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Everything that sounds like wisdom could have been said by Mark Twain

Mark Twain





PREFACE

Nothing changes as much as the weather, according to my fellow Dutch speakers. I have

a slightly different view, after having worked four years on this thesis. For some people,

a Ph.D. is a continuous stream of pleasure and joy. Enjoying the academic freedom, ex-

ploring and challenging your mind, traveling around the world for fieldwork and confer-

ences. For others, a Ph.D. is experienced as a never ending source of misery, insecurity,

arguments, depression, and failure. Now, reality is not as binary, and there is quite a large

range spanning these extremes. Or, and that is my case, a Ph.D. is a constant alternation

of those two extremes. Living on a cloud when a paper gets accepted, followed by two

months of distress when the next one is publicly destroyed. My professional and per-

sonal lives have been a complete roller coaster during the last four years. In some ways

self-induced, and in some ways imposed on me by life. Therefore, I would like to argue

that my relation with this very thesis has changed at least as much as the weather. It has

been an incredible journey, and I am happy that the destination is reached. However, I

also very much hope that it is just the beginning, and look forward to seeing where the

(unlaid) tracks will bring me next.

Tim Hans Martin VAN EMMERIK

Delft, May 2017
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SUMMARY IN ENGLISH

Vegetation is a crucial part of the water and carbon cycle. Through photosynthesis car-

bon is assimilated for biomass production, and oxygen is released into the atmosphere.

During this process, water is transpired through the stomata, and is redistributed in the

plant. Transpired water is refilled by uptake of water from the root zone in the subsur-

face. Transpiration by vegetation accounts for most of the total evaporation from land

on a global scale. In some ecosystems, such as tropical rainforests, transpiration even

makes up more than 70% of total evaporation.

Periods of low water availability, water stress, leads to irreversible damage to plants,

and can eventually lead to plant death. To prevent this, various mechanisms are ac-

tivated by the vegetation to survive. Transpiration is reduced as a result of vegetation

water stress, which can affect the water and carbon cycle on local, regional, and even

global scales. Additionally, water stress in crops is one of the major reasons for harvest

losses, threatening food security. However, many effects of vegetation water stress on

crops and tropical forests remains poorly understood.

New satellite observations provide opportunities for better detection and understand-

ing of vegetation water stress. Recent research suggests that radar remote sensing might

yield valuable insights into vegetation water content. Radar backscatter is sensitive to

vegetation because of direct backscatter from the canopy, and through two-way atten-

uation of the signal as it travels through the vegetation layer. The degree of interaction

of radar waves with the vegetation is mainly a function of the vegetation dielectric con-

stant, which is in turn primarily influenced by vegetation water content.

Over the last years, various studies have reported links between anomalies in radar

backscatter and vegetation water stress. This has led to the hypothesis that radar backscat-

ter is sensitive to vegetation water stress. Additional field measurements of vegetation

water content and dielectric constant, in combination with radar backscatter are nec-

essary to test this hypothesis. This is what inspired this thesis. Based on a combina-

tion of field measurements using new sensors, models, and radar backscatter, this the-

sis focuses on understanding the effects of water stress on plant dynamics, identifying

early signatures of vegetation water stress, and exploring the opportunities of early water

stress detection using radar remote sensing.

This thesis studies the effects of vegetation water stress across scales, from individ-

ual leaves to rainforests. A new method is presented that allows measurements of leaf

dielectric properties on living plants. First, the method is tested on tomato plants in a

controlled environment. By measuring tomato plants with and without water stress, it

is demonstrated that there is a significant difference in the leaf dielectric properties of

stressed and unstressed tomato plants. Second, this same method is used under field

conditions. Using data sets of corn plants with and without water stress, it is demon-

strated that water stress changes plant water content, resulting in significant changes of

leaf dielectric properties. Using the field data from the stressed corn field, a modeling
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study was done to investigate the sensitivity of radar backscatter to water stress. Here,

it is shown that total and leaf water content can change considerably during the day,

leading to observable differences in radar backscatter.

To study the effects of water stress in tropical rainforests, accelerometers were placed

on trees in the Brazilian Amazon to measure tree sway. Tree sway depends on various

tree properties, and this thesis demonstrates that the measured tree acceleration is sen-

sitive to tree mass, intercepted rainfall, and tree-atmosphere interactions. Using five

months of acceleration data from 19 trees, an effect of the transition from the wet to the

dry season was found. This thesis hypothesizes that this was caused by water related

changes in tree mass, or leaf fall in response to increased tree water deficit.

Finally, coinciding field data on tree water content and tree water deficit, and radar

backscatter, were used to demonstrate the sensitivity of radar backscatter to increased

water stress. During the transition from wet to dry season, a strong drop was found in

radar backscatter, which is explained by a rapid increase in measured tree water deficit.

For years, the hypothesis that radar backscatter is sensitive to vegetation water stress

has been discussed. Yet, a lack of observations withheld this hypothesis to be tested. This

thesis uses field data of crops, and trees in tropical forests, and modeling approaches to

finally demonstrate that vegetation water stress results in significant changes in plant

water status, which lead to observable variations in radar backscatter.



