

Chapters 4 and 5 study evaporation and vegetation under global change. Chapter 4

studies the vegetation response to the 2018 Central European drought. The study uses

flux tower measurements of evaporation and stomatal conductance in combination with

vegetation and drought satellite indices derived from MODIS data. The chapter aims

to study how the different drought coping strategies of forest and grassland impact the
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Figure 1.5: The outline of this thesis. The four core chapters of the thesis are linked

to the two research objectives. In green the source of the satellite remote sensing data of

vegetation, in blue the ground data of evaporation, and in yellow the spatial and temporal

resolution of the study.

satellite based drought monitoring. Chapter 5 describes a study to the effects of tree

restoration on evaporation. The chapter describes how large-scale global tree restoration

could impact evaporation and how this would impact precipitation, streamflow, and water

availability.

Chapter 6 synthesises the main findings and results form the previous chapters. It reflects

on the two main objectives. Subsequently the chapter provides a reflection and outlook on

the link between vegetation and evaporation, and if and how one could use vegetation to

monitor evaporation. Also it discusses the results in the context of global change, and

discusses how changes in evaporation will propagate further into the water, energy, and

carbon cycle.
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Chapter 2

The link between transpiration and

the green biomass at plot scale

This chapter is based on:

A. J. Hoek van Dijke, K. Mallick, A. J. Teuling, M. Schlerf, M. Machwitz, S. K. Hassler,

T. Blume, and M. Herold (2019). “Does the Normalized Difference Vegetation Index

explain spatial and temporal variability in sap velocity in temperate forest ecosystems?”

Hydrol. Earth Syst. Sci. 23.4, 2077–2091. doi: https://doi.org/10.5194/hess-23-

2077-2019
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Abstract

Understanding the link between vegetation characteristics and tree transpiration is a

critical need to facilitate satellite-based transpiration estimation. Many studies use the

Normalized Difference Vegetation Index (NDVI), a proxy for tree biophysical characteristics,

to estimate evaporation. In this study, we investigated the link between sap velocity and

30m resolution Landsat-derived NDVI for 20 days during 2 contrasting precipitation years

in a temperate deciduous forest catchment. Sap velocity was measured in the Attert

catchment in Luxembourg in 25 plots of 20× 20m covering three geologies with sensors

installed in two to four trees per plot. The results show that, spatially, sap velocity and

NDVI were significantly positively correlated in April, i.e. NDVI successfully captured

the pattern of sap velocity during the phase of green-up. After green-up, a significant

negative correlation was found during half of the studied days. During a dry period, sap

velocity was uncorrelated with NDVI but influenced by geology and aspect. In summary,

in our study area, the correlation between sap velocity and NDVI was not constant, but

varied with phenology and water availability. The same behaviour was found for the

Enhanced Vegetation Index (EVI). This suggests that methods using NDVI or EVI to

predict small-scale variability in (evapo)transpiration should be carefully applied, and

that NDVI and EVI cannot be used to scale sap velocity to stand-level transpiration in

temperate forest ecosystems.
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2.1 Introduction

Evaporation (E) is estimated globally as 60% of the total precipitation (Oki and Kanae,

2006) and 80% of total surface net radiation (Wild et al., 2013). This makes E the second

largest component of the water and energy balance. Changes in E due to climate or

land-use change have a major influence on the catchment water balance. Deforestation for

example reduces E (Oliveira et al., 2018), leading to lower precipitation (Bagley et al.,

2014) and higher streamflow (Dos Santos et al., 2018). Teuling et al. (2009) showed that

changes in incoming radiation and water availability impact regional E and runoff. In

order to predict these changes, a comprehensive understanding of “what controls E” is an

important look forward.

The transpiration component of E, i.e. water loss through stomata Et, is the largest contrib-

utor to total terrestrial E (Wang et al., 2014; Wei et al., 2017a), and therefore transpiration

plays a major role in the global hydrological and biogeochemical cycle. Transpiration

is controlled by complex interactions between climate (Awada et al., 2013; Hasler and

Avissar, 2007), soil moisture content (Mitchell et al., 2012), topographic variables such as

slope position and aspect (Mitchell et al., 2012), and vegetation characteristics (Williams

et al., 2012). With respect to the vegetation biophysical characteristics, it has been shown

that tree transpiration differs with leaf area index (LAI) (Granier et al., 2000; Wang et al.,

2014), tree height (Ford et al., 2011; Waring and Landsberg, 2011), tree diameter (Chiu

et al., 2016; Jung et al., 2011a), tree age (Baret et al., 2018), and phenological stage

(Sobrado, 1994). With the advancements of remote sensing and free data availability, there

have been many efforts to link E and Et to satellite-derived vegetation indices (Carter

and Liang, 2018). For example, studying large watersheds, Nagler et al. (2005) found

a positive correlation between the Enhanced Vegetation Index (EVI) and Normalized

Difference Vegetation Index (NDVI) and E in a riparian area, and Szilagyi (2000) found

a positive correlation between NDVI and E in a mixed forest. Using the NDVI as a

measure of vegetation biophysical properties has two major drawbacks: the saturation of

NDVI at high biomass and the sensitivity to soil reflectance (Huete, 1988). Despite these

drawbacks, NDVI is the most commonly used index for vegetation monitoring (Glenn

et al., 2010).

The link between NDVI and Et or E is used in different ways to either estimate E and Et

or to scale in situ water flux measurements to the landscape level. Five different ways are

described below. First, the NDVI is used to calculate the fractional vegetation cover to

estimate Et or E in forests or mixed landuse types (Boegh et al., 2009; Chiesi et al., 2013;

Maselli et al., 2014; Zhang et al., 2009). Second, NDVI is used to derive a spatio-temporal

crop coefficient (the Kc-NDVI method) for grassland and agricultural fields (e.g. Kamble

et al., 2013; Mutiibwa and Irmak, 2013; Reyes-González et al., 2018) or natural or mixed

ecosystems (Hunink et al., 2017; Maselli et al., 2014). The Kc-NDVI method neglects

the soil-moisture-driven controls on Et or E, and this is one of the main drawbacks of
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using this method in natural vegetation (Glenn et al., 2010). An additional water-stress

term can be used with the Kc-NDVI equation to model dry ecosystem E or water-stressed

conditions (Maselli et al., 2014; Park et al., 2017). Third, surface energy balance models

use NDVI to parameterize aerodynamic roughness length and displacement height (Su,

2002), and models based on the Penman–Monteith equation use NDVI to parameterize

surface conductance (Zhang et al., 2009). Fourth, the surface temperature-NDVI (Ts-VI)

“triangle” method is used to derive a soil moisture stress scalar to constrain E. If pixels

from different surface conditions are plotted in a Ts-NDVI scatterplot, they form a triangle

pattern. The evaporative fraction and the Priestley–Taylor coefficient – the ratio potential

evaporation over equilibrium evaporation – can be parameterized from that triangle, and

are consequently used to calculate E (Jiang and Islam, 2001; Mallick et al., 2009; Zhu

et al., 2017). Fifth, NDVI is used, e.g. as a proxy for stomatal conductance or absorbed

photosynthetically active radiation, to scale in situ measured E to larger regions (Kim

et al., 2006; Rahman et al., 2001). Thus, in many different approaches, NDVI plays a key

role in estimating transpiration. The above-mentioned studies often derive the NDVI from

MODIS or AVHRR data which have a spatial resolution of 250m and 1 km (except for Kim

et al. (2006), Rahman et al. (2001), Reyes-González et al. (2018), and Su (2002), who used

airborne data or high-resolution satellite data; Landsat or IKONOS). The NDVI is often

compared with E derived from different flux towers with a footprint length of 100− 1000m

(Kim et al., 2006), or a water balance model. Therefore, these studies encompass large

spatial areas, with a larger variation in vegetation cover and sometimes multiple land-use

types. Despite that the availability of high spatial resolution satellite products is increasing

rapidly (e.g. Sentinel series), there is a lack of studies that investigate the link between

satellite-derived NDVI and the water balance on the scale of forest patches or smaller.

At the same time, there is a trend towards hyper-resolution land surface modelling and

monitoring (Bierkens et al., 2015), where for example 30m Landsat-derived NDVI data

are used as a proxy for land cover in a continental land-surface model (Chaney et al.,

2016). For many processes or parameters it is, however, unknown whether they can be

applied at such high resolutions. Therefore, in this study we aim to understand whether

the relation between NDVI and transpiration is also valid on the scale of forest patches by

using 30m resolution NDVI data.

Investigating the link between transpiration and NDVI requires high-resolution satellite

data as well as a dense network of in situ transpiration observations. In the Attert

catchment, a dense network of sensor clusters with – among others – sap velocity sensors

allows for a detailed study of the link between tree transpiration and NDVI. For this

catchment Hassler et al. (2018) showed that variability in sap velocity is mainly controlled

by tree characteristics, such as tree diameter and tree height and site characteristics, such

as geology and aspect. The aim of our study is to investigate the link between transpiration

and NDVI using measurements of sap velocity combined with 30m resolution NDVI data.

Hassler et al. (2018) showed that small-scale variability in sap velocity was related to tree
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structural characteristics, and therefore we expect sap velocity and NDVI to be correlated.

We hypothesize this correlation to be positive, because we expect that forest stands with

a higher leaf biomass (higher NDVI) will have a larger sap velocity.

Under water-stressed conditions, stomatal closure reduces tree transpiration to limit the

risks of hydraulic failure. Among others, leaf area and leaf shedding play a role in mitigating

these risks. To study the effect of water stress on the link between transpiration and NDVI,

two growing seasons with above- and below-average precipitation are compared.

2.2 Material and methods

2.2.1 Site description

The study was carried out in the Attert catchment in midwestern Luxembourg. This area

was chosen because of its small-scale diversity in geology and soil hydrological conditions.

The 288 km2 sized catchment lies on the border of the Ardennes Massif and the Paris

Basin. The three distinct geologies in the catchment are schists, sandstone, and marls

(Fig. 2.1). Soils vary between sand and silty clay loam (Müller et al., 2014). The land use

is characterized by coniferous and deciduous forest on the hillslopes in the sandstone area,

and grassland or agriculture in the valleys in the marl area and on the plateaus in the

schist area. The elevation of the studied sensor clusters ranges from 217− 473m above

sea level. The average monthly temperature ranges from 0 ◦C (January) to 18 ◦C (July),

the average yearly precipitation is 850mm, and the mean annual evaporation is 570mm

(Müller et al., 2014).

Within the CAOS research unit, a monitoring network was set up in the Attert catchment

including 29 sensor clusters in a forest (of which 25 are used in this study) in order to

provide a new framework for hydrological models for catchments at the lower meso-scale

(Zehe et al., 2014). A sensor cluster covers 20× 20m, and in each sensor cluster, soil

moisture content (θ), meteorological characteristics, and sap velocity were measured. More

information about these measurements can be found in Hassler et al. (2018) and Renner

et al. (2016).

Soil moisture content was measured in three soil profiles in each cluster site using Decagon

5TE sensors at three depths (10, 30, and 50 cm). For this study, the average θ at 30 cm

depth was calculated for the catchment. Wind speed and relative humidity were measured

above grass at a weather station from the CAOS research unit (Fig. 2.1). Mean daily

air temperature (Ta) was available from the Roodt weather station, and global radiation

(Rg) was available from the Useldange weather station. Daily potential evaporation (Ep)

was calculated for the catchment using the FAO Penman–Monteith equation (Allen et al.,

1998).
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Figure 2.1: The geology of the Attert catchment and its location in Luxembourg.

Sandstone in the catchment is a combination of Buntsandstein sandstone in the north and

Lower Jurassic sandstone in the south. Also shown are the main streams, sensor clusters,

meteorological stations Roodt and Useldange, and the location of the CAOS sensor cluster

where wind speed and relative humidity measurements were taken from.

2.2.2 Meteorological conditions

In this study, 2 meteorologically contrasting years were analysed: 2014, a growing season

with above-average precipitation, and 2015, a growing season with below-average precipi-

tation. For the months May and June, meteorological conditions were not significantly

different between 2014 and 2015, but for July and August, mean daily temperature, vapour

pressure deficit (D), global radiation, and Ep were higher in 2015. Ep was 46% (July) and

107% (August) higher in 2015 compared to the same months in 2014 (Fig. 2.2). Total

precipitation from April to August was 489mm in 2014 and 249mm in 2015, compared to

an average of 374 mm for the years 2011 to 2017. September 2015 was wet, with a total

precipitation of 160mm. The high Ep and below-average precipitation in 2015 resulted in

a cumulative precipitation deficit of 113mm at the end of August (Fig. 2.3). Consequently,

θ was low in the summer of 2015 (Fig. 2.2).

2.2.3 Data

Sap velocity

Sap velocity is used as a measure of tree transpiration (e.g. Smith and Allen, 1996). In

summary, in this method, heat is applied to the water in the xylem of the tree trunk, and

this heat is carried upwards with the water. Temperature sensors monitor the time it

takes before the heat pulse reaches the sensor. This time is related to the velocity of the
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Figure 2.2: Meteorological conditions in 2014 and 2015. Daily average temperature

(Ta), vapour pressure deficit (D), global radiation (Rg), potential evaporation (Ep), precipitation

(P ), and soil moisture content (θ). The min, mean, and max values are calculated for July and

August in both years, indicated by the grey box.

water in the xylem. More information about sap velocity measurements can be found in

Smith and Allen (1996).

At each sensor cluster (all located in deciduous forest stands), four trees roughly represen-

tative of the sensor cluster were selected for the sap velocity measurements. The main

deciduous tree species in the area are beech (Fagus sylvatica L.) and oak (Quercus robur

L. and Quercus petraea (Matt.) Liebl.); less abundant are hornbeam (Carpinus betulus

L.), maple (Acer pseudoplatanus L.), and alder (Alnus glutinosa (L.) Gaertn.). Table 2.1

shows the presence of the different species in this study. Sap velocity was measured at the

north-facing side of the stems using sap flow sensors manufactured by East 30 Sensors in

Washington, US. From the measured temperatures, sap velocities were calculated based

on the equation of Campbell et al. (1991), which is recommended by the manufacturer.
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Figure 2.3: Cumulative precipitation surplus (P − Ep) from April to October for 2014

(solid line) and 2015 (dashed line). The difference in precipitation surplus between the 2 years

was largest at the end of August, as indicated by the arrow.

Afterwards, a wounding correction was performed following Burgess et al. (2001). Sap

velocity differs with horizontal depth in a tree, and this radial variability is one of the

main sources of uncertainty in sap velocity measurements (Hernandez-Santana et al.,

2015). To account for the radial velocity profile, the sensors measure at three depths:

5, 18, and 30mm. Following Hassler et al. (2018), for each tree, the sensor with the

highest mean daily sap velocity was selected. Trees with less than 80% available data

from June to August, or with a prolonged period of negative sap velocity, were excluded

from the analysis. This resulted in a data set with 73 trees at 25 sensor clusters (Table

2.1). For each cluster, the mean daily sap velocity (from 08:00 to 20:00 LT – local time)

was calculated. To match the spatial scale of the sap velocity data to the NDVI data with

a 30 m resolution, mean daily sap velocity was calculated for each cluster.

Sap velocity measurements can be scaled up to whole tree transpiration from the total

sapwood area for each tree (Smith and Allen, 1996), but these data were not available

within our study area. Alternatively, a species- and site-specific allometric equation

between tree diameter at breast height and sapwood area can be used to calculate tree

total sap flow, but this conversion introduces uncertainties (Ford et al., 2004; Gebauer

et al., 2012). Therefore, we used sap velocity directly in our study.
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Table 2.1: Sensor cluster characteristics.

Geology No. of No. of No. of Elevation No. of stems mean

sensor studied beech / Oak / (min - max) per cluster cluster DBH

clusters trees other (min - max) (min - max)

Sandstone 9 29 21/7/1 217− 284 9− 54 2− 44

Marl 5 13 2/8/3 283− 351 16− 34 5− 17

Schist 11 31 23/5/3 428− 473 20− 346 4− 37

NDVI and EVI

The vegetation indices were calculated from Landsat-7 (ETM+ sensor) and Landsat-

8 (OLI sensor) surface reflectance data were obtained from EarthExplorer of the US

Geological Survey. Both sensors acquire images with a spatial resolution of 30m and,

combined, they have a temporal resolution of 8 days. The overpass time of the satellites

is 10:27GMT. Clouds and cloud shadows were removed from the images using the cloud

quality information delivered with the data product, and this automatic procedure was

followed by a visual check to remove cloudy pixels. After the cloud removal, surface

reflectance values were extracted for each cluster centre using bilinear interpolation, where

the four closest raster cells are interpolated. Images were removed when surface reflectance

information was available for less than five clusters or for only one geology type. This

resulted in a total availability of 20 Landsat images, 11 for the growing season of 2014 and

9 for the growing season of 2015. The NDVI and EVI were calculated as follows:

NDV I =
ρNIR − ρRed

ρNIR + ρRed

(2.1)

EV I =
ρNIR − ρRed

ρNIR + 6× ρRed − 7.5× ρBlue + 1
× 2.5 (2.2)

where ρ is the surface reflectance in the near-infrared (NIR), red, and blue parts of the

electromagnetic spectrum.

Tree and sensor cluster characteristics

To study the effect of static vegetation and environmental characteristics on sap velocity

and NDVI, correlations with tree and environmental characteristics were calculated (Hassler

et al., 2018). For every cluster, the total number of stems was counted, and the DBH

was measured for each tree with a circumference of more than 4 cm (Table 2.1). The tree

height was estimated for every tree where sap velocity was measured, and for each cluster

site, aspect was noted. Elevation and geology are derived from a digital elevation model

and a geological map.
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Figure 2.4: Mean daily sap velocity for beech and oak trees in the three different

geologies. The drop in sap velocity in August 2014 (blue arrow) is related to a lower incoming

radiation, while the drop in August 2015 (red arrow) is not related to a lower incoming

radiation, but falls into a period of below-average precipitation and low soil moisture content.

The min, mean, and max values are calculated for July and August in both years, indicated by

the grey box.

2.3 Results

2.3.1 Temporal and spatial variability in sap velocity and NDVI

The seasonality in sap velocity is clearly visible, with a steep increase in April and a

decrease in October (Fig. 2.4). Mean daily sap velocity for July and August was highest

for beech trees in the sandstone area (8.9 cmh−1 in 2014 and 11.3 cmh−1 in 2015) and

lowest for beech trees in the marl area (4.3 cmh−1 in 2014 and 2.8 cmh−1 in 2015). In

July 2014, sap velocity was low for part of the trees, which corresponds to a low Rg. Also

from July to August 2015, the period with little rainfall, sap velocity was low for part of

the trees located in the marl and schist area. The reduced sap velocity in 2015 did not

correlate with a low Rg. Redundancy analysis showed that in 2014, 78% of the variability

in daily sap velocity was explained by Rg and Ta. In 2015, Rg, Ta, and θ together explained

65% of the variability in sap daily velocity.

The phenological cycle is clearly visible in the temporal dynamics of NDVI with a rapid

green-up in April (Fig. 2.5). In April, the mean Landsat-derived NDVI over the clusters

was 0.62 (±0.05), as compared to 0.82 (±0.05) during the fully developed stage of the

vegetation. On 12 August 2015, the NDVI of all clusters was low, which did not appear in
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Figure 2.5: Observed NDVI dynamics during the growing seasons of 2014 and

2015. The grey line and dots represent the mean NDVI over the forested clusters derived from

the MOD13Q1 product of MODIS. It provides a better overview of the seasonal course. The

20 boxplots (in black) show the variability in Landsat-derived NDVI over the studied clusters

for each studied day.

the MODIS NDVI product. These pixels were not removed by the cloud removal procedure,

but haze is visible in the image, which possibly influenced the cluster pixels. Unfortunately

no other cloudless images were available for the second half of July and August in 2015,

the driest months of the summer.

2.3.2 Correlation between sap velocity and NDVI

Analysing all sensor clusters together for all 20 days, a moderate positive correlation

was found between sap velocity and NDVI (p < 0.001, Pearson’s r = 0.47) (Fig. 2.6a).

Considering temporal correlation, both sap velocity and NDVI had low values at the

start and end of the growing season and high values in summer. This means that sap

velocity and NDVI were positively correlated for 22 of the 25 clusters (p < 0.05) (Fig.

2.6b-e). Considering the months May to September only, when the canopy was in full

leaf, there was no (significant) correlation between sap velocity and NDVI for 22 of the 25

clusters.

Scatterplots of spatial variability in sap velocity and NDVI show three different patterns:

(1) a significant linear positive correlation (Fig. 2.7a and d: Pearson’s r between 0.50

and 0.60), (2) a significant linear steep negative correlation (Fig. 2.7b and e: Pearson’s r

is between −0.51 and −0.70), and (3) no significant correlation (Fig. 2.7c and f). The

positive correlation coefficient between sap velocity and NDVI was found in April in both

years. This was the beginning of the growing season, and sap velocity and NDVI values

were below average. For 5 of the studied days during the growing season of 2014 and early
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Figure 2.6: Temporal correlation between sap velocity and NDVI for all 20 studied

days in 2014 and 2015. (a) For all sensor clusters together, sap velocity and NDVI were

positively correlated (p ≤ 0.001, R2
adj = 0.22). (b–e) The correlation for four different clusters

in different geologies. For each shown cluster, the correlation is significant (p ≤ 0.05). For 1 of

the 25 clusters, the correlation is not significant, and for 2 clusters the correlation is significant

only at p ≤ 0.1. The dashed line represents the 95% confidence interval.

June and September 2015, sap velocity and NDVI were negatively correlated. For 5 days

in 2014 and 6 days in 2015, sap velocity and NDVI were uncorrelated.

2.3.3 Correlation between sap velocity and NDVI in relation to soil moisture

content θ

Figure 2.8a shows the dynamic changes in the correlation coefficient between sap velocity

and NDVI. In both years, the correlation coefficient was positive at the beginning of the

growing season (April) and negative or close to zero during the rest of the year. In the

year 2014, no trend was visible in the variability of the correlation coefficient. In 2015, the

correlation coefficient was initially positive and became negative in May. As the growing

season progressed and θ dropped (to a minimum of θ = 0.13 m3 m−3 in mid-August), the

correlation became weaker and insignificant. At the end of September, when θ increased

following high precipitation, the correlation between sap velocity and NDVI was again

negative. Studying all days together, sap velocity and NDVI were positively correlated

during the period of highest θ (in April, θ > 0.22 m3 m−3) (Fig. 2.8b). Contrastingly, at

high θ during September 2015 (θ > 0.20 m3 m−3, sap velocity and NDVI were negatively

correlated. The correlation coefficient was close to zero when θ was lowest. At intermediate

θ, the correlation coefficient was mostly negative.
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Figure 2.7: Relationship between sap velocity and NDVI for 6 days. Each dot

represents one sensor cluster in the sandstone, schist, and marl area. The dashed line represents

the 95% confidence interval. (a, d) April 2014 and 2015, during the period of green-up. At the

(b) start and (e) end of the growing season in 2014. (c, f) At the beginning of the dry summer

of 2015.

Figure 2.8: Relationship between sap velocity and NDVI and observed soil mois-

ture content (θ). (a) The average soil moisture content at 30 cm depth over the sensor

clusters. The colours indicate the spatial correlation coefficient (Pearson’s r) between sap

velocity and NDVI for the 20 studied days. Symbols indicate whether the correlation is

significant at p ≤ 0.05 (∗) or at p < 0.1 (+). (b) The soil moisture content and Pearson’s

correlation coefficient for the 20 studied days. Black dots indicate that p ≤ 0.1.
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2.3.4 Effect of static vegetation and environmental characteristics on sap

velocity and NDVI

The effects of static vegetation and environmental characteristics on sap velocity and

NDVI were calculated. This was also done to check whether dependency on one of these

characteristics could explain the negative correlation between sap velocity and NDVI.

Assessing individual trees, sap velocity was related to tree DBH and tree height, but

at cluster level, sap velocity was not or moderately dependent on these characteristics

(Table 2.1). The number of stems and mean tree DBH per sensor cluster did not correlate

with sap velocity. For some days, sap velocity was higher in clusters with higher trees.

For most studied days, sap velocity for beech trees was higher than for oak trees, but

this difference was usually not significant. Altitude and sap velocity were negatively

correlated in April for both years. Geology and aspect explained part of the variability in

sap velocity, especially during summer 2015, when sandstone clusters had a higher sap

velocity than schist and marl clusters, and north-facing slopes had a higher sap velocity

than south-facing slopes. The different cluster characteristics were not independent and,

therefore, a relation between two variables could also have been the result of a causal

relation with another variable.

Cluster-averaged tree characteristics were usually not related to NDVI, and their direction

of influence was not consistent. Also, the change in NDVI with altitude was not consistent

over the year, but in April of both years, the correlation was negative. In both years,

schist clusters had the lowest NDVI in April (p < 0.1 in 2014). From June till August

2015, sandstone clusters had the highest NDVI, except for 9 and 25 June. Variability in

species and aspect were correlated with variability in NDVI only for a few days.

2.4 Discussion

2.4.1 Sap velocity and scaling to tree transpiration

In the present study, mean sap velocity was calculated for the two to four trees in each

sensor cluster. This is only a small selection of the total number of trees per cluster, which

varied from 9 to 346, with a median of 34 trees per cluster. The trees selected for sap

velocity measurements are roughly representative of the cluster with respect to species

and DBH. But velocity of the sap depends on tree DBH, height, species, and tree age

(Gebauer et al., 2012; Ryan et al., 2006), and therefore, making a true representative

selection remains challenging. We looked for a relationship between tree sap velocity and

a canopy trait, NDVI. Please note that two scaling steps are required to scale sap velocity

up to the canopy level: a first step to scale from sap velocity to whole tree transpiration

and a second step from tree to stand transpiration. In this study, measurements of sap

velocity were preferred over whole tree or stand transpiration, because scaling introduces

uncertainties, especially when sapwood area is not known (Ford et al., 2004; Gebauer et al.,
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2012). An empirical scaling formula can be used to calculate whole tree transpiration

from (1) sap flow, (2) tree DBH, and (3) a species- and site-specific parameter. On an

individual tree level, trees with a larger DBH had a higher sap velocity, which is also

known from other studies (Jung et al., 2011a). Calculating whole tree transpiration from

sap velocity would have thus increased the mutual differences among clusters, but usually

would have not changed the order of values and direction of correlation with NDVI. The

species-specific parameter in the scaling formula would have increased the differences in

transpiration between beech and oak trees. This is because beech trees in this study had,

on average, a larger sap velocity and, despite the lower DBH, a higher average sapwood

area.

2.4.2 Temporal and spatial variability in sap velocity and NDVI

The moments of vegetation green-up and leaf senescence are reflected in both sap velocity

and NDVI as they increase in April and decrease in October. Comparing the summer

(July and August) of 2014 and 2015, the higher potential evaporation in 2015 resulted

in a higher sap velocity for beech and oak trees in the sandstone area compared to 2014.

For the beech trees in the marl and schist area however, mean sap velocity was lower in

summer 2015. This drop in sap velocity in 2015 could not be attributed to a reduction in

atmospheric demand or available energy (Fig. 2.9), and was likely the result of stomatal

closure in response to water stress. No drought-related reduction was observed in NDVI,

and also no lagged effect. This indicates that trees were conservative with water and

closed their stomata to prevent transpirational water loss. Under the relatively mild

stress during the summer of 2015 no change in tree canopy structure (leaf area index, leaf

angle distribution) and thus no change in structural indices like NDVI can be expected as

structural vegetation changes become visible only after a prolonged dry period (Eklundh,

1998).

Considering the spatial variability, Hassler et al. (2018) found that in the Attert catchment,

tree characteristics (species, DBH, and tree height) explained 22% of the variability in

sap velocity. Interestingly, our study showed that cluster mean tree characteristics did not

explain variability in cluster mean sap velocity during most of the growing season (Table

2.2). This is likely because of the smaller variability in sap velocity and tree characteristics

on the cluster level as compared to individual trees.

Part of the trees showed a water-stress-induced drop in sap velocity in 2015. The statistical

analysis revealed that during this period, geology and aspect significantly explained part of

this spatial variability in sap velocity (Table 2.2). The higher sap velocity on north-facing

slopes could indicate the effect of a higher water availability compared to south-facing

slopes. In the sandstone area, trees maintained high sap velocity during the dry period,

but sap velocity was reduced in the schist and marl area. Also, this effect of geology is

likely related to water availability. Pfister et al. (2017) and Wrede et al. (2015) showed
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Figure 2.9: Relationship between sap velocity and meteorological conditions for

spring and summer 2014 and 2015 for a beech tree in the schist area. The relationship

between mean daily sap velocity and (a) global radiation (Rg), (b) vapour pressure deficit (D),

and (c) soil moisture content (θ). The regression line is shown in the plot. In summer 2015,

sap velocity is low, despite high Rg and D.

that in the Attert catchment, sandstone has a high storage capacity, because of the deep

permeable soils, while the storage capacity is low in the marl and schist area. Furthermore,

trees in the sandstone area were on average taller and had a larger DBH. These trees

might have been able to access water from deeper layers because of a more developed root

system.

2.4.3 Correlation between sap velocity and NDVI

Temporally, sap velocity and NDVI were positively correlated, because both follow a

similar seasonal cycle with lower values in April and October than in summer. Considering

only the full leaf period (May–September), sap velocity and NDVI were not correlated.

Variability in sap velocity during the full leaf period was to a large extent explained by

daily variations in Rg and Ta, and these meteorological controls of transpiration are not

reflected in the NDVI. Nor is the NDVI affected by daily variations in Rg and Ta.

Considering spatial correlation, three different patterns were found: positive, negative,

and no correlation. The different patterns are discussed below. During April in both years,

sap velocity and NDVI were positively correlated. This was before complete leaf-out and

the spatial variability in NDVI was high. In April, elevation of the clusters significantly

explained part of the variability in both sap velocity – Pearson’s r = −0.56 (2014) and

r = −0.45 (2015) – and NDVI – Pearson’s r = −0.78 (2015). Onset of greenness varies

with elevation and associated temperature differences (Elmore et al., 2012; Kang et al.,

2003) and at the moment of image acquisition, the clusters were in different stages of

phenological development. This was reflected in both NDVI and sap velocity, and likely

explains the positive correlation between them.
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Table 2.2: Seven (semi-)static sensor cluster characteristics and whether they are

significantly correlated (p ≤ 0.05) with spatial variability in mean sap velocity (α)

and NDVI (β). Parentheses indicate a significance level of p ≤ 0.1. The results are based on

Pearson’s correlation for numerical data and one-way ANOVA for species, geology, and aspect.

The mean sensor cluster DBH is the mean DBH of all trees in the sensor cluster, while the

mean tree height is the mean of the sap velocity trees only. Species classes are beech, oak, or a

mixture. The number of stems, DBH, and tree height are not independent. Mean tree height,

aspect, and altitude are related to geology. Italic indicates that the correlation between sap

velocity and NDVI was positive for this day, while bold indicates a negative correlation.

Year Date Number Mean Mean Species Altitude Geology Aspect

of stems tree DBH tree height

2014 11-04 α α α (β) (α)

05-05 β (α) (β)

06-06 (β) α (β) (α)

22-06 (α) β β β β β α

16-07 α (β) (α) (α)

24-07 β (α) (α)

01-08 (α) β α β α

09-08 (β) (α)

02-09 (α) β β (α) β

26-09 β

04-10 β

2015 22-04 (α) β β β α β (α) β

09-06 β β β (α) β α β α

17-06 (β) β (α) β α β α

25-06 (β) α α α

03-07 (α) α α

11-07 β α β (α) β α β α

12-08 α α α (α) (β)

21-09 (α) (β)

29-09 (α) (α)

The negative correlation between sap velocity and NDVI – a higher sap velocity for lower

leaf biomass – was found during most of the studied period, though it was sometimes

weak and not significant. There is no clear explanation for this unexpected result, but

four probable reasons are foreseen that could have influenced the correlation. First, for

NDVI it is well known that it saturates at high LAI (Huete, 1988), which makes the index

insensitive to vegetation biophysical and biochemical properties (Gamon et al., 1995).

NDVI saturation was found for LAI greater than ∼ 4 in a beech forest (Wang et al., 2005)

and LAI greater than ∼ 5− 6.5 for a mixed beech, oak, and Scots pine forest (Davi et al.,
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2006). For the sensor clusters in this study, measured LAI in 2012 was on average 4.9± 0.4

for the beginning of May (sandstone and marl clusters) and 6.4 ± 0.8 for mid- August

(schist clusters) (unpublished data, described in Sun and Schulz, 2017). Therefore the

clusters are likely at saturation, which could introduce noise into the data. The negative

correlation however seems to be robust even at high values of NDVI. Second, because we

studied small-scale variability, the spatial variability in NDVI was low (standard deviation

ranges from 0.01 in summer to 0.05 in April). Both could explain the absence of a positive

correlation, but they do not explain the negative correlation. Third, sap velocity is not

per se transpiration (as explained in Sect. 2.4.1), but a conversion of sap velocity to tree

transpiration is not expected to influence the sign of the correlation. Lastly, a correlation

with static tree and site characteristics was investigated, but this was also not found to

explain the negative correlation.

On half of the studied days, no correlation was found between sap velocity and NDVI,

which could be due to noise in the data caused by the saturation of the NDVI signal.

Absence of a correlation could also indicate that optical vegetation characteristics are

uncoupled from E, i.e. that no significant control of stomata and vegetation structure

on E was apparent in the Attert catchment. The temporal change in Pearson’s r during

the growing season of 2015 – a negative correlation during the beginning (June) and end

(September) of the growing season, but no correlation during the drier period – points to

an effect of short-term water stress, which is discussed in Sect. 2.4.4.

2.4.4 Comparing the dry and wet growing seasons

Summer 2015 experienced below-average precipitation, but was not exceptionally dry.

Nevertheless, sap velocity dropped during this dry period. In 2014, when ample soil water

was available, temporal variability in sap velocity was strongly coupled with Rg, D, and

Ta. During the period of low soil moisture content in 2015 sap velocity was, next to Rg,

D, and Ta, also coupled with soil moisture content. The water stress occurred only for a

short time period, and therefore no change in NDVI was apparent. Given that the spatial

pattern in sap velocity changed from the wet to dry periods, while NDVI did not change,

the correlation between sap velocity and NDVI was different in the two summer seasons.

During the wet summer of 2014, we found a weak to moderate negative correlation, and

during the dry summer of 2015, sap velocity and NDVI were uncorrelated. During the

dry summer of 2015, water availability (through geology and aspect) likely explained

spatial variability in sap velocity, and this soil moisture control of E was not reflected in

NDVI.

2.4.5 Using NDVI to estimate evaporation

We hypothesized finding a positive correlation between sap velocity and NDVI, but

spatially, this was the case only in April. This means that NDVI successfully captured the
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pattern of sap velocity during the phase of green-up when water was not limited. After

green-up, the positive correlation changed into a negative correlation or no correlation.

The inconsistent correlation between sap velocity and NDVI would also translate into an

inconsistent correlation between transpiration and NDVI, after applying a scaling equation.

Various methods however use NDVI to estimate E(t) , among others, in evergreen, boreal,

and deciduous forests, and assume the two to be positively correlated (Glenn et al., 2010,

provide a review). Of these methods, the Kc-NDVI method is used most frequently, and it

is shown that including NDVI as a spatio-temporal crop coefficient improves E(t) prediction

compared to the conventional use of a crop coefficient in forests (Hunink et al., 2017;

Maselli et al., 2014). Other studies however found a weak correlation between NDVI and

flux tower transpiration and reported that EVI provides better results in salt cedar and

cottonwood dominated stands (Nagler et al., 2005) and boreal forest (Rahman et al., 2001),

because the EVI does not saturate as quickly at high LAI (Huete, 1988). Therefore we

also explored the correlation between sap velocity and the EVI. The results, although in

absolute terms different and “less significant”, tell a similar story to NDVI – a positive

correlation in April, a negative but not always significant correlation during the rest of

the year, and no correlation during the dry summer of 2015.

Compared to our study, earlier studies that found a positive correlation between E(t)

and NDVI encompassed large spatial areas and sometimes multiple land-use types. This

raises the question whether the link between E(t) and NDVI holds on a small spatial scale.

Methods that use NDVI to estimate E, including land-surface models, should be carefully

applied when studying small-scale variability in E.

NDVI lags behind sap velocity in relation to drought and cannot be used to predict

transpiration under dry conditions. A water-stress factor has been introduced by several

studies to overcome this problem, but this stress factor is not always spatially explicit (e.g.

Maselli et al., 2014). Our study showed that, in the studied catchment, a spatially explicit

stress factor is required for accurate transpiration prediction under drying conditions,

because neither NDVI nor meteorological conditions capture the spatial variability in E

controlled by geologically induced differences in water availability.

2.4.6 Using NDVI to scale transpiration

The scaling of water flux measurements across scales is a main challenge in ecohydrology

(Asbjornsen et al., 2011; Hatton and Wu, 1995). Scaling in situ measurements over a larger

area, for example flux tower or sap velocity measurements, is traditionally done by scaling

over in situ measured biometric parameters such as DBH, basal area, or sapwood area

(Čermák et al., 2004). Obtaining these characteristics from satellite images is less resource

demanding, can be applied over larger areas, and provides the opportunity to study both

spatial and temporal patterns simultaneously. Satellite derived scaling parameters have

another advantage over the conventional ones: (semi-)static characteristics are unreliable
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under the changing conditions that we face for the future, with among others more intense

droughts (Cleverly et al., 2016; IPCC, 2012).

This study shows that, in a temperate forest with high LAI and low variability in NDVI and

EVI, these indices cannot be used to estimate transpiration or scale sap flux measurements

to the stand level. The benefits that satellite-derived scaling parameters provide makes it

worth exploring other possibilities using remote data to characterize vegetation and E(t).

Reyes-Acosta and Lubczynski (2013) for example used high-resolution images to identify

single trees to scale sap flow data to the stand level. Future research could focus on where

and under which conditions tree characteristics control or describe .E(t) and whether this

relation holds when scaling up to remote-sensing-derived data on different scales.

2.5 Conclusions

The aim of this study was to investigate the link between sap velocity and satellite-derived

NDVI in a temperate forest catchment. We focussed on small-scale variability, in both

space and time. A positive correlation between sap velocity and NDVI was expected. Data

analysis for 2 consecutive years led us to the following conclusions.

a Temporally, a correlation between sap velocity and NDVI was only found when the

entire growing season was considered. Spatially, a positive correlation was found in

April, when spatial variability in sap velocity and NDVI was large and reflected an

altitude-dependent difference in green-up. This means that NDVI did capture the

spatial pattern in leaf-out which also affected sap velocity. During the rest of the

growing season, a negative correlation was found between sap velocity and NDVI.

This negative correlation was significant during half of the studied days. The likely

saturation of the NDVI signal in combination with the small spatial variability in

NDVI could explain the absence of a positive correlation, but does not explain this

negative correlation.

b In 2015, during the dry summer period, the spatial correlation between sap velocity

and NDVI changed. Variability in sap velocity could not be captured by NDVI.

Instead, sap velocity was controlled by geology and aspect, likely through their effect

on water availability. This shows that a stress factor, used to estimate transpiration

during dry periods, cannot always be based on meteorology only, but should include

information that reflects the water availability.

c The time-variable and inconsistent spatial correlation between sap velocity and

NDVI would also translate into an inconsistent correlation between transpiration

and NDVI. From this we conclude that NDVI alone cannot describe small-scale

temporal and spatial variability in sap velocity and transpiration in a temperate

forest ecosystem. Only for temporal scales that cover the whole phenological cycle

was NDVI a significant predictor of transpiration processes. The EVI, which is less
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sensitive to saturation effects, was also unsuitable as a predictor of transpiration

under the studied conditions. Therefore, we suggest that the use of vegetation

indices to predict transpiration should be limited to ecosystems and scales where

the correlation was confirmed.
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Abstract

Vegetation regulates the exchange of water, energy, and carbon fluxes between the land

and the atmosphere. This regulation of surface fluxes differs with vegetation type and

climate, but the effect of vegetation on surface fluxes is not well understood. A better

knowledge of how and when vegetation influences surface fluxes could improve climate

models and the extrapolation of ground-based water, energy, and carbon fluxes. We aim

to study the link between vegetation and surface fluxes by combining the yearly average

MODIS leaf area index (LAI) with flux tower measurements of water (latent heat), energy

(sensible heat), and carbon (gross primary productivity and net ecosystem exchange).

We show that the correlation of the LAI with water and energy fluxes depends on the

vegetation type and aridity. Under water-limited conditions, the link between the LAI and

the water and energy fluxes is strong, which is in line with a strong stomatal or vegetation

control found in earlier studies. In energy-limited forest we found no link between the LAI

and water and energy fluxes. In contrast to water and energy fluxes, we found a strong

spatial correlation between the LAI and gross primary productivity that was independent

of vegetation type and aridity. This study provides insight into the link between vegetation

and surface fluxes. It indicates that for modelling or extrapolating surface fluxes, the LAI

can be useful in savanna and grassland, but it is only of limited use in deciduous broadleaf

forest and evergreen needleleaf forest to model variability in water and energy fluxes.
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3.1 Introduction

Vegetation and water, energy, and carbon fluxes are tightly coupled. Large-scale vegetation

patterns are driven by the long-term memory of water and energy availability (Cramer

et al., 2001; Köppen, 1936; Prentice et al., 1992). Recent climate change has led to shifts

in the spatial distribution of vegetation as well as shifts in the timing of the growing season

(Fei et al., 2017; Jeong et al., 2011; Rosenzweig et al., 2008). Additionally, vegetation plays

a crucial role in the exchange of water, energy, and carbon between the land surface and

the atmosphere, mainly through its effects on evaporation, turbulence, the redistribution

of water, and surface heating (Esau and Lyons, 2002; Jia et al., 2014; Shao et al., 2015).

Large-scale reforestation and afforestation has increased evaporation over most of Europe

(Teuling et al., 2019), and large-scale deforestation has increased the air temperature in

tropical regions and decreased air temperature in boreal regions (Perugini et al., 2017).

This two-way interaction between vegetation and terrestrial surface fluxes has been known

for a long time (e.g. Bates and Henry, 1928; Woodwell et al., 1978), but it is still a very

relevant research topic today (Evaristo and McDonnell, 2019; Forkel et al., 2019; Kirchner

et al., 2020; Lu et al., 2019; Teuling and Hoek van Dijke, 2020) given the importance of

understanding the impacts of climate change on vegetation as well as the effects of land

cover change on climate.

Plants regulate the exchange of water, energy, and carbon with the atmosphere through

their stomata. The stomatal regulation of these fluxes depends on available energy, the

transpiration demand, and the available soil moisture in the root zone. When both the

available energy and soil moisture are abundant, stomata open and water and carbon can

freely move in and out: the stomatal control on surface fluxes is low. When the available

energy is high but soil moisture is limiting, stomata tend to close and exert a large control

on water and carbon fluxes (Mallick et al., 2016; O’Toole and Cruz, 1980). Zooming

out from the stomatal to canopy scale, there are several other ways in which vegetation

influences surface fluxes. Soil and crown mutual shadowing and deep ground water uptake

by vegetation influence the latent heat flux, whereas soil moisture influences ecosystem

respiration and, in turn, carbon exchange (Chen et al., 2019; Schmitt et al., 2010). The

vegetation control of ecosystem fluxes has been shown by different data or modelling studies

and depends on the climate and vegetation type (Wagle et al., 2015; Williams et al., 2012;

Xu et al., 2013). Williams and Torn (2015) found a strong vegetation control on surface

heat flux partitioning in both arid and humid grassland, cropland, and forest, but Padrón

et al. (2017) concluded that, globally, vegetation control on evaporation was low or even

absent in the equatorial regions. Chen et al. (2019) showed that temperature, precipitation,

and vegetation leaf area explained 91% of the mean annual variability in vegetation

carbon uptake for wetland sites. Mallick et al. (2018) showed that vegetation control on

evaporation was stronger in arid ecosystems compared with the mesic ecosystems. Similar

results were found for dry and wet Amazonian forest (Costa et al., 2010; Mallick et al.,
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2016) and dry and wet grassland (De Kauwe et al., 2017). Ferguson et al. (2012) studied

land– atmosphere coupling of fluxes, which includes the effect of vegetation as well as other

factors such as soil wetness, soil texture, and surface temperature. From remote sensing

data and model output, they concluded that transitional zones between arid and humid

climates (shrublands, grasslands, and savannas) tend to have a strong land–atmosphere

coupling, whereas land–atmosphere coupling is weak in the energy-limited regions.

Vegetation is coupled to the atmosphere through its leaves. The leaf area index (LAI) is

an important vegetation characteristic and is indicative of the total amount of foliage that

intercepts light and assimilates carbon. Furthermore, both rainfall interception and canopy

conductance increase with the LAI (Gómez et al., 2001; Van Heerwaarden and Teuling,

2014). Therefore, a high LAI is related to high vegetation carbon uptake and high canopy

evaporation of water (Duursma et al., 2009; Lindroth et al., 2008). The highest mean

yearly LAI is found in tropical and temperate forests, whereas a low LAI is found in cold

and in arid climate zones (Fig. 3.1; Asner et al., 2003; Iio et al., 2014). This global LAI

pattern closely resembles large-scale patterns in estimates of water, energy, and carbon

exchange (Jung et al., 2011b; Miralles et al., 2011). With the increasing availability of

remotely sensed LAI data, the LAI – in addition to its usage in many remote sensing

applications (e.g. Si et al., 2012; Zheng and Moskal, 2009) – has become a frequently used

variable to represent vegetation in land surface models(Lawrence and Chase, 2010; Sellers

et al., 1997; Williams et al., 2016, amongst many others) or to estimate or extrapolate

regional or global water and carbon fluxes (Beer et al., 2007; Turner et al., 2003; Xie et al.,

2019; Yan et al., 2012). The algorithms to retrieve the LAI from remotely sensed data

have improved over the past few decades, thereby increasing the accuracy of LAI products

(Shabanov et al., 2005; Yan et al., 2016). Nevertheless, it is important to be aware of the

product uncertainties, especially over dense forest, where saturated reflectance and canopy

clumping can only provide limited information for LAI retrievals (Shabanov et al., 2005;

Xu et al., 2018), and at high latitudes, where the solar zenith angle is low (Fang et al.,

2019).
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Figure 3.1: Global distribution of vegetation leaf area index (LAI). The mean LAI,

at 5 km resolution, is derived from the MODIS data product MCD15A3H.006 (Myneni et al.,

2015).

The interaction between the vegetation LAI and surface fluxes on the larger scale is not

yet well understood, and vegetation is not well represented in many land–atmosphere and

climate models (Williams et al., 2016). A small-scale study in temperate deciduous forest,

for instance, revealed that the correlation between sap flow and the normalized difference

vegetation index (NDVI) can change from positive to negative depending on the season

and soil moisture availability (Hoek van Dijke et al., 2019). A detailed knowledge of how

and when the vegetation LAI is linked to the surface fluxes is required to improve global

climate modelling and extrapolation of water and carbon fluxes from canopy to ecosystems.

The high availability of remote sensing LAI products, recent developments in cloud-based

platforms for geospatial analysis (Mutanga and Kumar, 2019), and the availability of

publicly available eddy covariance data from FLUXNET (Baldocchi et al., 2001) allows

for an analysis of the link between vegetation characteristics and surface fluxes. Thus,

the objective of our study is to gain insight into the link between the vegetation LAI and

surface fluxes for different vegetation types along an aridity gradient. We address the

following research questions:

1. What is the link between LAI and respective water, energy, and carbon fluxes in

different vegetation types?

2. How is the interaction between LAI and respective water, energy, and carbon fluxes

governed by climatological aridity?

We hypothesize that the link between the LAI and surface fluxes is strong in semi-arid

and arid climates, owing to the strong stomatal control, whereas the link is weak in humid

climates.

In our study we focus on five metrics of water, energy, and carbon fluxes measured by

flux towers. Latent heat (LE), a measure for the evaporation of water, and sensible heat
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(H), represent the exchange of water and energy between the Earth’s surface and the

atmosphere. LE and H are linked through the evaporative fraction (EF). The EF is the

ratio of latent heat to the sum of LE and H and is a useful measure of the partitioning of

total available energy between the evaporation of water and surface heating. Net ecosystem

exchange (NEE) is the net exchange of carbon between the land and the atmosphere,

which is directly measured by flux towers. Gross primary productivity (GPP) is derived

from the NEE and is the gross uptake of atmospheric carbon by the vegetation.

3.2 Data and methodology

3.2.1 Data

This study includes five vegetation types: savanna (SAV), grassland (GRA), deciduous

broadleaf forest (DBF), evergreen broadleaf forest (EBF), and evergreen needleleaf forest

(ENF). The SAV sites include the two classes “savanna” and “woody savanna”. These

vegetation types follow the International Geosphere-Biosphere Programme (IGBP) classifi-

cation (Loveland et al., 2000). These five vegetation types were selected because of the

availability of a high number of flux tower sites. For some “site-years” (a term used to refer

to the yearly averaged values for every site), the LAI flux or meteorological measurements

were not available. These site-years were included in each of the analyses for which the

required metrics were available.

Within the FLUXNET2015 dataset (Baldocchi et al., 2001), we selected all Tier 1 sites

(open and free for scientific purposes; Pastorello et al., 2020) within the five studied

vegetation types. We completed the dataset with two sites from the OzFlux network to

increase the number of sites in the EBF class (Liddell, 2013a; Liddell, 2013b). Two forest

sites were excluded from the analyses because they were affected by a beetle outbreak

that resulted in high tree mortality, and one heavily managed grassland site was excluded

from the analysis. For each site, only years with good-quality data were selected; this was

carried out following the quality selection procedure explained below. This site selection

procedure, in combination with the quality check, resulted in a dataset of 545 site-years

spread over 93 sites (Fig. 3.2, Table 3.1).
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Figure 3.2: Location and vegetation type of the 93 included flux tower sites.

3.2.2 Data averaging and aggregation

We studied the yearly averaged LAI and surface fluxes for different vegetation types. For

most vegetation types, the LAI and surface fluxes showed seasonal variability, with high

values during the growing season and lower or zero LAI and surface fluxes during the cold

or dry season. The non-growing season might not be relevant for finding the link between

the LAI and surface fluxes, but selecting growing season values alone led to difficulties.

The vegetation types differ with respect to the timing, number, and length of the growing

seasons, and procedures such as time-series analysis did not successfully select the growing

seasons. To be consistent in the methodology, yearly averaged fluxes were used for all flux

tower sites. Using yearly averaged values for every site (site-years) has a few implications:

(1) we study both spatial (site-to-site) variability and temporal (year-to-year) variability

simultaneously, and (2) the averaged flux and meteorological measurements might not

represent similar conditions. The latter occurs, for example, when a site-year receives

plenty of precipitation in December, increasing the site-year’s aridity index, while this

precipitation mainly impacts the next site-year’s fluxes or LAI values. To test the effect of

using site-year data, we also studied spatial and temporal variability separately. For these

analyses, the data were aggregated in three ways: (1) site-year data with one average

value per site per year; (2) multi-year data with one multi-year average LAI and flux value

per site, which were used to study the spatial correlation; and (3) yearly average data for

a few sites, which were used to study the temporal correlation. Sites were included in the

multi-year data if at least 3 years of data were available. The three aggregation methods

led to similar conclusions for water and energy but slightly different results for carbon, as

is shown in the paper.

3.2.3 Flux measurements

Within the FLUXNET2015 database, LE, H, NEE, and GPP measurements are gap-filled

using the MDS (marginal distribution sampling) method (Reichstein et al., 2005), and LE
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Table 3.1: A list of all included site-years for the 93 sites. For each site, the yearly

average leaf area index (LAI) and aridity index (AI) are calculated for all years included in the

dataset. Studied vegetation types include the following: savanna (SAV), woody savanna (woody

SAV; savanna and woody savanna sites are combined into one class, “savanna”), grassland

(GRA) deciduous broadleaf forest (DBF), evergreen broadleaf forest (EBF), and evergreen

needleleaf forest (ENF).

FLUXNET-ID Country Years included mean LAI mean AI Vegetation DOI

AT-Neu Austria 2002-2012 2.31 1.78 GRA 10.18140/FLX/1440121

AU-Ade Austria 2008 1.19 0.96 Woody SAV 10.18140/FLX/1440193

AU-Cow Australia 2009-2018 5.78 3.83 EBF 102.100.100/14244

AU-Cpr Australia 2011-2013 0.47 0.29 SAV 10.18140/FLX/1440195

AU-Ctr Australia 2010-2018 5.39 3.80 EBF 102.100.100/14242

AU-Cum Australia 2013-2014 1.34 0.49 EBF 10.18140/FLX/1440196

AU-DaP Australia 2008, 2010 1.71 1.11 GRA 10.18140/FLX/1440123

AU-DaS Australia 2008-2010, 2012-2014 1.34 0.87 SAV 10.18140/FLX/1440122

AU-Dry Australia 2012, 2014 1.26 0.52 Woody SAV 10.18140/FLX/1440197

AU-Emr Australia 2012, 2013 0.76 0.51 GRA 10.18140/FLX/1440198

AU-Gin Australia 2014 0.96 0.34 Woody SAV 10.18140/FLX/1440199

AU-GWW Australia 2013 0.37 - SAV 10.18140/FLX/1440200

AU-How Australia 2003, 2008, 2010-2014 1.83 1.09 Woody SAV 10.18140/FLX/1440125

AU-Rig Australia 2011-2012, 2014 1.56 0.47 GRA 10.18140/FLX/1440202

AU-Rob Australia 2014 5.82 1.43 EBF 10.18140/FLX/1440203

AU-Stp Australia 2010, 2012, 2014 0.52 0.53 GRA 10.18140/FLX/1440204

AU-Tum Australia 2002-2003, 2005-2009, 2011, 2013-2014 4.62 0.97 EBF 10.18140/FLX/1440126

AU-Whr Australia 2012-2014 1.12 0.34 EBF 10.18140/FLX/1440206

AU-Wom Australia 2011-2012 5.10 1.07 EBF 10.18140/FLX/1440207

AU-Ync Australia 2013 0.45 0.58 GRA 10.18140/FLX/1440208

BR-Sa3 Brazil 2001-2003 5.94 0.96 EBF 10.18140/FLX/1440033

CA-Man Canada 1995, 2001 1.07 0.64 ENF 10.18140/FLX/1440035

CA-NS1 Canada 2003-2004 1.10 - ENF 10.18140/FLX/1440036

CA-NS3 Canada 2002-2004 0.75 - ENF 10.18140/FLX/1440038

CA-NS5 Canada 2004 1.10 0.48 ENF 10.18140/FLX/1440040

CA-NS6 Canada 2002-2004 0.76 0.49 ENF 10.18140/FLX/1440041

CA-NS7 Canada 2003-2004 0.32 0.66 ENF 10.18140/FLX/1440042

CA-Qfo Canada 2004-2009 0.87 1.82 ENF 10.18140/FLX/1440045

CA-SF1 Canada 2004-2005 1.34 1.08 ENF 10.18140/FLX/1440046

CA-SF2 Canada 2003-2004 1.06 0.73 ENF 10.18140/FLX/1440047

CA-SF3 Canada 2003-2005 0.66 0.98 ENF 10.18140/FLX/1440048

CH-DAV Switzerland 1997, 1999-2004, 2006-2014 0.94 1.46 ENF 10.18140/FLX/1440132

CH-Fru Switzerland 2007-2008, 2011-2014 1.88 2.67 GRA 10.18140/FLX/1440133

CH-Oe1 Switzerland 2005-2008 1.27 2.41 GRA 10.18140/FLX/1440135

CN-Cng China 2008-2009 0.41 0.75 GRA 10.18140/FLX/1440209

CN-Dan China 2004-2005 0.11 1.14 GRA 10.18140/FLX/1440138

CN-Din China 2003, 2005 3.30 1.49 EBF 10.18140/FLX/1440139

CN-Du2 China 2007-2008 0.45 0.52 GRA 10.18140/FLX/1440140

CN-HaM China 2003-2004 0.41 1.21 GRA 10.18140/FLX/1440190

CN-Qia China 2003-2005 2.95 1.30 ENF 10.18140/FLX/1440141

CN-Sw2 China 2011 0.25 0.32 GRA 10.18140/FLX/1440212

DE-Gri Germany 2004-2010, 2012-2014 2.40 1.93 GRA 10.18140/FLX/1440147

DE-Hai Germany 2000-2009, 2011-2012 2.65 1.60 DBF 10.18140/FLX/1440148

DE-Lkb Germany 2011-2012 0.84 2.53 ENF 10.18140/FLX/1440214

DE-Obe Germany 2009-2014 2.47 1.96 ENF 10.18140/FLX/1440151

DE-RuR Germany 2012-2014 2.58 1.97 GRA 10.18140/FLX/1440215

DE-Tha Germany 1997-2014 2.59 1.53 ENF 10.18140/FLX/1440152

DK-Sor Denmark 1997-2004, 2006-2010, 2012 2.30 1.93 DBF 10.18140/FLX/1440155

FI-Hyy Finland 1997-1999, 2001-2014 1.79 1.44 ENF 10.18140/FLX/1440158

FI-Sod Finland 2003-2011, 2013-2014 0.56 2.27 ENF 10.18140/FLX/1440160

FR-Fon France 2006-2013 2.67 1.10 DBF 10.18140/FLX/1440161

FR-LBr France 1998, 2001-2008 1.61 0.88 ENF 10.18140/FLX/1440163

FR-Pue France 2001-2010, 2013-2014 2.02 1.20 EBF 10.18140/FLX/1440164

GF-Guy French Guiana 2004, 2006-2014 5.24 1.89 EBF 10.18140/FLX/1440165

IT-CA1 Italy 2012, 2014 1.23 - DBF 10.18140/FLX/1440230

IT-CA3 Italy 2012, 2013 1.16 1.03 DBF 10.18140/FLX/1440232

IT-Col Italy 2007, 2009, 2011, 2014 2.32 1.53 DBF 10.18140/FLX/1440167

IT Cp2 Italy 2013 3.84 0.93 EBF 10.18140/FLX/1440233

IT Cpz Italy 2003, 2006, 2007 3.12 0.89 EBF 10.18140/FLX/1440168

IT Isp Italy 2013, 2014 1.66 2.41 DBF 10.18140/FLX/1440234

IT Lav Italy 2003-2013 2.55 1.74 ENF 10.18140/FLX/1440169

IT MBO Italy 2003-2013 1.16 2.41 GRA 10.18140/FLX/1440170

IT PT1 Italy 2003 0.81 0.77 DBF 10.18140/FLX/1440172

IT Ren Italy 2003, 2005-2013 1.53 1.60 ENF 10.18140/FLX/1440173

IT Ro1 Italy 2002-2006 - 0.91 DBF 10.18140/FLX/1440174

IT Ro2 Italy 2002-2007, 2012 1.99 0.83 DBF 10.18140/FLX/1440175

IT SR2 Italy 2013 2.12 1.38 ENF 10.18140/FLX/1440236

IT SRo Italy 1999-2004, 2006-2007, 2009, 2012 2.05 0.70 ENF 10.18140/FLX/1440176

IT Tor Italy 2010-2014 0.98 2.54 GRA 10.18140/FLX/1440237

NL Hor Netherlands 2004-2005, 2007-2008, 2010 1.81 2.01 GRA 10.18140/FLX/1440177

NL Loo Netherlands 1996-1997, 2000-2013 2.09 1.20 ENF 10.18140/FLX/1440178

RU Fyo Russia 1999-2014 2.09 1.19 ENF 10.18140/FLX/1440183

SD Dem Sudan 2008 0.34 0.12 SAV 10.18140/FLX/1440186

SN Dhr Senegal 2012 0.61 0.27 SAV 10.18140/FLX/1440246
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Table 3.1 continued

US AR1 United States 2010-2011 0.57 0.68 GRA 10.18140/FLX/1440103

US AR2 United States 2010-2011 0.54 0.59 GRA 10.18140/FLX/1440104

US Blo United States 2000-2006 1.94 1.26 ENF 10.18140/FLX/1440068

US Ha1 United States 1992, 1994-2001, 2004, 2006, 2009, 2011 2.58 1.91 DBF 10.18140/FLX/1440071

US Me2 United States 2002, 2004-2005, 2007, 2009-2010, 2012-2014 1.97 0.65 ENF 10.18140/FLX/1440079

US Me6 United States 2014 0.82 - ENF 10.18140/FLX/1440099

US MMS United States 1999-2014 2.71 1.28 DBF 10.18140/FLX/1440083

US NR1 United States 1999-2014 1.32 1.02 ENF 10.18140/FLX/1440087

US Prr United States 2011 - 0.92 ENF 10.18140/FLX/1440113

US SRG United States 2009-2014 0.41 0.42 GRA 10.18140/FLX/1440114

US SRM United States 2004-2014 0.35 0.31 Woody SAV 10.18140/FLX/1440090

US Ton United States 2002-2006, 2008-2014 1.02 0.50 Woody SAV 10.18140/FLX/1440092

US UMB United States 2000-2014 2.14 0.95 DBF 10.18140/FLX/1440093

US UMd United States 2008-2013 1.90 1.09 DBF 10.18140/FLX/1440101

US Var United States 2001-2004, 2006-2014 1.07 0.70 GRA 10.18140/FLX/1440094

US WCr United States 2000-2003, 2005, 2011, 2013-2014 2.00 1.40 DBF 10.18140/FLX/1440095

US Wkg United States 2005-2014 0.28 0.35 GRA 10.18140/FLX/1440096

ZA Kru South Africa 2002, 2010 1.08 0.38 SAV 10.18140/FLX/1440188

ZM Mon Zambia 2008 1.62 0.49 DBF 10.18140/FLX/1440189

and H are corrected by an energy balance closure correction factor. The MDS method uses

the correlation of fluxes with the driver variables (incoming radiation, temperature, and

vapour pressure deficit) to estimate flux values during gap periods. The energy balance

closure corrects LE and H for the total incoming radiation, assuming that the Bowen

ratio (the ratio of the sensible heat flux to the latent heat flux) is correct. A similar

energy balance closure correction was applied to the LE and H measurements of the

OzFlux sites. Monthly averaged flux values were discarded if the percentage of measured

and good-quality gap-fill data was below 50%. Yearly average fluxes were calculated if

measurements for each month were available. The evaporative fraction (EF), the ratio

between LE and the total energy available at Earth’s surface, was calculated using Eq. 3.1

as follows:

EF =
LE

LE +H
(3.1)

where LE is the latent heat flux and H is the sensible heat flux.

3.2.4 Meteorological measurements

Meteorological measurements are delivered with the flux tower data. Precipitation data

are downscaled from the ERAInterim reanalysis data (Vuichard and Papale, 2015). Net

radiation and air temperature are measured at the flux tower and gap-filled using the

MDS method (Reichstein et al., 2005). Yearly potential evaporation (Ep) was calculated

from mean daily air temperature and net radiation using the Priestley–Taylor formulation

(Priestley and Taylor, 1972). The Priestley–Taylor equation is a modification of the

Penman equation and requires less measurements. The aridity index (AI), an indicator of

dryness, was calculated according to Eq. 3.2:

AI =
P

Ep

(3.2)
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where P is precipitation and Ep is the potential evaporation. An aridity value of one

indicates that, on a yearly scale, precipitation equals potential evaporation, whereas

values below one indicate site-years that received less precipitation than their potential

evaporation.

3.2.5 Leaf area index

The leaf area index (LAI) is the ratio of green leaf area to ground area (unitless). We used

the LAI derived from the MODIS data product MCD15A3H.006 (Myneni et al., 2015).

This algorithm derives 4 d composite LAI values at a 500m spatial resolution from the

Terra and Aqua satellites and is available for 2003 onwards.Within this 4 d period, the

best pixel is selected from the MODIS sensors located on the Terra and Aqua satellite

for the calculation of the LAI. The LAI calculation algorithm uses a lookup table that

was generated using a 3D radiative transfer equation (Myneni et al., 2015). Heinsch et al.

(2006) compared the MODIS data product with ground measurements at FLUXNET

sites and concluded that 62.5% of the MODIS LAI was well estimated but that MODIS

LAI overestimated ground-measured LAI for the other sites. Despite this overestimation,

MODIS LAI was used because it has a long record length, good (and free) data availability,

good spatial coverage, and high temporal resolution. The overestimation and saturation

of the signal at high LAI could introduce noise in the LAI data. However, we do not

expect this noise to change the conclusions of our analysis. The resolution of the LAI data

product is 500 m, compared with a typical flux tower footprint length of 100 to 1000 m

(Kim et al., 2006). The exact size and location of the footprint of flux towers, however,

varies with factors such as wind direction and wind speed, surface roughness, and flux

measurement height (Barcza et al., 2009; Kim et al., 2006). For our analyses, we selected

the one nearest LAI pixel for each flux tower. Data were filtered to remove clouds, using

the product’s delivered quality label. To smoothen outliers, the moving mean LAI was

calculated for three consecutive data points. Monthly mean values were calculated if a

maximum of one data point was missing. The site-year average LAI was calculated when

no monthly data were missing.
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Figure 3.3: Illustration of the applied methodology. The correlation coefficient between

leaf area index (LAI) and evaporative fraction (EF) is calculated for 30 site-years for grassland

over a moving window of aridity index. In the illustration, the correlation has a significant

positive slope at p = 0.056 for the 30 most arid grassland sites, whereas the slope is nearly flat

and is not significant (p = 0.49) for the 30 most humid grassland sites

3.2.6 Methodology

To study the link between the LAI and surface fluxes, we performed a linear regression

between the LAI and the surface fluxes. We calculated the correlation coefficient for (1)

site-year data, (2) multi-year average data (spatial variability), and (3) yearly data for a

few specific sites (temporal variability). Afterwards, to study if the link between the LAI

and fluxes changed with aridity, all site-years within one vegetation type were ranked by

aridity, from most arid to most humid. For each consecutive 30 site-years in this ranking,

we performed a linear regression between the LAI and the fluxes. For some site-years, part

of the data was missing that was needed to calculate the regression. Within each window

of 30 site-years, the slope of the regression was calculated if at least 15 complete site-years

were available (Fig. 3.3).
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3.3 Results

3.3.1 The link between LAI and the respective water, energy, and carbon

fluxes

LAI and LE were positively correlated in SAV, GRA, and EBF (Fig. 3.4, Table 3.2).

The slope of the correlation between the different vegetation types is different; the slope

was steepest for SAV (slope = 46.1Wm−2): a twofold increase in the LAI (1 − 2) was

associated with an almost twofold increase in LE (51− 97Wm−2), compared with a flatter

slope in GRA (9.8Wm−2) and EBF (13.0Wm−2). In ENF and DBF, the LAI and LE

were not significantly correlated. LAI and H were negatively correlated in SAV, GRA, and

EBF, whereas there was no significant correlation in ENF and DBF. The LAI and the

EF were positively correlated in SAV, GRA, and EBF, whereas no correlation was found

in ENF and DBF. A positive slope indicates that, for a higher LAI, a higher fraction of

the available energy is used for the evaporation of water, compared with surface heating.

The slope between the LAI and EF was steeper in SAV and GRA (slope = 0.27 for both)

than in EBF (slope = 0.08). A positive correlation between LAI and GPP was found in

all vegetation types (r = 0.47− 0.97), with a very strong correlation coefficient for SAV

(r = 0.97). The correlation followed a steep slope for SAV (slope = 3.37 gCm−2 d−1) and

GRA (slope = 2.17 gCm−2 d−1) a similar slope in EBF (slope = 1.71 gCm−2 d−1) and

ENF (slope = 1.81 gCm−2 d−1), and a less steep slope in DBF (slope = 0.76 gCm−2 d−1).

The correlation between the LAI and NEE was negative in SAV, EBF, and ENF. This

indicates that the net carbon uptake increases with the LAI. Among the different fluxes,

GPP showed the strongest correlation with the LAI for all vegetation types. Comparing

the different vegetation types, the correlation between the LAI and fluxes was strongest in

SAV.

Using multi-year average data reduced the number of data points to only 5− 16 sites per

vegetation type. Nevertheless, the spatial correlation (site-to-site variability) between the

LAI and surface fluxes is very similar to the spatio-temporal correlation (Fig. 3.5, Table

3.2). For SAV, GRA, and ENF, the slope and strength of the correlation were similar when

compared with the site-year data. For the EBF, for the site-year data, the correlation

with LE and EF was only significant at p ≤ 0.1, and the correlation was not significant for

H and NEE.

Temporal (year-to-year) variability in LAI and surface fluxes was smaller than spatial

(site-to-site) variability (Figure 3.6). For both SAV sites, and one of the two GRA, EBF,

and DBF sites, LAI and LE were positively correlated in time. For H, one EBF site showed

a significant negative correlation with LAI, and for EF, and one of the two SAV, GRA,

EBF, and DBF sites showed a positive correlation with LAI (p ≤ 0.1 or p ≤ 0.05). For

GPP and NEE, one of the SAV, GRA, EBF, and ENF sites showed a positive correlation,

and for NEE. Overall, the temporal correlations between LAI and surface fluxes was of
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Figure 3.4: The spatio-temporal correlation between surface fluxes and leaf area

index (LAI). Panels show (a) the latent heat flux (LE), (b) the sensible heat flux (H), (c)

the evaporative fraction (EF), (d) gross primary productivity (GPP), and (e) net ecosystem

exchange (NEE). A line indicates a significant correlation at p < 0.05.

similar direction as the spatio-temporal and spatial correlations. For more than half of the

sites in Figure 3.6, however, year-to-year variability in LAI and surface fluxes was low and

variability in fluxes was not significantly correlated with variability in the LAI.

3.3.2 The effect of climatological aridity on the link between LAI and surface

fluxes

Figure 3.7 shows the steepness and significance of the correlation between the LAI and

surface fluxes for different aridity values. In dry vegetation types or regions, the correlation

between the LAI and fluxes was significant and had a steeper slope, whereas in the more

humid vegetation types or regions, the slope was relatively horizontal and the correlation

was often not significant. In SAV, GRA, and EBF, the correlation between the LAI and

LE was significant for the whole range of aridity values. In arid GRA, the correlation

had a steeper slope compared with humid GRA. With respect to the LAI versus H and

LAI versus EF, the slope was steep and significant for SAV. For GRA, the correlation

was strong and significant in the arid regions and insignificant in the humid regions. For

EBF, the slope and the significance of the correlation did not change with aridity. For

LAI and GPP, the slope and the significance of the correlation did not change with aridity
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Figure 3.5: The spatial correlation between surface fluxes and the leaf area index

(LAI). Panels show (a) the latent heat flux (LE), (b) the sensible heat flux (H), (c) the

evaporative fraction (EF), (d) gross primary productivity (GPP), and (e) net ecosystem

exchange (NEE). All sites are included that have at least 3 years of LAI and flux data available.

A line indicates a significant correlation at p < 0.05, and a dashed line indicates a significant

correlation at p < 0.1.

Table 3.2: Strength and significance of the correlation between the LAI and

surface fluxes for site-year and multi-year average data. The correlation coefficients

are shown for significant correlations at ∗ p ≤ 0.05 or at ∗∗ p ≤ 0.1. “–” indicates that the

correlation was not significant.

Site-years Multi-year average

LE H EF GPP NEE LE H EF GPP NEE

Savanna 0.88∗ −0.72∗ 0.89∗ 0.97∗ −0.89∗ 0.94∗ −0.96∗ 0.95∗ 0.99∗ −0.90∗
Grassland 0.65∗ −0.71∗ 0.74∗ 0.86∗ - 0.68∗ −0.80∗ 0.79∗ 0.84∗ -

Evergreen Broadleaf Forest 0.84∗ −0.69∗ 0.83∗ 0.88∗ −0.51∗ 0.87 ∗ ∗ - 0.87 ∗ ∗ 0.96∗ -

Evergreen Needleleaf Forest - - - 0.84∗ −0.58∗ - - - 0.89∗ −0.57∗
Deciduous Broadleaf Forest - - - 0.47∗ −0.33∗ - - - 0.65 ∗ ∗ -
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Figure 3.6: An illustration of the temporal correlation between the yearly average

surface fluxes and the leaf area index (LAI). For each land cover type, two sites were

selected that had the highest number of available data. The colours of the symbols indicate

the land cover type as shown in Figs. 3.4 and 3.5. Panels show (a) the latent heat flux (LE),

(b) the sensible heat flux (H), (c) the evaporative fraction (EF), (d) gross primary productivity

(GPP), and (e) net ecosystem exchange (NEE). A line indicates a significant correlation at

p < 0.05, and a dashed line indicates a significant correlation at p < 0.1.

for SAV, GRA, EBF, and ENF. For DBF, the correlation between the LAI and GPP

was negative at higher aridity, but these results were strongly influenced by one site with

an above average LAI for all site-years. For the LAI versus NEE, a steep slope with a

negative correlation was found in arid SAV and humid ENF. In other humid regions, the

correlation was less steep.

To study how the correlations varied with climatic drivers of surface fluxes, we calculated

the correlation coefficient of the fluxes versus precipitation (P ) and incoming shortwave

radiation (Rg) (Fig. 3.8). In SAV, GRA, and EBF, the water fluxes showed a strong

correlation with P , indicating that water availability partly explained the spatio-temporal

variability in surface fluxes. In ENF and DBF, there was a weak or non-existing correlation

between LE and P , but there was a strong correlation with Rg. This indicates that

available radiation was the primary driver of water and energy fluxes at these sites.
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Figure 3.7: The effect of aridity on the relation between surface fluxes and the

leaf area index (LAI). The slope of the correlation between the LAI and surface fluxes is

shown for different aridity values for (a) the latent heat flux (LE), (b) the sensible heat flux

(H), (c) the evaporative fraction (EF), (d) gross primary productivity (GPP), and (e) net

ecosystem exchange (NEE). Each dot indicates the slope value for the 30 closest aridity values.

The filled symbols indicate that the correlation was significant at p < 0.05, whereas the hollow

symbols indicate a non-significant correlation.

Figure 3.8: Water and energy control on surface fluxes. The correlation coefficient

(r) of site-year surface fluxes versus (a) the mean yearly precipitation (P ) and (b) incoming

shortwave radiation (Rg). Each bar indicates a significant correlation at p < 0.05.
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3.4 Discussion

The EBF site-years span a wide range of LAI values (LAI of 0.9–6.1) and aridity conditions

(AI of 0.3–9.3), and both are a potential limitation of our analysis for the EBF vegetation

type. The uncertainty of the LAI retrieval in dense vegetation is higher than in other

vegetation types due to saturation of the remotely sensed signal. The large range of climatic

conditions indicates that our EBF site-years range from arid, water-limited conditions

to humid conditions. Despite this high variability in site-years, the sites fell within one

vegetation type.

The correlation between the LAI and respective water and energy fluxes (LE, H, and EF)

varied with vegetation type and aridity. For the spatio-temporal and spatial variability,

we found (1) strong (positive or negative) correlations and (partly) steep slopes for SAV

and GRA, (2) a significant correlation but less steep slope for EBF, and (3) no significant

correlations for ENF and DBF. With respect to the temporal variability, this pattern

was similar for LE, but almost no significant correlations were found between the LAI

and the respective H and EF for SAV and GRA. Evaporation is the sum of transpiration,

soil evaporation, and interception evaporation, and the magnitude of each component

depends on the LAI. Transpiration increases with LAI at the cost of soil evaporation when

there is sufficient moisture available (Gu et al., 2018; Wang et al., 2014). In arid climates,

the transpiration component is higher than in wetter climates (Gu et al., 2018), and the

link between transpiration and the LAI is particularly strong in these arid climates (Sun

et al., 2019). When soil moisture is deficient and vegetation encounters a high evaporative

demand, stomatal control is stronger (Mallick et al., 2016). This accelerates a strong

stomatal coupling between the LAI and LE and could explain the strong correlation

between the LAI and the respective LE, H, and EF that was found in SAV and arid GRA.

Soil water deficiency and high evaporative demand leads to a high increase in LE, for

a small increase in LAI, which could explain the steep(er) slope in arid GRA and SAV

vegetation.

In forests, soil evaporation is low, whereas interception evaporation is high. The elevated

interception evaporation is due to the large leaf area (both green leaves included in the

LAI and brown leaves after leaf senescence) with a high canopy water storage capacity

and a high turbulence, enhancing fast evaporation (De Jong and Jetten, 2007). In EBF,

interception evaporation contributes to up to 30% of the total evaporation (Gu et al., 2018;

Wei et al., 2017b). This could explain the strong correlation between the LAI and the

respective water and energy fluxes in EBF. A high interception evaporation was, however,

also reported for temperate and boreal forest (Miralles et al., 2011); however, for the latter

forest types, we found no correlation between the LAI and water and energy fluxes. The

ENF and DBF sites were found in humid regions, and fluxes were primarily energy-limited.

At these energy-limited sites, the LAI played a weak or nonexistent role in controlling

surface fluxes. This indicates a weak or non-existent vegetation control on surface water
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and energy fluxes at energy-limited sites. This is in line with a low land–atmosphere

coupling at energy-limited sites (Ferguson et al., 2012).

In contrast to the results for water and energy fluxes, the spatio-temporal and spatial

correlation between GPP and LAI was strong across all vegetation types and (almost) all

aridity gradients. A strong link between the LAI and carbon uptake on a yearly timescale

over all vegetation types is expected, as plants try to optimize carbon gain and would

generally not display leaves with a negative carbon balance. A strong link between the

LAI and the mean yearly GPP was also shown by Hashimoto et al. (2012). However,

other studies found a weak link between the LAI and GPP on annual timescales (Law

et al., 2002). In contrast to the spatial variability, year-to-year variability in GPP was only

correlated with LAI at some sites. Water availability is an important driver of temporal

variability in GPP (Kutsch et al., 2008; Williams and Albertson, 2004), and GPP is

strongly reduced under drought conditions (Vicca et al., 2016). The effect of drought is

also visible in the reduced LAI, although on a longer timescale of 1 or 2 years in forests

(Kim et al., 2017; Le Dantec et al., 2000). This different response time to water availability

for forest LAI and GPP could partly explain the absence of a temporal correlation for

some of the sites. The spatial correlation between the LAI and NEE was less strong

compared with the GPP, which is in agreement with the results of Chen et al. (2019). The

NEE is the sum of carbon uptake by the vegetation (GPP) and carbon loss by ecosystem

respiration. Ecosystem respiration varies with climate and soil carbon storage, which are

not directly related to the LAI. This could explain the absence of a correlation between

the LAI and NEE.

These results partly confirmed our hypothesis. As hypothesized, the correlation between

the LAI and surface fluxes was strong in arid regions for water and energy fluxes, and

the correlation was absent in humid ENF and DBF. For humid EBF, however, we found

a strong correlation between the LAI and water and energy fluxes, and the correlation

with the LAI was strong across all aridity gradients for GPP. While carbon uptake is

the primary goal of vegetation, independent of the aridity gradient, ecosystem water loss

inevitably comes with carbon uptake but also depends on the vapour pressure deficit,

available radiation, and soil moisture, which are not directly linked to the LAI.

Our statistical analysis cannot be used to study causality between the LAI and surface

fluxes or to study vegetation control on the surface fluxes. The correlation between the LAI

and water fluxes is confounded by the effect of soil moisture, especially in arid and semi-

arid ecosystems, where both canopy development and LE increase with water availability

(Kergoat, 1998; Mallick et al., 2018). Similarly, precipitation is the main controller for

spatial variability in both vegetation and GPP (Koster et al., 2014). Furthermore, the LAI

is related to vegetation properties, but it is not a direct measure of canopy conductance;

despite this, there are similarities, with previous studies showing the stomatal or vegetation

control on surface fluxes. A strong vegetation control on water and energy fluxes in arid
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and semi-arid regions has been shown on timescales of days or shorter (e.g. Mallick et al.,

2016; Mallick et al., 2018); our study also shows that, on large spatio-temporal scale, the

correlation between LAI and respective water and energy fluxes is strongest in arid regions.

For EBF, however, we found a strong spatial correlation of vegetation versus the respective

water and energy fluxes, whereas Padrón et al. (2017) showed that vegetation control in

equatorial regions was absent. An interesting follow-up study would be to link stomatal

control for different vegetation types (De Kauwe et al., 2017) to the canopy-scale pattern

investigated in this study.

Our analyses provide insight into how and when the vegetation LAI is related to surface

fluxes. The results show that the LAI is a good predictor of spatial variability in GPP

across different vegetation types and aridity gradients. Furthermore, the analysis suggests

that the LAI could be used to describe canopy-scale spatio-temporal variability in water

and energy fluxes in SAV, GRA, and EBF. However, the LAI is not a good predictor for

water and energy fluxes in ENF and DBF nor for NEE. It is important to be aware of

these limitations when using the LAI to describe or estimate water, energy, and carbon

fluxes in climate models or extrapolation methods. This study provides insight into the

link between surface fluxes and the LAI and could be used to improve predictions of the

effects of land cover change on surface fluxes.

3.5 Conclusions

The objective of this study was to gain insight into the link between the vegetation LAI

and land–atmosphere fluxes for different vegetation types along an aridity gradient. We

studied this link at a large spatio-temporal scale using flux tower measurements of water,

energy, and carbon, combined with satellite-derived LAI data. The data analysis led to

the following conclusions:

The link between the LAI and the respective water and energy fluxes depends on vegetation

type and aridity. The correlation of the LAI with water and energy fluxes is strong in

SAV, GRA, and EBF. In DBF and ENF, however, no significant correlation was found.

Contrary to water and energy fluxes, the spatial correlation between the LAI and GPP

was strong and independent of the vegetation type and aridity. This suggests that using

the LAI to model or extrapolate surface fluxes of water and energy is very possible in

SAV, GRA, and EBF, but it is limited in DBF and ENF.

As hypothesized, the link between the LAI and water and energy fluxes was strong in arid,

water-limited conditions and was absent or weak for humid, radiation-limited conditions.

EBF, which was found over a high range of aridity conditions, although mostly in humid

environments, forms an exception: the spatial correlation between the LAI and the

respective water and energy fluxes was strong, despite the overall humid conditions.
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This research – facilitated by the recent availability of large global datasets of remotely

sensed LAI, flux tower data, and cloud-computing platforms – has added to the under-

standing of the LAI interaction with surface fluxes and could help to improve modelling

or extrapolating surface fluxes.
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Abstract

Forest and grassland have a different drought coping strategy. Trees control their stomata

to reduce water loss, while grasslands take the risk to lose their aboveground biomass. Both

the increased stomatal control and reduction in green leaf area decrease the evaporation,

through a reduction of the surface conductance. Here we study how remote sensing data

reflected the reduction in surface conductance in forest and grassland during the 2018

Central European drought. For six study sites, surface conductance was derived from eddy

covariance measurements. The surface conductance was combined with MODIS sensor

derived optical and thermal infrared based indices: the LST, LST-Ta, TCI, NDMI, NDVI,

and VCI. The results show that for grassland, all studied optical and thermal infrared

indices were sensitive to the reduction in Gs. For the forest sites, the optical indices were

not sensitive to the reduction in Gs, but the thermal infrared indices LST, LST-Ta, and

TCI, were sensitive to the reduction in Gs. The results were however not uniform across

all forest and grassland sites. The results indicate that a different strategy is required to

monitor the effects of drought on the water, energy, and carbon cycle in grassland and

forest.
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4.1 Introduction

During the summer of 2018, Central and Northern Europe experienced drought and

unusually hot weather (Peters et al., 2020). The exceptional sunny conditions in spring

2018 worsened the summer drought through enhanced evaporation of the residual soil

moisture (Bastos et al., 2020). The drought led to a large-scale ‘browndown’ of the

landscape due to early leaf senescence in grasslands, cropland, and forests (Brun et al.,

2020; Buras et al., 2020; Peters et al., 2020). The drought resulted in large-scale tree

mortality (Schuldt et al., 2020; Senf and Seidl, 2021), and multiple year legacy effects such

as increased vulnerability of forests to wild fires and beetle outbreakes (Obladen et al.,

2021; Schuldt et al., 2020; Senf and Seidl, 2021).

During a precipitation deficit, low soil moisture availability in the root zone in conjunction

with a high atmospheric evaporative demand triggers vegetation reactions. The first

obvious response to drought is expressed through strong stomatal regulation to reduce

the root-zone water loss. Prolonged soil moisture drought can induce changes in the

vegetation state, such as the leaf color, the leaf water content, and leaf turgor. When the

drought conditions persist even longer, this can result in the defoliation of the vegetation

and mortality. While the stomatal regulation is a rapid and reversible response, the

effects on the vegetation state can be irreversible. Both the stomatal regulation and

decrease in green leaf area decrease the surface conductance Gs (the aggregated stomatal

conductances of the entire canopy) (Fig. 4.1). A decrease in Gs reduces evaporation and

reduced evaporation reduces the downwind precipitation, increases in air temperature,

and decreases the vegetation CO2 uptake. The exact vegetation response to drought and

impacts on the water, energy, and carbon balance, depends on the timing, intensity, and

duration of the drought, as well as the species type (Hateren et al., 2021; Obladen et al.,

2021).

In temperate climates, grasslands and forests respond differently to droughts because of

their different drought coping strategies (Fig. 4.1). Grasslands take the risk to lose their

aboveground biomass, while they survive belowground. Trees cannot take this risk and

therefore adopt a more conservative behaviour. Trees increase their stomatal regulation

and increase their water use efficiency to decrease water loss, while grasslands maintain

high evaporation (Wolf et al., 2013). Grasslands however show an early senescence, while

forests maintain high leaf area (Zha et al., 2010). Through these different strategies,

grasslands and forests have a different impact on evaporation, precipitation, heat waves,

and the carbon balance during drought (Graf et al., 2020; Pranindita et al., 2021b; Teuling

et al., 2010; Vicca et al., 2016). Different adaptive strategies also exist between tree species,

such as a stronger stomatal regulation for leaves versus needles (Wolf et al., 2013), or a

higher sensitivity of Norway spruce to drought compared to pine because of their different

rooting depths (Schuldt et al., 2020; Treml et al., 2022). Due to the conservative behaviour

of trees, drought is not always directly reflected in the forests’ appearance (Mallick et al.,
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Figure 4.1: Diagram of the vegetation response to drought. Forest and grassland

have a different drought coping strategy. Forests reduce their stomatal conductance through

strong stomatal regulation, and grasslands decrease their green leaf area. Both decrease the

surface conductance and evaporation.

2016), but, the effects are visible in the following years’s growth and leaf area (Anderegg

et al., 2015; Senf and Seidl, 2021).

Remotely sensing based drought monitoring methods use the optical and thermal infrared

part of the electromagnetic spectrum. Optical remote sensing measures the reflection of

solar radiation by the soil and the vegetation in the visible, near-infrared, and shortwave

infrared wavelengths. The visible wavelengths (0.4− 0.7 µm) can be used to detect, amongst

others, changes in leaf chlorophyll content and other leaf pigments, for example during

vegetation browning. The near-infrared (0.7− 1.4 µm) can be used to detect changes in

vegetation and cell structure, which makes it suitable to detect biophysical changes in the

leaf angle and leaf area. Water absorbs radiation in the shortwave infrared wavelengths

(1.3− 2.5 µm) and these wavelengths are therefore suitable to detect changes in the canopy

and soil water content. Land surface temperature (LST) obtained through thermal infrared

remote sensing (8− 14µm) is extremely sensitive to evaporative cooling and water stress

induced variations. Therefore, LST can be used to detect the changes in vegetation

functioning and Gs (Mallick et al., 2022; Mallick et al., 2018) when the vegetation state is

not (yet) altered (Vicca et al., 2016).

Monitoring the vegetation response to drought is important, to anticipate the effects on

vegetation growth and survival, and the water, energy, and carbon fluxes. The different

drought coping strategies of forests and grasslands do suggest that monitoring their

vegetation response with remotely sensed data requires a different strategy. For forests, the

strong stomatal regulation is reflected in LST and other thermal indices, but the absence

of a direct biophysical response makes it impossible to detect the reduction in Gs with

optical sensors. For grasslands, on the other hand, the early leaf wilting and senescence can
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be detected using optical indices. We aim to study how the different vegetation drought

responses of forest and grassland are reflected in remote sensing data. We formulated the

following hypothesis:

For forest, drought-induced changes in the surface conductance Gs are reflected in ther-

mal infrared based indices, while for grassland, drought-induced changes in the surface

conductance Gs are reflected in both thermal infrared and in optical based indices.

To test our hypothesis, we study two deciduous forest sites, two coniferous forest sites, and

two grassland sites in Central Europe during the severe 2018 drought. We study changes in

Gs on the different sites and link these to commonly used remote sensing drought indices

derived from optical and thermal infrared data.

4.2 Methods

We calculated Gs from flux tower measurements, and compared these with MODIS sensor

derived vegetation indices. We focused our analyses on the 2018 ’drought year’ and

compare these values to the 2015 - 2017 ’reference years’.

4.2.1 Study sites

Six study sites were selected that met two selection criteria: first, they had a good

availability of flux tower and satellite data, and second, they experienced meteorological

drought during the summer of 2018 (Fig. 4.2, Table 4.1). Furthermore, sites that benefited

from the drought (no reduction in Gs and an increase in evaporation) were excluded.

The selected sites were situated in Germany (three sites), Sweden, the Netherlands, and

Switzerland (one site each). Two sites were vegetated by deciduous forest (both dominated

by beech trees), two by coniferous forest (one pine forest and one spruce forest), and two

by grass. All sites experienced a high precipitation deficit during the growing season (Fig.

4.2b).

4.2.2 Flux tower data and calculation of stomatal conductance

Half-hourly land-atmosphere fluxes, meteorological data, and soil moisture data were

derived from the European Fluxes Database Cluster and the Integrated Carbon Observation

System ICOS (Team and Centre, 2020). From the half hourly data, daily mean VPD and

soil moisture content were calculated, if less than seven (12%) half hourly data points

were missing. Daily total precipitation was also calculated when more than 12% data

were missing, because knowing that there was any precipitation was more important than

knowing the exact quantity of precipitation.

For the calculation of Gs only data during daytime hours were used (8:00 - 16:00) to

account for the time that the vegetation is photosynthesizing (De Kauwe et al., 2017).
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Figure 4.2: The six study sites and their climate. a) The six study sites are located in

Central Europe (Table 4.1) and experienced below average precipitation (P ) during the 2018

drought. The colours indicate the precipitation anomaly of April - July 2018 compared to the

1981 - 2019 mean. b - g) The percentile distribution of monthly cumulative precipitation deficit

(precipitation minus potential evaporation, P − Epot) over the growing season (1981 - 2019

mean). The red line represents cumulative precipitation deficit for the 2018 drought year, and

the grey lines represent the 2015 - 2017 reference years. The climatological P and Epot were

derived from ERA-5 reanalyses data (Hersbach et al., 2018), and MSWEP data (Beck et al.,

2019).

The half hourly flux data were discarded in three cases: 1) if the fluxes had a quality label

‘poor data’ (label 2), 2) if there were atmospherically stable conditions (friction velocity

u∗ ≤ 0.25), because flux data is unreliable with insufficient turbulence. For grassland

sites, the threshold was set to u∗ ≤ 0.05, to avoid a high data loss, and 3) if there was

precipitation at the time of the measurement. The surface conductance Gs was calculated

from the inverted Penman-Monteith. This is a commonly used method, however, Wehr

and Saleska (2021) recently proposed the flux-gradient equations are more plausible and

less prone to biases than the inverted Penman-Monteith equation. Gs was calculated

as:

Gs =
GaγLE

s(Rn −G)− (s+ γ)LE +GaMacpDa

(4.1)

where Ga is the aerodynamic conductance [mol m−2 s−1 ], γ is the psychrometric constant

[Pa K−1], LE is the latent heat flux [W m−2], s is the slope of the saturation vapour

pressure curve at air temperature [Pa K−1], Rn and G are the are the net radiation and

soil heat flux [W m−2], Ma is the molar mass of air [kg mol−1 ], cp is the heat capacity

of air [J kg−1 K−1], and the Da is the vapour pressure deficit [Pa]. The aerodynamic

conductance Ga is calculated as:
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Table 4.1: The six study sites, their location and their vegetation characteristics.

Site code Location Vegetation type, Longitude, DOI (/citation)

(Fig. 4.2) dominant species Latitude

DE-Hai Hainich, Deciduous forest, 10.4522, 10.18140/FLX/1440148

Germany Beech 51.0792 Knohl et al. (2020)

DE-HoH Hohes Holz, Deciduous forest, 11.2192, 10.18160/J1YB-YEHC

Germany Beech 52.0853 Rebmann and ICOS ETC (2020)

NL-Loo Loobos, The, Coniferous forest, 5.7436, 10.18140/FLX/1440178

Netherlands Pine 52.1666 Kruijt and ICOS ETC (2020)

SE-Htm Hyltemossa, Coniferous forest, 13.4190, Heliasz and ICOS ETC (2020)

Sweden Spruce 56.0976

DE-Gri Grillenburg, Grassland, 13.5126, 10.18140/FLX/1440147

Germany Grass 50.9500 Bernhofer and Gruenwald (2021)

CH-Cha Chamau, Grassland, 8.4104, Buchmann et al. (2021)

Switzerland Grass 47.2102

Ga =
c

u
u∗ + 6.2u− 2

3

(4.2)

where c is a conversion factor from units of [m s−1] to [mol m−2 s−1], (calculated as

c = P
RgasTk

, where P is the atmospheric pressure [Pa], Rgas is the gas constant [J mol−1

K−1], and Tk is the air temperature [K]), u is the wind speed [m s−1], and u∗ is the friction

velocity [m s−1]. Negative values and positive outliers (Gs > 100) were deleted. The daily

mean Gs was calculated when at least 11 out of 17 data values were available.

4.2.3 Remote sensing data

Remote sensing indices were derived from the MODIS products MOD09GA, MYD09GA,

MOD11A1, MYD11A1 (Table 4.2) that were available from the Terra (MOD) and Aqua

(MYD) satellites. Both satellites observe the same area twice a day, and the daytime

observation was used for the analyses (around 10:30 for Terra and 13:30 for Aqua). For

all required data, cloudy (or adjacent clouds) data were discarded based on the quality

label.

For the MODIS bands B1, B2, and B7, the mean daily value was calculated from the

Terra and Aqua satellite data, and either Terra or Aqua data were used when only one of

them was available. For the LST data, the Aqua data were used, because the afternoon

overpass time better captures the vegetation stress. However, if the Aqua data were not

available, the Terra data were used, that were first adjusted using a linear model between

the Aqua and Terra data. Afterwards, six different remote sensing indices were calculated:

the NDVI, VCI, NDMI, LST, TCI, and LST-Ta (Table 4.3). The air temperature (Ta)
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Table 4.2: The four MODIS vegetation products and their characteristics. The

MODIS bands are the bands that were used in the calculation of the vegetation indices.

MODIS Satellite Temporal Spatial MODIS

product resolution resolution bands

MOD09GA Terra Daily 500 m B1 (red), B2 (near-infrared),

B7 (shortwave infrared)

MYD09GA Aqua Daily 500 m B1 (red), B2 (near-infrared),

B7 (shortwave infrared)

MOD11A1 Terra Daily 1 km Daytime LST, calculated from

B31 and B32 (thermal infrared)

MYD11A1 Aqua Daily 1 km Daytime LST, calculated from

B31 and B32 (thermal infrared)

Table 4.3: Vegetation Indices used for drought monitoring. B1, B2, B7, and LST

refer to the MODIS bands in table 4.2.

Index Formula

NDVI Normalized Difference Vegetation Index NDV I = B2−B1
B2+B1

VCI Vegetation Condition Index V CI = NDV I−min(NDV I)
max(NDV I)−min(NDV I)

NDMI Normalized Difference Moisture Index NDMI = B2−B7
B2+B7

LST Land Surface Temperature

TCI Temperature Condition Index TCI = max(LST )−LST
max(LST )−min(LST )

LST-Ta Land Surface - Air Temperature Difference LST − Ta = LST − Ta

was taken from the flux tower measurements at the moment of satellite overpass (13:30).

These six indices are frequently used for vegetation and drought monitoring and are based

on a range of different wavelengths: the visible, near-infrared, shortwave infrared, and

thermal infrared. The different indices were gap-filled for up to ten days of missing data

using a linear model. Afterwards, the Savitzky-Golay filter was used for data smoothing.

For LST, TCI, and LST-Ta, no smoothing was applied, because LST is a state variable

and shows a high daily variability.

For both the grassland sites, the MODIS pixels of 500 x 500m and 1 x 1 km reflect a mixed

signal of grassland and forest. At the lowest resolution, half of the grassland pixels reflect

a forest signal. The forest pixels fully cover a forest land cover.
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4.2.4 Analyses

Define unstressed and stressed vegetation

We study the difference between the unstressed and stressed vegetation. ’Unstressed’ refers

to the time before the drop in Gs, thus before the onset of stomatal regulation and/or

changes in leaf color and structure. ’Stressed’ refers to the time of low Gs. It is assumed

that the drop in Gs indicates the onset of the vegetation drought response. The start of

vegetation stress is defined based on the time series of Gs and a comparison between Gs

for the drought and reference years. First, we indicated when Gs for 2018 was below 25%

of the reference Gs for multiple days. Afterwards, we indicated the exact shift between

the unstressed and stressed vegetation as the moment that the 2018 Gs showed a clear

drop.

Compare unstressed and stressed vegetation

Gs and the vegetation indices were compared for the unstressed and drought stressed

vegetation. More precisely, the two weeks before the shift in Gs were compared with the

four weeks afterwards. Only two weeks were used for the unstressed vegetation, because

four weeks includes the green-up phase for some study sites and this would add noise

to the data. However, for the site NL-Loo, a three-week period has been used for the

calculation of the NDVI, VCI, and NDMI, because no data was available for the two-week

period.

4.3 Results

4.3.1 Hydro-meteorology and Gs

A progressive decline in soil moisture was concurrent with an increase in the vapour

pressure deficit during the 2018 summer drought (Fig 4.3). The combination of low water

availability and high atmospheric demand triggered the vegetation drought response, and

Gs declined (Fig. 4.3). This drop in Gs is the result of stomatal regulation and / or a loss

in green leaf area, but our data cannot be used to study the importance of these effects for

each site. The timing of the drop in Gs and duration differed per study site. The drop in

Gs occurred late May, in June, or early July, and low Gs persisted for one to three months.

During these months, Gs was around 25% of the reference Gs. At the end of the growing

season, Gs increased to up or above the reference level.
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Figure 4.3: Hydro-meteorological measurements during the spring and summer

of 2018. The left figures show the vapour pressure deficit (D) in blue, soil moisture in grey

(mean value over various depths), and precipitation (P ) in black. The soil moisture line presents

the trend, but no absolute values. The right figures show the stomatal conductance (Gs) for

the drought year 2018 (in red) and the reference years 2015-2017 (in grey). The reference

Gs represents the 30-day moving mean conductance for the three years, and the shaded area

represents the minimum to maximum value. The drought Gs, soil moisture, and D represent

the 7-day moving mean value. The grey vertical lines indicate the transition from unstressed

to stressed vegetation.
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Figure 4.4: Vegetation drought monitoring using thermal indices. The LST, TCI,

and LST-Ta drought indices for the 2018 drought year (in red) and 2015 - 2017 reference years

(in grey). The drought indices represent the 7-day moving mean value. The grey shaded area

represents the minimum to maximum value. The grey vertical lines indicate the transition

from unstressed to stressed vegetation, as in figure 4.3.
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Figure 4.5: Vegetation drought monitoring using optical indices. The NDMI, NDVI,

and VCI drought indices for the 2018 drought year (in red) and 2015 - 2017 reference years

(in grey). The drought indices represent the 7-day moving mean value. The grey shaded area

represents the minimum to maximum value. The grey vertical lines indicate the transition

from unstressed to stressed vegetation, as in figure 4.3.
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4.3.2 Vegetation indices

The thermal infrared vegetation indices reflected the drought for most of the study sites

(Fig 4.4). The deciduous forest site DE-HoH, both coniferous forest sites (NL-Loo and

SE-Htm), and the grassland site CH-Cha all showed an increase in LST that coincided

with the decrease in surface conductance. In the other sites, LST was also above the

reference value during parts of the drought. The TCI (the normalized LST), dropped

during (part of) the drought for all of the study sites. The third thermal infrared index,

the LST-Ta, showed positive and above average values during the drought for four out

of six sites. In spring 2018, the LST showed above average values and the TCI showed

below average values for all sites, which reflects the sunny spring conditions. The optical

indices showed less temporal variability as compared to the thermal indices (Fig. 4.5). For

the two deciduous forest sites, the NDMI, NDVI, and VCI (the normalised NDVI) did

reflect the early green-up in spring, but did not reflect the drought. For the pine forest site

NL-Loo, the NDMI did not reflect a drought response. The NDVI and VCI dropped in

August, a few weeks after the onset of stomatal regulation, but unfortunately no data was

available to confirm whether this drop was persistent over a longer time. At the spruce

forest site SE-Htm, the different indices did not reflect an anomaly during the drought.

At the two grassland sites, the NDMI, NDVI, and VCI were close to the reference values

in the month before the drought, but were below average during the drought. At the

grasslands, the drop in the optical indices coincided with the drop in Gs.

4.3.3 Comparing unstressed and stressed vegetation

The Gs dropped considerably from the unstressed to the stressed condition for all sites.

The drop was smallest for the beech forest site DE-Hai (−52%) and largest for the beech

forest site DE-HoH, the pine forest site NL-Loo, and the grassland site DE-Gri (−75%)

(Fig 4.6). The LST increased with up to 7 ◦C from the unstressed to the stressed condition

for all sites, but only a small increase was observed for the beech forest site DE-Hai and

the grassland site DE-Gri. The TCI had a comparable result as the LST. The LST-Ta

increased for all sites with 1− 2 ◦C, except for the beech forest site DE-Hai. Given LST-Ta

is directly associated with the sensible heat flux and evaporative fraction, it is considered

as a relatively better indicator of drought than the LST. The NDMI showed an irregular

response for the forest sites: The NDMI decreased (slightly) for the beech forest sites,

increased substantially for the pine forest site, and decreased slightly for the spruce forest

site. The NDMI decreased substantially for both grassland sites. The NDVI and VCI

showed negligible response in all forest sites, but decreased substantially in both grassland

sites from the unstressed to stressed condition. In summary, the thermal indices LST

and TCI were sensitive to a change in Gs for four out of six sites, and the LST-Ta was

sensitive to the drop in Gs for five out of six sites. The optical indices were not or only

slightly sensitive to the drop in Gs in forests, but were sensitive to changes in the grassland

Gs.
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Figure 4.6: Comparing the unstressed and stressed vegetation. The bars reflect the

difference in the surface conductance Gs and the vegetation indices between the unstressed to

the stressed vegetation. The ’unstressed vegetation’ refers to the two weeks before the drop in

Gs and the ’stressed vegetation’ refers to the four weeks after the drop in Gs. The left three

vegetation indices are based on thermal infrared data and the right three indices are based on

optical data (visible, near-infrared and shortwave infrared). The red and green bars present

the 2018 drought year, while the grey bars present the corresponding weeks for the 2015 - 2017

reference years.

As a comparison to the drought year, we calculated the change in Gs and vegetation

indices for the corresponding weeks in the reference years. The differences between these

non-drought years and the drought year 2018 can not only be attributed to the change

vegetation stress, but also reflect other vegetation changes. In the reference years Gs

increased, rather than decreased for four out of six sites. Similarly to the drought year,

the LST increased and the TCI decreased for all four forest sites and one grassland site,

despite that Gs increased for most sites. This reflects the seasonal course of the LST,

rather than a drought responds. LST-Ta decreased for half of the sites. For the reference

years, the temporal change in the optical indices the NDMI, NDVI, and VCI had a variable

response for each vegetation type. The substantial change in all optical indices for the

beech forest site DE-Hai is due to the green-up of the forest in spring, which is reflected

in both the NDMI, NDVI, and VCI. For the grassland site DE-Gri, the slight decrease

in Gs is accompanied with a decrease in NDMI, NDVI, and VCI, and vice versa for the

grassland site CH-Cha.

4.4 Discussion

4.4.1 Limitations of the study

In this chapter we used the terms stressed and unstressed vegetation. We assume that the

drop in Gs indicates the onset of the vegetation drought response. We did not study other

types of vegetation stress, nor did we study other potential causes of a decreased Gs (such
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as mowing). Similarly, we assume that a change in the vegetation indices from unstressed

to stressed period visualizes the vegetation response to drought. Unfortunately, it is not

certain that the drought caused these changes in the Earth’s reflectance and radiation

emission, and it is impossible to verify our assumption with complete certainty.

The vegetation indices are calculated from 500× 500m and 1× 1 km spatial resolution

MODIS data. For both grassland sites, the MODIS pixels also include forest, and the

data thus consist of both a grassland and a forest signal. A comparable study with high

resolution satellite data is needed to confirm the presented results. Some recently launched

satellites with high spatial and high temporal resolution, such as ESA’s Sentinel series

and NASA’s ECOSTRESS thermal infrared satellite would provide a great opportunity

for further analyses on future droughts. Unfortunately, these high-resolution data were

not yet available over the entire study period.

In this study, the 2018 drought year and the 2015 - 2017 reference years were compared.

Ideally reference years would have had an climatically average precipitation and potential

evaporation. The three selected reference years unfortunately do not all reflect average

conditions. For example for the deciduous forest site DE-HoH, compared to the past

39 years (1981 - 2019), 2016 was the sixth driest and 2017 was the seventh wettest year.

Furthermore, the reference years differ from the drought year in the timing of green-up.

The drought year experienced an early green-up because of the sunny weather and this

impacted the comparison between the drought year and reference years.

4.4.2 The results confirm the hypotheses

We formulated the following hypothesis: ’for forest, drought-induced changes in Gs are

reflected in thermal infrared based indices, while for grassland, drought-induced changes

in Gs are reflected in both thermal infrared and in optical based indices’.

For three of the four forest sites, the thermal infrared indices were sensitive to changes in

Gs. The optical index NDMI, which is calculated from the reflectance in the near-infrared

and shortwave infrared data, showed variable drought response, partly due to the seasonal

variability of NDMI in the site. The NDVI and VCI were not sensitive to the forest

drought response. The results therefore confirm the hypothesis for the forests. The more

conservative trees do close their stomata to reduce water loss, which increases the LST and

LST-Ta (as reflected in thermal infrared data). However, forests do not initially change

their leaf water content, leaf color, or structure, and therefore, there is no change in the

optical indices.

For one grassland site, the thermal infrared indices LST and TCI did not reflect the

drought. There are a few uncertainties, such as an optional moving event, and the forest

signal in the grassland pixel, that could explain this. For the second grassland site, however,

the LST and TCI were sensitive to changes in Gs. The LST-Ta, a better indicator for
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vegetation drought, was sensitive to changes in Gs for both grassland sites. Furthermore,

all optical indices were highly sensitive to the decrease in Gs. The results therefore confirm

our hypothesis for grassland. The drop in Gs coincided with a decrease in the optical

indices that reflect a reduction in leaf and soil water content, a change in leaf color and /

or a change in leaf structure.

The results however also indicate that a reduction in Gs is not always reflected in the

thermal infrared indices, and that the grassland and forest sites do not show a similar

response.

Previous studies also confirmed that optical vegetation indices did not or only weakly

reflect a drought in energy-limited forest (Bachmair et al., 2018; Vicca et al., 2016). Vicca

et al. (2016) concluded that the NDVI and NDMI data did not reflect the drought, however

the EVI (Enhanced Vegetation Index) and sPRIn (standardi Normalized Photochemical

Reflectance Index) did reflect the drought for some of their sites. Both indices did not

show a uniform response in preliminary analyses in our study. Buras et al. (2020) found

a reduction in the forest NDVI during the 2018 drought, although they also concluded

that grassland NDVI was more sensitive. Buras et al. (2020) did not link the reduction

in forest NDVI to the timing of the reduction in Gs, and therefore, their results are not

necessarily complementary to our results.

The results show that, when one is interested in ecosystem evaporation (and the water,

energy, and carbon cycle) during drought, a different monitoring strategy is required for

forest and grassland. The results however also show that the vegetation response is not

uniform or not uniformly reflected in satellite data over all forest and grassland sites. This

is in line with conclusions drawn by for instance Buras et al. (2020) and Vicca et al. (2016).

More extensive analyses over different droughts, different study sites, and at higher spatial

resolution can provide a better insight in how representative these results are for all forests

and grasslands in temperate climate regions.

4.5 Conclusions

Forest and grassland adopt a different drought coping strategy. Forests reduce their

stomatal conductance, to reduce water loss. The reduced vegetation-atmosphere exchange

of water in grasslands, is largely due to reduction in green leaf area. The aim of this study

was to investigate how these different drought coping strategies impact the satellite based

drought monitoring. Our results show that:

• During the 2018 drought in Central Europe, the surface conductance Gs reduced

with 50− 70% for all study sites.
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• For three of the four forest sites, the reduction in Gs was reflected in thermal infrared

indices, but not in any of the optical indices. There was no difference between the

deciduous and coniferous forest sites.

• For the grassland sites, the thermal infrared index LST-Ta as well as all optical

indices were sensitive to the reduction in Gs.

The results confirm the hypothesis and show that forest and grassland drought monitoring

requires a different strategy. To study the effect of drought on the water, energy, and carbon

cycle in forests, the focus should be on thermal infrared vegetation indices rather than

optical indices. For grasslands however, both the thermal infrared and optical vegetation

indices are sensitive to a reduction in Gs. Both the forest and grassland sites do however

not show a uniform response, and more research is needed to confirm this conclusion.
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Abstract

Tree restoration is an effective way to store atmospheric carbon and mitigate climate

change. However, large-scale tree cover expansion has long been known to increase

evaporation, leading to reduced local water availability and streamflow. More recent

studies suggest that increased precipitation, through enhanced atmospheric recycling of

evaporated water, can offset this effect. Here we calculate how 900 million hectares of

global tree restoration would impact evaporation through an ensemble of data-driven

Budyko models, and we calculate the increase in precipitation through the UTrack moisture

recycling dataset. We show that the combined effects of directly enhanced evaporation and

indirectly enhanced precipitation due to recycling create complex patterns of shifting water

resources availability. Large-scale tree cover expansion can increase water availability by

up to 6% in some regions, while decreasing it by up to 38% in other regions. There is a

divergent impact on large river basins: some rivers could lose 6% of their streamflow due to

enhanced evaporation, while for other rivers, the enhanced evaporation is counterbalanced

by enhanced recycling. Several so-called ‘hot spots for forest restoration’ could lose water;

including regions that are already facing water scarcity today. Tree restoration significantly

shifts terrestrial water fluxes and we emphasize that future tree restoration strategies

should consider these hydrological effects.
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5.1 Introduction

In June 2021, the United Nations declared the Decade on Ecosystem Restoration to prevent,

halt, and reverse the degradation of ecosystems worldwide. Large-scale tree restoration

is key in climate change mitigation and for enhancing and protecting biodiversity and

ecosystem services (Griscom et al., 2017). Under the current climate conditions, it is

estimated that an additional 900 million hectares of tree cover could exist on the Earth’s

surface (Bastin et al., 2019), without encroaching on agriculture and urban areas (Fig.

5.1). During the past decade, numerous global and regional initiatives were initiated

to increase tree cover, and this will play an important role in shaping global land use

over the next decades. Despite these ongoing initiatives and the claims that ecosystem

restoration is beneficial to all of the Sustainable Development Goals (IRP, 2019), the

impact of tree planting on the water cycle and water availability is still poorly understood

(Seijger et al., 2021; Wang-Erlandsson et al., 2018). As a result, potential impacts of

ecosystem restoration on ensuring water availability both downstream and downwind are

often overlooked.

Tree cover expansion impacts water availability locally through its effects on the radiation

balance, infiltration and soil water storage, evaporation, streamflow, and precipitation

(Ellison, 2018). Traditionally, local impacts of forest cover on streamflow have been

investigated mainly using a so-called ‘paired catchment approach’. These studies compare

two nearby headwater catchments with similar characteristics over a prolonged period,

during which one of the catchments underwent land-cover change, while the other did not

undergo change. These observational studies have, virtually without exception, concluded

that tree planting increases annual evaporation and decreases streamflow (Bosch and

Hewlett, 1982; Brown et al., 2005; Farley et al., 2005; Filoso et al., 2017; Jackson et al.,

2005; Zhang et al., 2001). This high evaporation is attributed to the deeper roots of trees

(facilitating access to water during dry periods), higher leaf area index (increasing the

precipitation interception and canopy conductance), lower snow-free albedo (increasing

Figure 5.1: Global tree restoration potential. The percentage area of each pixel that is

suitable for tree restoration.
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the energy available for evaporation), and higher aerodynamic roughness (facilitating

turbulent exchange), as compared to the other vegetation types (Farley et al., 2005).

Higher evaporation has been reported across different climate zones and tree species, but

the magnitude of evaporation differs with climate, tree species, and tree age (Bosch and

Hewlett, 1982; Brown et al., 2005). From these studies, it was predicted that large-scale

tree restoration will decrease annual mean water availability and streamflow locally (Farley

et al., 2005; Huxman et al., 2005; Ning et al., 2020; Sun et al., 2006).

In contrast to these small-scale river basin studies, more recent, large-scale research

suggests that the impacts of tree restoration on streamflow are more complex (Ellison,

2018; Ellison et al., 2012; Keys et al., 2016; Meier et al., 2021; Spracklen et al., 2018; Wang-

Erlandsson et al., 2018). Through atmospheric feedbacks and transport, the increased

evaporation from restored trees will partly recycle back to the terrestrial surface (via

so-called evaporation or moisture recycling) and thereby potentially increase downwind

rainfall and water availability. Such effects of tree cover change can reach far beyond the

river basin- or even continental level: tree-cover change in the Amazon forest could impact

precipitation in Canada, northern Europe, and all the way into eastern Asia (Lawrence

and Vandecar, 2015). A host of regional and global-scale research has integrated the

effects of evaporation recycling in land-cover change studies (Keys et al., 2016; Li et al.,

2018; Wang-Erlandsson et al., 2018; Wierik et al., 2021). These studies have shown that

evaporation recycling has a major influence on the water availability and that evaporation

recycling should be considered in future land-cover change studies.

No study has quantified the effects of large-scale global tree restoration on water availability,

by accounting for both the local, direct effect of increased evaporation and the large-scale,

indirect effect of evaporation recycling. The recently published datasets of the ‘global

tree restoration potential’(Bastin et al., 2019) and evaporation recycling (Tuinenburg

et al., 2020b) opens up an emerging opportunity for such analyses. In our idealized

study, we calculate how large-scale tree restoration (defined as: increasing tree cover in

any region, independent of the land-use history) influences water availability (defined

as: precipitation water that is not lost through evaporation, the total water available for

consumption, on a yearly basis) and streamflow (defined as: the amount of water flowing

in a stream, in this study the accumulation of the above defined water availability on the

river-basin scale). More precisely, we calculate how a recent estimate of the ‘global tree

restoration potential’ (Bastin et al., 2019, Fig. 5.1) would impact the fluxes of evaporation,

precipitation and streamflow. The ‘global tree restoration potential’ dataset highlights

where more trees could naturally grow, without encroaching on agricultural and urban

land. To determine how tree restoration impacts the long-term partitioning of precipitation

between evaporation and streamflow, we use an ensemble of six data-driven Budyko-models

available in the literature that include a calibrated vegetation parameter for forest and

non-forest conditions at a 1 km spatial resolution (Oudin et al., 2008; Teuling et al., 2019;

Zhang et al., 2001; Zhang et al., 2004; Zhou et al., 2015) (Fig. 5.2).
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Figure 5.2: The Budyko framework The Budyko framework (Budyko, 1974) parameterizes

how the long-term aridity E0
P (potential evaporation over precipitation ratio) determines the

partitioning of precipitation into evaporation and streamflow. (a) displayed the evaporation

over precipitation ratio E
P , while (b) displays the streamflow over precipitation ratio Q

P . The

dots display the range of values found in our study for grassland and forest (land-cover based

on the IGBP dataset (Loveland et al., 2000)). The lines represent the mean grassland and

forest E
P and Q

P . The arrows show the direction of movement in the Budyko space for an

increase in tree cover (which results in a higher E
P and lower Q

P ) and an increase in precipitation

as a consequence of evaporation recycling (which results in a lower E0
P and possibly a lower

E
P and higher Q

P ). (c) displays the difference in Q
P between forest and grassland for the six

different Budyko used models. The numbers refer to the models in table 5.2.
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In addition to the Budyko models, we use the recent UTrack dataset of global evaporation

recycling (Tuinenburg et al., 2020a; Tuinenburg et al., 2020b), to calculate where, and

to what extent, the increased evaporation could increase (downwind) precipitation. This

dataset is created using a state-of-the-art Lagrangian moisture tracking model (Tuinenburg

and Staal, 2020) and presents the monthly climatological mean evaporation recycling. We

assume that tree restoration would intensify the current evaporation recycling patterns as

presented in the UTrack dataset. This approach focusses on the regional distribution of

evaporated water but does not take into account the effect that land-cover change has on

local precipitation or atmospheric circulation and recycling patterns. These assumptions

are further addressed in the discussion.

5.2 Methods

5.2.1 Overview

We calculate how a realistic scenario of large-scale tree restoration (restoring 900 million

hectares of tree cover (Bastin et al., 2019)) would impact the fluxes of evaporation (E),

precipitation (P ) and streamflow (Q). The methodology includes four steps (Table 5.1). (1)

We use Budyko-models to calculate E and Q before restoration. (2) We use Budyko-models

to calculate E and Q after restoration without evaporation recycling. (3) We use the

UTrack dataset to calculate P after restoration based on increase in E calculated from

step 1 and 2. (4) We use Budyko-models to calculate E and Q after restoration with

evaporation recycling. The calculation of E and Q without evaporation recycling (step

2) is a local approach, that assumes that evaporation increases with tree restoration, but

does not consider the effects of evaporation recycling. The calculation of E and Q with

evaporation recycling (step 4) takes into account that the evaporated water partly recycles

back to the Earth’s land surface and increases P .

5.2.2 Input data to calculate E and Q

E and Q before tree restoration (step 1) are calculated using climatological P (MSWEP

V2.8, Beck et al. (2019)), climatological potential evaporation (WorldClim V2, Trabucco

and Zomer (2018)), and current tree cover (Hansen tree cover V1.7, Hansen et al. (2013)).

For E and Q after restoration (step 2 and 4) we use tree cover after restoration (Hansen

tree cover + Tree Restoration Potential, where we set the maximum tree cover after

restoration to 1). E and Q with evaporation recycling (step 4) are calculated using P

after restoration (MSWEP P + P from evaporation recycling calculated in step 3). We

assume that tree restoration does not affect potential evaporation. All input data were

resampled to 0.008 33 ◦ spatial resolution (1 km at the equator).
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Table 5.1: The four steps applied to calculate the change in evaporation (E), precipitation

(P ) and streamflow (Q) without and with evaporation recycling. The E0 is the potential

evaporation and TC is the tree cover.

Step Model / Dataset Input E Input E0 Input P Input TC Output

1 6 Budyko models E0 before P before TC before E and Q

restoration restoration restoration before restoration

2 6 Budyko models E0 before P before TC after E and Q after

restoration restoration restoration* restoration

without recycling

3 Utrack dataset ∆E without Increase in P

recycling

(step 1 + 2)

4 6 Budyko models E0 before P after TC after E and Q after

restoration restoration** restoration* restoration

(step 3) with recycling

* TC after restoration is calculated from TC before restoration + the tree restoration potential

** P after restoration is calculated from P before restoration + increase in P (step 3)

5.2.3 Budyko-models to calculate E and Q

E and Q before and after restoration are calculated using six different Budyko-type models

(Oudin et al., 2008; Teuling et al., 2019; Zhang et al., 2001; Zhang et al., 2004; Zhou et al.,

2015) (Fig. 5.2c, Table 5.2). These models reflect global annual patterns in P partitioning

between E and Q. The general form of the equations is:

E

P
= f(

Eo

P
, ω) (5.1)

where E
P

is the fraction of precipitation partitioned into evaporation, Eo

P
is the aridity

index and ω is a model parameter. Previous studies have suggested that the parameter

ω is closely related to vegetation type or vegetation coverage (Zhang et al., 2001). Six

models were available in the literature that have a calibrated ω parameter for forest and

grassland cover. These models were calibrated using river basin or lysimeter data from

different climate zones. The parameter ωtrees was calibrated with data from both natural

forests (the major part of the data) and plantations. ωgrass, the vegetation parameter for

grassland was calibrated using grassland data only, or both grassland and cropland data

(Table 5.2). The semi-empirical Budyko models reflect the yearly, catchment integrated,

effect of differences in interception, the plant available water, evaporation, the soil water

storage capacity, and the energy balance between grassland and forest. For each of the

six Budyko models, E and Q before and after restoration (without and with evaporation

recycling) are calculated as:

E = Etrees ∗ TC + Egrass ∗NTC (5.2)
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Q = Qtrees ∗ TC +Qgrass ∗NTC (5.3)

where Etrees and Qtrees [mm yr−1] are E and Q calculated for trees, TC is the tree cover,

Egrass and Qgrass are E and Q calculated for grassland, and NTC is the no-tree cover,

where:

NTC = 1− TC (5.4)

NTC thus, includes among others bare land, shrub land, and built-up area. Evaporation

from these land-cover types is different from evaporation from grassland and cropland. We

expect that these differences are negligible because bare land is generally very arid, where

E is close to zero (both the Budyko E and true E), and build-up area has a limited extent.

The Budyko vegetation parameters for shrubland (when calculated) closely resemble the

parameters for grassland and cropland (Oudin et al., 2008; Zhou et al., 2015).

Mean yearly Q before restoration was validated against streamflow data for 19 river basins

(Fig. 5.3). The validation shows a good agreement over orders of magnitude, except for

the Murray-Darling and Colorado basins, where water extraction likely causes the models

to overestimate observed runoff.

The changes in E and Q were calculated from the difference between E and Q before and

after restoration. The results were resampled to 0.5 ◦ spatial resolution for the calculation

of evaporation recycling.

5.2.4 Evaporation recycling – calculation of precipitation

We used the UTtrack dataset (Tuinenburg et al., 2020a; Tuinenburg et al., 2020b) of

global atmospheric moisture recycling (at 0.5 ◦ spatial resolution) to calculate where the

additional evaporated water from restored trees would rain out (P after restoration in

step 3). The UTrack dataset was created using the state-of-the-art Lagrangian moisture

tracking model UTrack (Tuinenburg and Staal, 2020). The dataset presents the monthly

climatological mean evaporation recycling for each pixel. We aggregated the dataset’s

monthly mean evaporation recycling to yearly mean evaporation recycling to be able to

combine it with the yearly Budyko-models. This yearly aggregation of the UTrack dataset

ignores the seasonality in direction and magnitude of atmospheric moisture transport that

exists in some regions (Meier et al., 2021; Tuinenburg et al., 2020b). This aggregation

was preferred above a disaggregation of the Budyko results, because the Budyko model

assumes zero change in water storage and can therefore only be applied on a multi-year

mean timescale. Restoring tree cover could increase soil storage capacity and increase dry

season water availability (Ellison et al., 2017). Thus the Budyko models cannot be used to

calculate evaporation at a monthly timescale. As a comparison, evaporation recycling was
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Table 5.2: The four steps of the methodology. These steps are applied to calculate the

change in evaporation (E), precipitation (P ) and streamflow (Q) without and with evaporation

recycling. The E0 is the potential evaporation and TC is the tree cover. ωg and ωf are the

calibrated vegetation parameters for grassland and forest.

Model Functional form* Calibrated ω Details

1 E
P =

1+ω
E0
P

1+ω
E0
P + P

E0

ωg = 0.5

ωf = 2.0

Model developed and calibrated by

Zhang et al. (2001). Calibrated us-

ing 240 global river basins. ωf is

calculated using natural and planta-

tions data, and ωg is calibrated using

grassland and cropland data.

2 E
P =

1+ωEz
P

1+ωEz
P + P

Ez

ωg = 0.5

ωf = 2.0

As Model 1. E0 is also calibrated

(Ez).

Ez,grass = 1100, Ez,trees = 1410

3 E
P = 1 + E0

P − (1 + (E0

P )ω)
1
ω ωg = 2.55

ωf = 2.84

Model developed by Fu in 1981, cali-

brated by Zhang et al. (2004). Cali-

brated based on 200 Australian and

270 worldwide river basins. ωf and

ωg are calibrated using river basins

≤ 75 % forest and grassland cover.

4 E
P = 1 + E0

P − (1 + (E0

P )ω)
1
ω ωg = 2.28

ωf = 2.83

Model developed by Fu in 1981, cali-

brated by Zhang et al. (2004). Cal-

ibrated with 1420 river basins with

forest (ωf , and grassland and crop-

land (ωg) cover.

5 E
P = 1 + aE0

P − (1 + (aE0

P )ω)
1
ω ωg = 1.7

ωf = 3.1

Model developed by Fu in 1981, cali-

brated by Teuling et al. (2019). Cal-

ibrated based on European Lysime-

ter data. Teuling et al. (2019) intro-

duced the adjusted potential evap-

oration (aE0 = 1.6E0) to account

for lysimeter observations above the

energy line.

6 a) E
P = 1− exp(−ωE0

P ) ωg = 0.977

ωf = 1.248

Mean E calculated from five

Budyko equations of: a) Schreiber,

b) Ol’DeKop, c) Turc, d) Budyko,

and e) Zhang. Oudin et al. (2008)

introduced ω in these equations to

capture the vegetation effects. The

formulas are calibrated using data

from 1508 river basins in United

States, United Kingdom, Sweden

and France.

b) E
P = ωE0

P tanh((ωE0

P )−1) ωg = 0.767

ωf = 0.910

c) E
P = 1

(1+(ω
E0
P )−2)0.5

ωg = 0.831

ωf = 1.025

d) E
P = (E0

P (1− exp(−ωE0

P ))tanh( P
E0

))0.5 ωg = 0.762

ωf = 1.125

e) E
P =

1+ω
E0
P

1+ω
E0
P +ω+ P

E0

ωg = 0.682

ωf = 1.404
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Figure 5.3: Validation of the streamflow calculation. Model ensemble mean versus

observed streamflow (Q) measurements (GRDC, n.d.) for 19 validated river basins. The error

bars for Q Budyko indicate the standard deviation over the six Budyko models. The error

bars for Q validation indicate a 20% error. The river basins are: Amazon (AM), Brahmaputra

(BR), Colorado (COL), Congo (CON), Danube (DA), Ganges (GA), La Plata (LA), Mackenzie

18 (MA), Mekong (ME), Mississippi (MI), Murray-Darling (MU), Niger (NIG), Nile (NIL),

Orinoco (OR), Rhine (RH), Volga (VO), Yangtze (YA), Yenisei (YE), and Zambezi (ZA).

also calculated using a monthly timestep for the river basins of the Mississippi, Orange,

and Ganges-Brahmaputra (Fig. 5.4). When using a monthly time step, the total yearly

evaporation is disaggregated over twelve months, relative to the magnitude of evaporation

for each month in the ERA5-reanalysis data (Muñoz Sabater, 2019, accessed January

2020). The monthly and yearly calculations have similar patterns and values, but there

are differences of up to 1mmyr−1.

In our approach we assume that increased evaporation will amplify the current evaporation

recycling patterns. It is commonly assumed that land-cover change impacts evaporation

recycling (patterns), but the effects of land-cover change on evaporation recycling processes

are poorly understood and difficult to determine (Spracklen et al., 2018). There is currently

no possibility to include these processes at high resolution at global scale, and therefore

we use the UTrack dataset as the best available option.
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Figure 5.4: Difference between yearly and monthly calculation of evaporation

recycling from three river basins. In our study, we present the results based on a

yearly evaporation recycling calculation. This figure displays the difference between the

applied yearly calculation and a monthly calculation of evaporation recycling. For the yearly

calculation, the monthly evaporation recycling from the UTrack dataset is aggregated to

yearly evaporation recycling. For the monthly calculation, the increase in evaporation (from

Budyko) is disaggregated over twelve months, relative to the local monthly evaporation from

the ERA5-reanalysis product (Muñoz Sabater, 2019, accessed January 2020). Both the yearly

and the monthly calculation in this figure display the yearly aggregated evaporation recycling.

The figures display the increase in precipitation following an tree-restoration induced increase in

evaporation from three different river basins: (a-c) Mississippi basin, (d-f) Ganges-Brahmaputra

basin, and (g-i) Orange basin. (a, d, and g) display the yearly calculation, (b, e, and h) display

the monthly calculation, and (c, f, and i) display the absolute difference between the monthly

and yearly calculation.

5.3 Results

5.3.1 Impact on water fluxes with and without evaporation recycling

Under the current precipitation and potential evaporation, large-scale tree restoration would

lead to a direct local increase in terrestrial evaporation of on average 8.2± 5.5mmyr−1,

which is an increase of 1.2% (Fig. 5.5a). The standard deviation characterizes the variation

over the six Budyko models. The sign of the average evaporation effect is clear, but the

underlying distribution is heavily skewed, and the direct increase in evaporation can exceed
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250mmyr−1 in the South American tropical forest. When we include the indirect effects of

increased evaporation on the atmospheric moisture content and precipitation, we find that

68% of this extra evaporated water would rain out over land (Fig. 5.5b). Following tree

restoration, terrestrial precipitation would increase with 4.8± 3.1mmyr−1 on average due

to recycling of increased evaporation (an average increase of 0.7%). While the patterns

in the direct evaporation effect are determined by the patterns in tree restoration and

local climate, the indirect evaporation-recycling effect of tree restoration on precipitation

happens at the continental scale and is determined by atmospheric circulation.

Without the effect of evaporation recycling, global mean water availability would decrease

by 8.2± 5.3mmyr−1 (Fig. 5.5c). When we include the process of evaporation recycling

on the water budget calculations (thus taking into account that the evaporated water will

partly rain out over land), water availability would decrease by 5.3± 5.6mmyr−1 (Fig.

5.5d). There is however a large spatial variability with regions showing a decreasing (up

to 38%) or increasing (up to 6%) water availability. The United Kingdom for example

has a high tree restoration potential and therefore a high increase in evaporation. There

is however low evaporation recycling due to the dominant westerly moisture transport

from the country towards Eurasia and due to a low tree restoration potential upwind in

the Atlantic Ocean. Therefore, streamflow in the United Kingdom will decrease more

substantially as compared to the other regions. The low latitudes and the Tibetan Plateau,

however, show an increase in water availability. In these regions, local evaporation recycling

is high, for example due to strong convection above the tropical forest, or strong orographic

lift in the mountainous regions, and travel distances of the atmospheric moisture are

relatively short (Tuinenburg et al., 2020b; Van Der Ent and Savenije, 2011). The results

suggest that for half of the Earth’s surface (47%), the indirect water cycle effects of

large-scale tree restoration could offset the direct evaporation effects, thus resulting in

slight increases in water availability rather than decreases (Fig. 5.6).

5.3.2 Global tree restoration has varying effects on streamflow

To evaluate the impacts of tree restoration at the river-basin scale, we aggregate the direct

effects (via increased evaporation) and indirect effects (through increased precipitation)

for 21 large river basins. For all the river basins, enhanced evaporation reduces streamflow

(up to 9%), but streamflow reduction can be close to zero, when increasing precipitation

outweighs the increasing evaporation (Fig. 5.7).

The increased precipitation is a combination of local recycling (when evaporated water

rains out within the same river basin) and recycling of water from other, further upwind,

regions. For several tropical basins with a high local evaporation recycling, the high

recycling nearly completely compensates for the loss of water through evaporation. Most

river basins with a low wetness index (water-limited basins) have a low tree restoration

potential simply because arid regions can only support tree growth if there is significant
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Figure 5.5: Impacts of forest restoration on water fluxes and water availability.

(c-f) show the absolute annual change in water fluxes after tree restoration. Change in: (c)

evaporation, (d) precipitation, (e) water availability without evaporation recycling, and (f)

water availability with evaporation recycling. Note that (e) is the inverse of (c): without the

feedback of evaporation recycling, the local increase in evaporation equals the local decrease in

water availability. All maps display the 0.1 ◦ mean values, except for (b) which displays the

0.5 ◦ mean value.

groundwater convergence (Roebroek et al., 2020). These arid river basins have a small

absolute change in evaporation and precipitation. Overall, following tree restoration,

streamflow will decrease for most of the world’s important river basins, despite the indirect

effect of evaporation recycling.

5.3.3 Implications for water availability

Our study shows that large-scale tree restoration will shift water availability regionally.

The hot spots for forest restoration could face a strong reduction in the water availability

(Fig. 5.8a) because water supply by evaporation recycling is not enough to compensate

for water loss through evaporation. On the other hand, regions with no or limited tree

restoration potential could see an increase in water availability due to the lateral transport

of evaporated water into the region. This shows the importance of a proper strategical

planning of forest restoration projects (Ellison et al., 2019). Forest restoration could locally

enhance precipitation through land-atmosphere interactions (Meier et al., 2021), but these

effects are complex and not included in our calculations. This enhanced precipitation

could partly offset the high water loss in regions with high tree restoration.
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Figure 5.6: Water availability with and without streamflow A histogram of the

distribution of the global changes in water availability without and with evaporation recycling.

89% (without recycling) and 91% (with recycling) of the data fall within the displayed range

of −20mmyr−1 to 10mmyr−1.

Another important finding is that this tree restoration scenario could further decrease

annual water availability in several regions that are already facing water scarcity (Fig.

5.8b). Rainfall supply for some of these regions is largely of oceanic origin (Tuinenburg

et al., 2020b; Van Der Ent and Savenije, 2011) and these regions therefore, do not, or only

to a small extent, see an increase in precipitation after restoration. On the other hand, this

tree restoration scenario has the potential to increase water availability in currently water

scarce regions. Despite that several regions could see a decrease in annually aggregated

water availability, local water availability in the dry season could actually increase. Trees

are known to increase soil porosity and soil organic carbon (Lal, 1996). Therefore, tree

restoration, especially in treeless regions, promotes the infiltration capacity and the soil

water storage capacity, and reduces the overland flow (Bargués Tobella et al., 2014; Ellison,

2018; Ellison et al., 2017; Ilstedt et al., 2016). After tree restoration, the soils could thus

potentially store more water, that would slowly be released during the dry season (Ellison

et al., 2019). The true impact of tree restoration on water availability in the water scarce

regions may thus not be necessarily negative, and the impact depends on combination of

various aspects with high seasonal variability.
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Figure 5.7: Impacts of global tree restoration on hydrological fluxes in selected

river basins. (a) mean wetness index (potential evaporation over precipitation ratio) and

(b) tree restoration potential for each river basin. (c) The change in streamflow (∆Q) with

evaporation recycling. The dots indicate the mean river basin change in streamflow, and the

bars indicate one standard deviation (the variation over the six Budyko models). (d) The

change in evaporation (∆E in green) and precipitation (∆P in blue). The green bar indicates

the increase in evaporation without evaporation recycling, and the green line indicates the

increase in evaporation with evaporation recycling (the increase in evaporation when taking

into account the increased precipitation). The river basins are sorted from the lowest to the

highest decrease in streamflow. The river basin boundaries are taken from Lehner et al. (2008)

5.4 Discussion

The presented results are calculated using state-of-the-art data and methods, but several

feedbacks and processes are not included in the analyses. Our approach does not account

for the potential impacts of increased tree cover on atmospheric circulation and land-

atmosphere interactions. Tree restoration could locally enhance convergence, cloud cover

and precipitation and change the travelling direction and distance of atmospheric moisture

(Ellison and Ellis, 2020; Meier et al., 2021; Spracklen et al., 2018; Xu et al., 2021). Research

suggests that forests could even impact large-scale wind patterns and draw atmospheric

moisture from the oceans to the continents (Makarieva and Gorshkov, 2007; Sheil and

Murdiyarso, 2009), although the importance of this effect is still debated. These different

feedbacks are poorly understood and difficult to incorporate in the present study, because

most evaporation recycling models rely on meteorological reanalysis data, which are only

valid under current land-cover conditions. The land-atmosphere interactions and potential
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Figure 5.8: Implications of the percentage restored area and the implications for

water scarcity. (a) Water availability could decrease in ‘hot spots for tree restoration’. (b)

Water availability will decrease in several regions that currently face water scarcity: the colour

indicates whether local water availability will decrease (red) or increase (blue) following the

studied tree restoration scenario. The cross-hatched regions currently face freshwater scarcity

for at least three months per year, and the bold hatched regions face freshwater scarcity for

at least nine months per year (Mekonnen and Hoekstra, 2016). Note that we quantified the

change in water availability on an annual timescale. The sign of change could vary seasonally,

and water availability could, for example, decrease on a yearly basis, but remain equal, or even

increase in the dry season.

changes in atmospheric circulation could impact the exact location and magnitude of

increased precipitation. These processes could partly, but not fully, compensate for the

enhanced evaporation, and this will unlikely affect the main results of this study, as

presented below. In addition to data-driven studies, coupled land surface models have

been used to reconstruct the effects of land-cover change on water availability (Swann

et al., 2018; Yosef et al., 2018). Because of the large number of model parameters and

feedbacks, their estimates of local impacts are less constrained by observations, and as a

result more uncertain.

Furthermore, this study presents the impact of tree restoration under current climate

conditions. However, global warming, and the tree restoration itself, will shift temperature

and precipitation patterns (Bonan, 2008; Perugini et al., 2017), and these are not considered

in our analyses. Higher temperatures could reduce the global tree restoration potential

with 25% towards 2050. Furthermore, higher temperatures will increase the potential

evaporation and annual precipitation (Konapala et al., 2020), which causes a vertical shift

in the Budyko framework (Fig. 5.2c). Climate warming will impact the atmosphere’s

dynamics which possibly results in a poleward shift of the Hadley cells and storm tracks,

and a shift in magnitude of the jet streams (Coumou et al., 2018; Jennifer and Natasa,

2015; Shaw, 2019; Vecchi et al., 2006). The shifting global circulation will impact the

patterns and magnitude of evaporation recycling.
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5.5 Conclusions

This is the first study that estimated the effects of global large-scale tree restoration

on water fluxes, including evaporation recycling. The results show that tree restoration

shifts water availability and streamflow both at local and continental scales, and that the

patterns of increasing and decreasing water availability are complex throughout the globe.

Following tree restoration, the increased precipitation could increase water availability

locally, however, we find a global net loss of water availability over the continents. These

conclusions are consistent with other data-driven or model-based studies to the effects of

land-cover change on water fluxes (Meier et al., 2021; Swann et al., 2018). We stress that

future tree restoration strategies should consider the hydrological effects. Applying smart

tree restoration strategies are necessary to secure the water supply locally and remotely or

enhance the water supply in water-scarce regions.





Chapter 6

Synthesis
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6.1 Linking evaporation and vegetation characteris-

tics

This thesis studied the link between evaporation and vegetation characteristics. The

link means that there is a relation between those two, but it does not specify whether

we can speak of causality or correlation. Correlation and causation are related, but

correlation does not imply causation. In the first part of this thesis, we studied the

correlation between evaporation or transpiration and vegetation. We hypothesised to find

a positive correlation between the NDVI or LAI and evaporation, because the interception

evaporation, the surface conductance, and the aerodynamic roughness increase with leaf

area, and these factors generally increase evaporation (Farley et al., 2005). However, water

availability could be a confounding factor, because both evaporation and LAI increase

with water availability (Iio et al., 2014; Roebroek et al., 2020). In the second part of this

thesis, we assume that changes in the vegetation characteristics cause a change in the

evaporation.

In this thesis, we use evaporation data acquired using different measurement techniques.

Every research question requires data at a specific spatial and temporal scale, for a specific

vegetation type and climate. The different measurements discussed in this thesis all have

distinct characteristics, strengths and weaknesses which makes them useful to answer

specific research questions. In chapter 2, measurements of the sap velocity (the velocity of

the sap stream in the tree trunk) were used. The total volume of the sap stream equals the

total transpiration of a tree. The sap velocity measurements were performed continuously

on a single tree, and they are the best option to study tree- differences in transpiration.

In chapter 3 ecosystem evaporation measurements from eddy covariance flux towers were

used. These flux tower measurements encompass a spatial scale of 100−1000m in two

directions (Kim et al., 2006) and we scaled the measurements to yearly total evaporation.

These yearly mean data reflect the year-to-year availability of energy and water for (ideally)

one vegetation and soil type, but do not include any information on temporal or seasonal

variability. In chapter 4 similar flux tower measurements of evaporation were used, but on

a daily timescale. These measurements thus reflect the day-to-day variability in radiation,

water availability, and stomatal control, as well as the seasonal variability related to

temperature and vegetation characteristics. In chapter 5, catchment-scale measurements

of evaporation were used, derived from the difference between the precipitation and the

streamflow. These measurements reflect the long-term catchment evaporation and climate

characteristics for a certain landscape and vegetation cover.

We studied several vegetation characteristics and vegetation types. Our main focus is

on the NDVI and the LAI that reflect the leaf chlorophyll content and leaf and vegetation

structure (referred to as the ’vegetation green biomass’). The LAI is derived from a

radiative transfer model or empirical relation with NDVI (when the radiative transfer
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model fails). Other applied remote sensing indicators reflect the vegetation green biomass

(the VCI), moisture content (the NDMI), or surface temperature or vegetation stress (the

LST, TCI, and LST-Ta). Furthermore, we studied various vegetation types that all differ

in rooting characteristics, leaf characteristics (e.g. evergreen versus deciduous species),

and drought coping strategies.

6.2 Main findings

In chapter 1.5, we defined two main research objectives and in this chapter, we discuss the

main findings for both objectives.

Research Objective 1: Study the link between ground-based observations of evaporation and

satellite remote sensing observations of vegetation

In chapter 2 and chapter 3 we investigate the correlation between satellite remote sensing

observations of vegetation green biomass and ground-based measurements of evaporation.

Several earlier studies found a (strong) positive correlation between the NDVI or LAI

and evaporation or transpiration (Nagler et al., 2005; Szilagyi, 2000). Based on these

studies and the effect of LAI on evaporation (through the albedo, interception and the

conductance), we hypothesised to find a positive correlation between vegetation green

biomass and evaporation. The chapters 2 and 3 used different measurements of vegetation

and evaporation, and they differed in their study area and vegetation type, and spatial

and temporal resolution of the data. Chapter 2 showed that the correlation between sap

velocity and NDVI is time-variable and inconsistent. At the start of the growing season

there is a positive correlation, which changes into a negative correlation during the rest of

the growing season. And during the drought in 2015, there was no correlation. Chapter 3

showed that there was a positive correlation between evaporation and LAI for grassland,

savanna and evergreen broadleaf forest, while there was no correlation between evaporation

and LAI for deciduous broadleaf forest and evergreen needleleaf forest.

Chapter 4 investigated how a drought-induced reduction in surface conductance was

reflected in the thermal infrared and optical satellite indices. For the grassland sites, the

reduction in surface conductance was reflected in both thermal infrared and optical remote

sensing data. For the forest sites, on the other hand, the thermal infrared did reflect the

drought response while the optical indices did not reflect the drought response.

These three chapters thus conclude that, under several conditions, the spatial or temporal

variability in vegetation green biomass links with the spatial or temporal variability in

evaporation or transpiration, but under other circumstances, there is no spatial or temporal

link between vegetation green biomass and evaporation or transpiration. Below, a few of

these circumstances are discussed.
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• Temporal variability In chapter 2, for a deciduous broadleaf forest, we found a

positive correlation between the NDVI and sap velocity over time: the vegetation

green-up coincided with the increase in evaporation. In chapter 3, we found a positive

correlation between intra-anual variability in LAI and evaporation for savanna, and

part of the grassland, forest sites. Thus in several cases, the intra- and inter-annual

changes in evaporation were reflected in the vegetation green biomass.

• Spatial resolution of the remote sensing data In chapter 2 we explained the

time-variant and inconsistent correlation as the result of the high spatial correlation

of the data. However, in chapter 3, with a similar vegetation type, but a coarse

resolution spatial, and yearly mean, data, also no correlation between LAI and

evaporation was found. This suggests that the high-spatial resolution (alone) did

not explain the absence of a consistent, positive correlation.

• Vegetation type In both chapters 2 and 3, the link between vegetation green biomass

and sap velocity or evaporation were negative or insignificant in temperate forest,

and in chapter 3, the link between LAI and evaporation was insignificant in the

boreal forest, but significant in the tropical forest, savanna and grassland. The effect

of LAI on evaporation is two fold, the soil evaporation decreases with increasing LAI,

while the interception evaporation and the transpiration increase with increasing LAI.

Therefore, the LAI has a different impact on the total evaporation in ecosystems

with a high and low LAI. Furthermore, the vegetation types are found in different

climates.

• Water availability Chapters 2, 3, and 4 indicate that both climatically water avail-

ability (aridity) and droughts play an important role in the occurrence, strength,

and slope of the correlation between vegetation green biomass and evaporation or

transpiration. In chapter 3 a significant positive correlation between evaporation and

LAI was found for the water-limited savanna and grassland, and no significant corre-

lation was found for the energy-limited temperate and boreal forest. Furthermore,

for arid regions, the correlation had a steeper slope compared to the humid regions.

In chapter 2, the correlation between NDVI and sap velocity changed during the

drought. Early in the drought, stomata closed to prevent further water loss, which

decreased evaporation. The vegetation’s greenness, biomass, or leaf area was however

was not affected by the drought. Therefore, the negative correlation before the

drought, changed into ’no correlation’ during the drought. Chapter 4 showed that

the effect of drought on evaporation and NDVI was different for forest and grassland.

The grassland and forest experienced a similar reduction in stomatal conductance.

While the grassland NDVI did reflect this change in vegetation’s functioning, the

forest NDVI did not reflect this.

• Soil characteristics In chapter 2 sap velocity decreased during the summer drought

in 2015, and the rate of change depended on the geology. Trees on the sandstone
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maintained high sap velocity, while sap velocity was reduced for trees on the marl

and schist. This was explained by the higher water storage capacity of the sandstone

region. Geology did not however impact changes in the NDVI. This shows that

the different geologies changed the slope of the correlation between the NDVI and

evaporation.

• Seasonality in chapter 3, the spatial correlation between NDVI and evaporation

changed from the spring to the summer season. While the correlation was positive

in spring, the correlation was negative or absent in summer, independent of the

water-limitation conditions.

In summary, there are many different aspects that impact the correlation between vegetation

green biomass and evaporation or transpiration, and most of these aspects can be linked to

the availability of water. The results suggest that both the aridity and short-term changes

in water availability (droughts) play an important role in the occurrence, strength, and slope

of the correlation between evaporation and the vegetation green biomass. Under water-

limited conditions, both the vegetation green biomass and the evaporation are strongly

controlled by water availability (commonly measured as the root zone soil moisture or

precipitation) (Iio et al., 2014; Roebroek et al., 2020). Therefore, with a slight increase in

precipitation, both the LAI and evaporation increase. This con-founding effect of water

availability likely explains (part of) the correlation between evaporation and vegetation

green biomass in water-limited regions. Furthermore, in water-limited environments, there

is a stronger biological control of evaporation, through stomatal regulation. In contrary,

in the energy-limited environments, leaf area and evaporation are less strongly controlled

by water availability, and also the biological control is less prominent. The importance of

water availability does however not fully explain why we did find a positive correlation for

the tropical forest. Other explanations such as the albedo or the saturation of the remote

sensing signal in forest may play an additional role but also these factors do not explain

why there is a strong positive correlation in the tropical forest.

From the results of this thesis, a positive correlation between evaporation and the

vegetation green biomass seems to be an exception rather than the rule. A more

extensive analyses at different spatial and temporal scales and in different vegeta-

tion types, should provide a better insight in when satellite measurements of the

vegetation can be used to monitor evaporation. An interesting follow-up hypothe-

sis would be ’The vegetation green biomass reflects variability in evaporation only

when and where both their spatial and temporal variability are driven by water availability’.

Research Objective 2: Study the effect of drought and land-cover change on evaporation

Europe and other parts of the terrestrial surface will face an increase in the duration,

intensity and occurrence of droughts in a warmer future (Böhnisch et al., 2021; Dai, 2013).
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In 2003, 2010, and 2018, Central Europe experienced three major summer droughts and

these impacted the carbon sink function of forests, heat waves, river runoff, crop yield,

and forest mortality, as well as the economy and human health (Beillouin et al., 2020;

Naumann et al., 2021; Orth and Destouni, 2018; Senf et al., 2020; Stanke et al., 2013;

Vicca et al., 2016). Chapter 4 showed how evaporation and the surface conductance

changed during the Central European drought of 2018. Our six study sites experienced a

50− 70% reduction in surface conductance and a reduction in evaporation of up to 47%

(and a negligible reduction in evaporation for two sites). The drought had a different

impact on temperate forests and grasslands, which was in line with the hypothesis. While

forests generally adopt a more conservative behaviour, and close their stomata to prevent

depletion of the soil water, grasslands keep evaporating water at high rate, which results

in a high above-ground biomass loss when the soil moisture content drops considerably

(Graf et al., 2020; Teuling et al., 2010; Wolf et al., 2013). The focus of chapter 4 is

Europe’s temperate climate zone, where vegetation growth and evaporation are usually

energy-limited rather than water-limited. The response described here is likely different in

other climate zones, for example where the vegetation is more adapted to water limitation,

and where severe multi-year droughts occurred, such as the Australian Millennium drought

and the 2011 – 2017 California drought.

Tree restoration is a hot topic in climate change mitigation studies, as an option to reduce

the atmospheric CO2 content (Bastin et al., 2019). In chapter 5, the effect of large-scale

tree restoration on evaporation was studied. The chapter showed that tree restoration

could locally increase evaporation with up to 250mmyr−1, (41%). On average, terrestrial

evaporation could increase with 8.2mmyr−1, (1.2%). The increase in evaporation increases

with the percentage surface area reforested (Brown et al., 2005) and is highest in humid

regions.

Also increased atmospheric CO2 concentrations and global warming will have a significant

impact on future evaporation. The increased atmospheric CO2 concentration could increase

the stomatal resistance to evaporation, while at the same time increasing the leaf area index

(Piao et al., 2007), and the increased temperature will increase the potential evaporation

(Milly and Dunne, 2016). So far, it remains unclear whether the sum of these processes

will increase or decrease future water fluxes and water availability (Milly and Dunne, 2016;

Roderick et al., 2015). The combined impact of climate change and land-cover change on

evaporation will differ per region and will differ over time (Bao et al., 2019; Guo et al.,

2014; Heo et al., 2015; Li et al., 2017; Teuling et al., 2019; Yan et al., 2016). Yan et al.

(2016) for example showed that for a catchment in northern China, future land-cover

change could enhance the effects of climate change in half of the year, and reduce it in the

other half of the year. This makes it important to assess the effects of land-cover change

and climate change combined, in order to anticipate the future changes in evaporation, as

well as how these changes propagate further into the water, energy, and carbon cycle.
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6.3 The LAI and land-atmosphere fluxes

The LAI is a key variable in land-atmosphere fluxes because of it’s effect on photosynthesis,

evaporation, and transpiration. Therefore, the LAI and NDVI are frequently used to

estimate evaporation or to study the vegetation control on evaporation (Crowhurst et al.,

2021; Padrón et al., 2017; Wang et al., 2014).

This thesis suggests that, in energy-limited forests, evaporation does not increase with

LAI. However, paired catchment studies and lysiemeter data suggest that forests (with

a high LAI) generally have a higher evaporation than grasslands, also in energy-limited

forests. Thus, at certain spatial-temporal scales, the LAI (alone) cannot be used to explain

the difference between forest and grassland evaporation. The LAI is intuitive and freely

available through for example the MODIS dataset, which makes it an attractive data

source. It is however important to remain critical towards what the LAI does and does

not controls or reflects.

6.4 Satellite-based evaporation estimations

Satellite remote sensing data provides a great opportunity to estimate evaporation over

larger areas, at high and low resolution, including inaccessible regions, and with minimal

costs. This makes the satellite data a popular data source for evaporation monitoring.

Several satellite-based and hybrid methods exist to estimate or scale evaporation, and

most of them make use of the NDVI or LAI. This thesis concludes that a statistical

correlation between evaporation and satellite measurements of NDVI and LAI is the

exception rather than the rule and in the current paragraph we explore how this conclusion

impacts evaporation monitoring from space. Commonly used methods for estimating or

scaling evaporation include:

1. The NDVI and LAI are used to calculate the fractional vegetation cover to separate

between evaporating surfaces (the soil and the vegetation) and transpiring surfaces.

A model based on potential evaporation, a crop factor, and a water stress factor are

used to calculate the soil evaporation and transpiration separately to estimate the

total evaporation (e.g. Chiesi et al., 2013; Maselli et al., 2014).

2. The NDVI is used to derive a spatio-temporal crop coefficient, optionally with a

water-stress term for arid or water-stressed conditions (e.g. Hunink et al., 2017;

Kamble et al., 2013; Mutiibwa and Irmak, 2013; Park et al., 2017).

3. Surface energy balance models use the NDVI to parameterize the aerodynamic

roughness length and displacement height, which are needed to calculate the sensible

heat flux (Bastiaanssen et al., 1998; Su, 2002). Penman-Monteith based models use

the NDVI to parameterize the surface conductance (Zhang et al., 2009).
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4. The surface temperature - NDVI triangle is used to derive a soil moisture stress

scalar to constrain the evaporation. If pixels from different surface conditions are

plotted in an LST-NDVI scatterplot, they form a triangle pattern. The evaporative

fraction and the Priestley–Taylor coefficient – the ratio potential evaporation over

equilibrium evaporation – can be parameterized from that triangle. The evaporation

fraction and Priestley-Taylor coefficient are used to calculate the evaporation (e.g.

Jiang and Islam, 2001; Mallick et al., 2009; Zhu et al., 2017).

5. NDVI or LAI are used as a proxy for stomatal conductance or absorbed photosyn-

thetically active radiation, to scale in situ measured evaporation over larger regions

(e.g. Kim et al., 2006; Rahman et al., 2001).

A few of these methods are purely empirical and rely on a positive correlation between

NDVI or LAI and evaporation. However, such correlations are co-incidental and they

are unable to explain the ecophysiology of evaporation. Inherent to empirical models,

these models require a location and time specific parameter. In this thesis, several aspects

have been discussed that impact these parameters. First, we show that these models

unlikely work for large spatio-temporal scale monitoring of evaporation in energy-limited

forests. Second, evaporation differs between vegetation types, despite that they have a

similar LAI or NDVI. Third, for a seemingly similar vegetation cover and climate, the

hidden geological factors or seasonality could impact the correlation between vegetation

and evaporation.

The physically based models do not explicitly rely on a positive correlation between the

evaporation and vegetation green biomass, but they do for example use vegetation indices

to parameterise the surface and aerodynamic conductance. This is an oversimplification

of different internal processes and this needs to be done carefully. Liu et al. (2007) for

example showed that these parameterisation can create large errors in the estimated

evaporation. The STIC model (Surface Temperature Initiated Closure model) (Mallick

et al., 2014; Mallick et al., 2018) is an interesting alternative to these models. The model

integrates the land surface temperature into the Penman-Monteith model and does not

require any parameterisation of the aerodynamic and surface conductance when calculating

the evaporation. In summary, satellite-based estimations or scaling of evaporation are

not trivial and it is important to remain critical to when and where these models can or

should not be used.
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Figure 6.1: Evaporation and vegetation development after forest restoration takes

several decades. The increase in evaporation with forest development in a lysiemeter

continues for many decades (the dots represent the five year mean value). The forest reached a

maximum tree cover of 95% after 14 years, and the tree height increased during the first 40

years, and for the further years, no data was available. The deciduous forest (mainly oak) is

depicted in blue, and the pine forest is depicted in grey. Data from the Castricum Lysiemeters

(Stuyfzand, 1984; Van der Hoeven, 2011).
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Complexity of satellite-based evaporation monitoring under global change

Chapter 2 and 4 of this thesis showed that a statistical correlation between evaporation

and vegetation green biomass changed during a drought: while the forest evaporation

decreased, the forest’s looks, such as the leaf colour, the structure, or the leaf angle,

remained unchanged. The vegetation’s optical indices did therefore not reflect the change

in evaporation. Similarly during a land-cover change or after a forest disturbance, the

vegetation’s looks do not reflect the evaporation and transpiration. The response time

of evaporation to a land-cover change is several decades (Teuling and Hoek van Dijke,

2020), and this long time results from several below-ground and above-ground vegetation

characteristics that develop over different time scales (Fig. 6.1). For example, the recovery

time of LAI after disturbance is around 42 years, while the response time of below-ground

biomass is around 96 years (Fu et al., 2017). Furthermore, satellite-based vegetation

characteristics such as the NDVI and LAI reflect various above-ground aspects, that do

not all impact the evaporation. Buma (2012) for example showed that after a forest fire,

the NDVI signal was dominated by low vegetation rather than the forest, and while the

NDVI had recovered within a few years, the forest itself took much longer to recover.

The NDVI and LAI do not reflect relevant vegetation characteristics such as the stomatal

control and root development. Therefore, global change adds another layer of complexity

to using remote sensing data of vegetation for evaporation monitoring.

6.5 Ecosystem restoration: balancing the water costs

of carbon sequestration

In June 2021, the United Nations launched the Decade on Ecosystem Restoration to

prevent, halt, and reverse the degradation of ecosystems worldwide. Large-scale tree

restoration has major benefits for carbon sequestration and climate change mitigation,

but also for protecting the biodiversity and ecosystem services. The United Nations claim

that ecosystem restoration is beneficial to all of the Sustainable Development Goals (IRP,

2019). This thesis however showed that large-scale tree restoration can shift global water

availability, including reducing water availability in water scarce regions. We showed

that large-scale tree restoration impacts local and downstream water availability through

enhanced evaporation, while it also impacts regional, downwind, water availability through

enhanced precipitation. Strategic tree restoration policies are required to reduce the local

’downsides’ of tree restoration and increase the regional ’benefits’ of tree restoration on

water availability.

To limit local unwanted reductions in water availability, strategic restoration should focus

on locations that do not face water limitation today, and limit tree restoration in regions

that do face water limitation today, or will likely face strong reductions in water availability

under the future climate. Also, restoration in regions that provide water to rivers should
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be considered carefully. Another aspect is the species type: natural tree species are more

efficient in using the available water resources without depleting them than (monoculture)

plantations, and natural species have a more positive impact on other ecosystem services

(Bosch and Hewlett, 1982; Calder and Aylward, 2006; Liu et al., 2018). Tree restoration

could be beneficial to water availability, because it could improve the soil infiltration

capacity and soil water holding capacity, and therefore even increase water availability

during the dry season (Bruijnzeel, 2004; Lal, 1996; Zimmermann and Elsenbeer, 2008). A

better understanding of the these positive impacts of tree restoration on water availability

and a translation into guidelines would provide the opportunity to include these geological

aspects in forestation projects. Another important and often overlooked aspect of strategic

tree restoration lies in securing water availability for downwind regions. Forests for example

have an important function in securing water availability for downwind agricultural regions

(Keys et al., 2019; O’Connor et al., 2021; Pranindita et al., 2021a). To balance the water

costs of carbon sequestration, we need a broad recognition of all of these hydrological

impacts.

Successful tree restoration requires large international collaborations, rather than the local

water and forest authorities or national governments that are in charge of executing the

tree restoration projects. Furthermore, a better understanding of the hydrological effects,

and a translation of the research results into restoration guidelines, would facilitate future

land conversion projects. Strategic restoration involves more than the spatial planning

and planting, but also prolonged monitoring of the vegetation to reduce the number of

reforestation failures. Castro et al. (2021) introduced the term ’precision forest restoration’

to emphasises that more efforts are needed to ensure that restoration projects will grow

into self-regulated forests.

Large-scale tree restoration projects (whether ’strategic’ or not) are an ideal opportunity to

study a few of the important scientific questions. For example, under what circumstances

can the enhanced soil infiltration and soil water holding capacity feed back into enhanced

water availability during the dry season? Or how does tree restoration impact local

precipitation, a question that is so far mostly addressed using spatial comparisons, rather

than temporal (e.g. Meier et al., 2021). Another topic of interest is how tree restoration

impacts the supply of moisture to downwind regions during a drought (Pranindita et al.,

2021b). Involving researchers in large-scale tree restoration projects allows for addressing

these questions. It will however remain difficult to isolate the effects of land-cover change

from climate change and natural variability.
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6.6 Beyond evaporation: the water, energy and car-

bon cycle

Droughts, climate change, and land-cover change have and will have a significant impact

on local evaporation, and changes in evaporation propagate further into the water, energy,

and carbon cycle. Therefore, global change can impact the meteorology and climate, the

occurrence of heatwaves, the atmospheric carbon balance, and the growth and survival of

the vegetation. Below we discuss how droughts and land-cover change impact the water,

energy, and carbon cycle and vegetation.

To assess the effects of a drought on water, energy, and carbon, its timing is important. A

warm or dry anomaly in spring can increase evaporation as well as vegetation growth and

carbon uptake when water is not a limiting factor to photosynthesis. This effect was for

example observed during spring 2003 and spring 2018 (Bastos et al., 2020; Ramonet et al.,

2020). The enhanced evaporation during these spring droughts increased the severity of

the summer droughts a few months later (Bastos et al., 2020; Seneviratne et al., 2012). A

summer drought generally has an opposite effect on water, energy, and carbon. A reduced

water availability during summer can accelerate the evaporation at first, through the high

evaporative demand, but will eventually reduce evaporation through stomatal control or a

change in the green leaf area. The reduced evaporation can propagate into a downwind

drought, through reduced evaporation recycling (González-Hidalgo et al., 2018; Herrera-

Estrada et al., 2019), while forests can also help to maintain some level of precipitation

in downwind regions (Pranindita et al., 2021a). The effects on the temperature are also

non-universal across species. Whilst tress adopt a conservative behaviour and reduce

evaporation rates through stomatal control, the sensible heat flux and air temperatures

increases. Grasslands however first maintain high evaporation rate and therefore reduce

the sensible heat flux compared to forests (Teuling et al., 2010). During the summer

drought of 2018, prolonged stomatal regulation reduced the carbon uptake and increased

the atmospheric CO2 content (Smith et al., 2020). The reduced photosynthesis resulted in

one of the highest agricultural yield losses in the recent decades (Beillouin et al., 2020).

The 2018 drought and other recent droughts also had a major impact on forest growth

and survival. For forests, the effects on vegetation growth cannot always be detected in

the drought year itself, but the legacy effects in reduced tree ring growth and reduced leaf

area are visible over the next few years (Kannenberg et al., 2019; Schuldt et al., 2020; Yu

and Liu, 2019). The growth reduction weakens forests and makes them more vulnerable to

insect outbreaks and fires (Allen et al., 2010; Obladen et al., 2021). In Sweden, for example,

the beetle-induced mortality for spruce increased from 0.15 million m3 in 1990-2010 to

7 million m3 in 2019 and 2020, as a consequence of the drought in 2018 (Öhrn et al.,

2021). Prolonged droughts and repeated drought events have also led to widespread tree

mortality (Brun et al., 2020; Schuldt et al., 2020; Senf et al., 2020) through a failure of the
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tree hydraulic system, often in combination with carbon starvation (Adams et al., 2017;

Choat et al., 2018; Kono et al., 2019).

In chapter 5 we calculated the hydrological effects of 900 million hectares of tree restoration.

This large-scale tree restoration scenario would increase the forest carbon stock with 133.2

to 276.2 GtC (Bastin et al., 2019). We calculated that the accompanied change in

evaporation could increase precipitation with 4.8± 3.1 mm y−1 (a few percent) through

evaporation recycling and decrease streamflow with up to 47% or increase it with up

to 24%. Wang-Erlandsson et al. (2018) showed that the effect of regional land cover

change on local precipitation can be as high as the effects of local land-cover change,

through the effect of evaporation recycling. While the effect of land-cover change on

evaporation and precipitation is generally considered to be more or less homogeneous

over the earth’s surface, the effect on the air temperature is different for the tropical and

boreal regions. In tropical regions, forest planting decreases the temperature, because the

increase in evaporation outweighs the effect of increasing albedo. In boreal climate zones,

forest planting increases the temperature, because the albedo effect (snow-covered short

vegetation versus forest) outweighs the increased evaporation effect (Perugini et al., 2017).

This local increase or decrease in air temperature can be up to 2 ◦C, and local forest cover

change could increase or decrease global air temperature by op to 1 ◦C (Perugini et al.,

2017).

6.7 More opportunities for measuring evaporation

from space

During the past decades, we have seen a strong increase in the spatial and temporal

resolution of remote sensing data. However the limited satellite revisit time and spatial

resolution did still limit the analyses in this thesis. For example during the dry summer

months of 2015 (chapter 2) it was cloudy on all Landsat pictures (once every 14 days) and

the MODIS grassland pixels (chapter 4) represented not only grassland, but also forest or

agricultural land. A few recently launched missions would allow for these studies at higher

spatial or temporal resolution. These missions include the ESA Sentinel series (10−1000m

spatial resolution and a (bi-)weekly revisit time), and NASA’s ECOSTRESS thermal

satellite (69 38m spatial resolution, 4− 5 day revisit time). Upcomming missions will

further improve the monitoring of evaporation through high spatio-temporal measurements.

These include the French-Indian LST mission Trishna (57m resolution and 3 day revisit

time), ESA’s Copernicus thermal mission LSTM (50m spatial resolution, 1− 3 day revisit

time) and hyperspectral mission CHIME (20− 30m spatial resolution, 10− 12.5 day revisit

time), and NASA’s thermal infrared mission SBG (60m spatial resolution, sub-monthly

revisit time). These future missions will play an important role in the future monitoring

of evaporation and vegetation stress. Using these new, freely available, satellite data,
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one can study small-scale variability in ecosystem evaporation, related to for example

the soil type or species, or study changes during a drought. Geostationary satellite data

cover large spatial areas at kilometer-scale spatial resolution, but very high, sub-hourly,

temporal resolution. Their data is not commonly used in evaporation monitoring, but

their high temporal resolution would allow for near-real time evaporation monitoring.

Furthermore, geostationary satellites are very suitable for continental-scale monitoring of

evaporation.

Future improvements in remote sensing of evaporation lie among others in the improvement

of modelling approaches and the synergistic use of multiple satellite sensors. The LST

is a key component of most satellite evaporation monitoring methods, because it reflects

the surface energy balance and short-term vegetation water stress. LST retrieval can be

improved through a synergistic use of thermal infrared, shortwave infrared, and microwave

radiation. Currently, the LST is most frequently retrieved from thermal infrared data,

but LST could also be retrieved from microwave radiation which has the benefit that it

can see through the clouds. Microwave based LST has a higher uncertainty but could

strongly increase the opportunities for evaporation monitoring for all-weather conditions

(Damm et al., 2018; Jimenez et al., 2018). Also sensitive shortwave infrared bands could

be used to map water use and water stress when LST is not available (Mallick et al.,

2019). Furthermore, other stress indicators could complement the LST, to improve the

monitoring of (water) stressed ecosystems. Potential interesting stress indicators are

Solar-Induced Fluorescence (SIF, Frankenberg et al., 2011), or specific narrow waveband

spectral measurements that reflect the xanthophyll pigments (PRI indices, Gamon et al.,

1992) or the abundance of chlorophyll (CARI indices, Kim, 1994). Both SIF, PRI, and

CARI reflect drought stress, although the sensitivity depends on the vegetation type and

aridity (Ballester et al., 2018; Jiao et al., 2019; Liu et al., 2021; Vicca et al., 2016).

The word ’latent’ from latent heat finds its origin in the Latin word ’latere’ which means

’lie hidden’ or ’concealed’. And indeed, the latent heat flux or evaporation are invisible

and difficult to measure. Several ground-based evaporation measurement methods exist to

make the invisible evaporation visible and one characteristic is that these generally have a

small spatial extent ánd a high temporal resolution (such as micro-meteorological methods,

lysiemeters, or eddy covariance methods) or a large spatial extent ánd a low temporal

resolution (catchment scale water budget techniques). Remote sensing however allows

for studying evaporation over a large range of spatial and temporal scales (from 10m to

the global scale, from sub-daily to multiyear temporal scale) and for example allows for

studying catchment evaporation at high daily basis. Remote sensing evaporation models

also have the great potential to monitor evaporation in remote areas such as the arid

or tropical regions where research is still strongly measurement-limited. To use satellite

remote sensing evaporation in answering future research questions, it is however essential

to discuss the validity of current satellite-based evaporation monitoring methods under

global change.
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H. Verbeeck, and T. Vesala (2009). “Contributions of climate, leaf area index and leaf

physiology to variation in gross primary production of six coniferous forests across

Europe: A model-based analysis”. Tree Physiology 29.5, 621–639. doi: https://doi.

org/10.1093/treephys/tpp010.

Eklundh, L. (1998). “Estimating relations between AVHRR NDVI and rainfall in East

Africa at 10-day and monthly time scales”. International Journal of Remote Sensing

19.3, 563–568. doi: https://doi.org/10.1080/014311698216198.

Ellison, D. (2018). “Forests and Water. UNFF13 Background Analytical Study 2 on Forests

and Water”. Report commissioned for the thirteenth session of the United Nations Forum

on Forests.

Ellison, D. and E. Ellis (2020). “Forest cover, windspeed, and precipitation: A south

American case study of the impact of forest ecosystems on wind and rainfall patterns”.

In: EGU General Assembly 2020, EGU2020–22235. doi: https://doi.org/10.5194/

egusphere-egu2020-22235.



120 References

Ellison, D., M. N. Futter, and K. Bishop (2012). “On the forest cover-water yield debate:

From demand- to supply-side thinking”. Global Change Biology 18.3, 806–820. doi:

https://doi.org/10.1111/j.1365-2486.2011.02589.x.

Ellison, D., L. Wang-Erlandsson, R. J. Van Der Ent, and M. v. noordwijk (2019). “Upwind

forests: managing moisture recycling for nature-based resilience”. Unasylva 70. doi:

https://doi.org/10.4060/CA6842EN.

Ellison, D., C. E. Morris, B. Locatelli, D. Sheil, J. Cohen, D. Murdiyarso, V. Gutierrez,

M. v. Noordwijk, I. F. Creed, J. Pokorny, D. Gaveau, D. V. Spracklen, A. B. Tobella, U.

Ilstedt, A. J. Teuling, S. G. Gebrehiwot, D. C. Sands, B. Muys, B. Verbist, E. Springgay,

Y. Sugandi, and C. A. Sullivan (2017). “Trees, forests and water: Cool insights for a hot

world”. Global Environmental Change 43, 51–61. doi: https://doi.org/10.1016/j.

gloenvcha.2017.01.002.

Elmore, A. J., S. M. Guinn, B. J. Minsley, and A. D. Richardson (2012). “Landscape controls

on the timing of spring, autumn, and growing season length in mid-Atlantic forests”.

Global Change Biology 18.2, 656–674. doi: https://doi.org/10.1111/j.1365-

2486.2011.02521.x.

Esau, I. N. and T. J. Lyons (2002). “Effect of sharp vegetation boundary on the convective

atmospheric boundary layer”. Agricultural and Forest Meteorology 114.1-2, 3–13. doi:

https://doi.org/10.1016/S0168-1923(02)00154-5.

Evaristo, J. and J. J. McDonnell (2019). “Global analysis of streamflow response to forest

management”. Nature. doi: https://doi.org/10.1038/s41586-019-1306-0.

Fang, H., F. Baret, S. Plummer, and G. Schaepman-Strub (2019). “An Overview of Global

Leaf Area Index (LAI): Methods, Products, Validation, and Applications”. Reviews of

Geophysics 57.3, 739–799. doi: https://doi.org/10.1029/2018rg000608.
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Koster, R. D., G. K. Walker, G. J. Collatz, and P. E. Thornton (2014). “Hydroclimatic

Controls on the Means and Variability of Vegetation Phenology and Carbon Uptake”.

Journal of Climate 27.14, 5632–5652. doi: https://doi.org/10.1175/jcli-d-13-

00477.1.

Kruijt, B. and ICOS ETC (2020). Drought-2018 ecosystem eddy covariance flux product

from Loobos. doi: https://doi.org/10.18160/MV3K-WM09.

Kutsch, W. L., N. Hanan, B. Scholes, I. McHugh, W. Kubheka, H. Eckhardt, and C.

Williams (2008). “Response of carbon fluxes to water relations in a savanna ecosystem

in South Africa”. Biogeosciences 5.6, 1797–1808. doi: https://doi.org/10.5194/bg-

5-1797-2008.

Lal, R. (1996). “Deforestation and land-use effects on soil degradation and rehabilitation

in western Nigeria. I. Soil physical and hydrological properties”. Land Degradation &

Development 7.1, 19–45. doi: https://doi.org/10.1002/(SICI)1099-145X(199603)

7:1<19::AID-LDR212>3.0.CO;2-M.

Law, B. E., E. Falge, L. Gu, D. D. Baldocchi, P. Bakwin, P. Berbigier, K. Davis, A. J.

Dolman, M. Falk, J. D. Fuentes, A. Goldstein, A. Granier, A. Grelle, D. Hollinger,

I. A. Janssens, P. Jarvis, N. O. Jensen, G. Katul, Y. Mahli, G. Matteucci, T. Meyers, R.

Monson, W. Munger, W. Oechel, R. Olson, K. Pilegaard, K. T. Paw U, H. Thorgeirsson, R.

Valentini, S. Verma, T. Vesala, K. Wilson, and S. Wofsy (2002). “Environmental controls

over carbon dioxide and water vapor exchange of terrestrial vegetation”. Agricultural



128 References

and Forest Meteorology 113.1, 97–120. doi: https://doi.org/10.1016/S0168-

1923(02)00104-1.

Lawrence, D. and K. Vandecar (2015). “Effects of tropical deforestation on climate and

agriculture”. Nature Climate Change 5.1, 27–36. doi: https://doi.org/10.1038/

nclimate2430.

Lawrence, P. J. and T. N. Chase (2010). “Investigating the climate impacts of global

land cover change in the community climate system model”. International Journal of

Climatology 30.13, 2066–2087. doi: https://doi.org/10.1002/joc.2061.
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I. Xueref-Remy, K. Yala, and C. Yver Kwok (2020). “The fingerprint of the summer

2018 drought in Europe on ground-based atmospheric CO¡sub¿2¡/sub¿ measurements”.

Philosophical Transactions of the Royal Society B: Biological Sciences 375.1810, 20190513.

doi: https://doi.org/10.1098/rstb.2019.0513.

Rebmann, C. and ICOS ETC (2020). Drought-2018 ecosystem eddy covariance flux product

from Hohes Holz. doi: https://doi.org/10.18160/J1YB-YEHC.

Reichstein, M., E. Falge, D. Baldocchi, D. Papale, M. Aubinet, P. Berbigier, C. Bernhofer,

N. Buchmann, T. Gilmanov, A. Granier, T. Grünwald, K. Havránková, H. Ilvesniemi,

D. Janous, A. Knohl, T. Laurila, A. Lohila, D. Loustau, G. Matteucci, T. Meyers,

F. Miglietta, J.-M. Ourcival, J. Pumpanen, S. Rambal, E. Rotenberg, M. Sanz, J.

Tenhunen, G. Seufert, F. Vaccari, T. Vesala, D. Yakir, and R. Valentini (2005). “On

the separation of net ecosystem exchange into assimilation and ecosystem respiration:

review and improved algorithm”. Global Change Biology 11.9, 1424–1439. doi: https:

//doi.org/10.1111/j.1365-2486.2005.001002.x.

Renner, M., S. Hassler, T. Blume, M. Weiler, A. Hildebrandt, M. Guderle, S. Schymanski,

and A. Kleidon (2016). “Dominant controls of transpiration along a hillslope transect

inferred from ecohydrological measurements and thermodynamic limits”. Hydrology and

Earth System Sciences 20, 2063–2083. doi: https://doi.org/10.5194/hess-20-

2063-20.

Reyes-Acosta, J. L. and M. W. Lubczynski (2013). “Mapping dry-season tree transpiration

of an oak woodland at the catchment scale, using object-attributes derived from satellite

imagery and sap flow measurements”. Agricultural and Forest Meteorology 174-175,

184–201. doi: https://doi.org/10.1016/j.agrformet.2013.02.012.
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(2022). “Trends in climatically driven extreme growth reductions of Picea abies and

Pinus sylvestris in Central Europe”. Global Change Biology 28.2, 557–570. doi: https:

//doi.org/10.1111/gcb.15922.

Tuinenburg, O. A. and A. Staal (2020). “Tracking the global flows of atmospheric moisture

and associated uncertainties”. Hydrol. Earth Syst. Sci. 24, 2419–2435. doi: https:

//doi.org/10.5194/hess-24-2419-2020.

Tuinenburg, O. A., J. J. E. Theeuwen, and A. Staal (2020a). Global evaporation to

precipitation flows obtained with Lagrangian atmospheric moisture tracking. Dataset.

doi: https://doi.org/10.1594/PANGAEA.912710.

– (2020b). “High-resolution global atmospheric moisture connections from evaporation to

precipitation.” Earth Syst. Sci. Data 12, 3177–3188. doi: https://doi.org/10.5194/

essd-12-3177-2020.

Turner, D. P., W. D. Ritts, W. B. Cohen, S. T. Gower, M. Zhao, S. W. Running, S. C.

Wofsy, S. Urbanski, A. L. Dunn, and J. W. Munger (2003). “Scaling Gross Primary

Production (GPP) over boreal and deciduous forest landscapes in support of MODIS

GPP product validation”. Remote Sensing of Environment 88.3, 256–270. doi: https:

//doi.org/10.1016/j.rse.2003.06.005.

Van Der Ent, R. J. and H. H. G. Savenije (2011). “Length and time scales of atmospheric

moisture recycling”. Atmospheric Chemistry and Physics 11.5, 1853–1863. doi: https:

//doi.org/10.5194/acp-11-1853-2011.

Van der Hoeven, P. (2011). “Lysimeters Castricum : meetproject en datafiles”. Alterra-

rapport 2053-1.



References 139

Van Heerwaarden, C. C. and A. J. Teuling (2014). “Disentangling the response of forest

and grassland energy exchange to heatwaves under idealized land–atmosphere coupling”.

Biogeosciences 11.21, 6159–6171. doi: https://doi.org/10.5194/bg-11-6159-2014.

Vecchi, G. A., B. J. Soden, A. T. Wittenberg, I. M. Held, A. Leetmaa, and M. J. Harrison

(2006). “Weakening of tropical Pacific atmospheric circulation due to anthropogenic

forcing”. Nature 441.7089, 73–76. doi: https://doi.org/10.1038/nature04744.

Vicca, S., M. Balzarolo, I. Filella, A. Granier, M. Herbst, A. Knohl, B. Longdoz, M. Mund, Z.

Nagy, K. Pintér, S. Rambal, J. Verbesselt, A. Verger, A. Zeileis, C. Zhang, and J. Peñuelas
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