SAMENVATTING IN HET

NEDERLANDS

Vegetatie is een cruciaal onderdeel van de water- en koolstofcyclus. Door middel van

photosynthese wordt koolstof opgenomen voor biomassaproductie, waarbij zuurstof vrij-

komt in de atmosfeer. Tijdens dit proces wordt water getranspireerd via de huidmondjes,

en geredistribueerd in de plant. Het getranspireerde water wordt aangevuld via de wor-

tels, die water opnemen uit de wortelzone in de bodem. Op een globale schaal heeft

transpiratie door vegetatie het grootste aandeel in de totale verdamping vanaf het aard-

oppervlak. In sommige ecosystemen, zoals tropische regenwouden, maakt transpiratie

zelfs meer dan 70 % uit van de totale verdamping.

Periodes met lage waterbeschikbaarheid, waterstress, kan bij planten leiden tot on-

omkeerbare schade en uiteindelijk zelfs tot sterfte. Om dit te voorkomen activeren plan-

ten mechanismen om te overleven. Tranpiratie wordt beperkt in reactie op waterstress,

wat een significante invloed heeft op de locale, regionale, en globale water- en kool-

stofcyclus. Daarnaast is waterstress in gewassen een van de belangrijkste oorzaken van

oogstverliezen, wat voedselzekerheid ernstig bedreigd. Helaas is de kennis over de effec-

ten van waterstress in gewassen en tropische regenwouden nog beperkt.

Nieuwe satellietobservaties bieden mogelijkheden voor het beter detecteren en be-

studeren van waterstress in planten. Recentelijk onderzoek suggereert dat remote- sen-

singtechnieken zoals radar waardevolle informatie kunnen leveren over het waterge-

halte van vegetatie. Radarweerkaatsing is gevoelig voor vegetatie wegens directe weer-

kaatsing van radargolven, alsmede de uitdoving van de golven wanneer het door de vege-

tatielaag reist. De mate van interactie van radargolven met vegetatie is voornamelijk een

functie van de diëlektrische eigenschappen van de vegetatie. Diëlektrische eigenschap-

pen zijn op hun beurt weer vooral afhankelijk van het watergehalte van de vegetatie.

In de laatste jaren hebben verschillende studies afwijkingen in radarweerkaatsing

in verband gebracht met waterstress in vegetatie. Dit heeft geleid tot de hypothese dat

radarweerkaatsing gevoelig is voor waterstress in vegetatie. Aanvullende veldmetingen

van het watergehalte en diëlektrische eigenschappen van vegetatie, in combinatie met

radarobservaties zijn noodzakelijk om deze hypothese te testen. Dit is wat als inspiratie

heeft gediend van dit proefschrift. Gebruikmakende van een combinatie van innovatieve

veldmetingen, modellen en radarobservaties, focust dit proefschift zich op (1) het beter

begrijpen van de effecten van water stress op plantfysiologische processen, (2) het iden-

tificeren van vroege tekenen van water stress en (3) het verkennen van de mogelijkheden

om radar te gebruiken voor waterstressdetectie in vegetatie.

Dit proefschift bestudeert de effecten van waterstress op verschillende scalen, van

individuele bladeren tot tropische regenwouden. Een nieuwe methode gepresenteerd

om diëlektrische eigenschappen van bladeren van levende planten te meten. Deze me-
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thode is eerst getest op tomatenplanten in een gecontroleerde omgeving. Door het me-

ten van bladeren van tomatenplanten met en zonder waterstress, wordt laten zien dat er

een statistisch significant verschil is tussen de diëlektrische eigenschappen van bladeren

van planten met en zonder waterstress. Vervolgens wordt dezelfde methode toegepast

onder veldcondities. Met datasets van maisplanten met en zonder waterstress wordt la-

ten zien dat waterstress een effect heeft op het watergehalte van planten, wat leidt tot

significante verschillen in diëlektrische eigenschappen van de bladeren. De data van het

veldwerk op het gestresste maisveld worden vervolgens gebruikt voor een modelstudie

om de gevoeligheid van radarweerkaatsing voor waterstress te onderzoeken. Hier wordt

laten zien dat het watergehalte van de hele plant, en vooral het watergehalte in de blade-

ren, drastisch kan veranderen gedurende de dag, wat leidt tot waarneembare verschillen

in radarweerkaatsing.

Om het effect van waterstress in tropische regenwouden te onderzoeken zijn er ac-

celerometers geïnstalleerd op bomen in de Braziliaanse Amazone om hun beweging te

meten. De manier waarop bomen bewegen hangt af van verschillende eigenschappen.

Dit proefschrift laat zien dat de beweging gevoelig is voor boommassa, de hoeveelheid

water dat op het bladerdek blijft liggen (interceptie), en de mate van interactie tussen

de boom en de atmosfeer. Vijf maanden accelerometerdata worden gebruikt van 19 bo-

men om te laten zien dat er ook een duidelijk verschil te zien is tussen het natte en het

droge seizoen. De hypothese is dat deze verandering het resultaat is van veranderingen

in boommassa, veroorzaakt door veranderingen in watergehalte, of het uitvallen van bla-

deren as reactie op toenemend watertekort.

Tot slot worden velddata van watertekorten in bomen in combinatie met radarobser-

vaties gebruikt om te laten zien dat radarweerkaatsing zeer gevoelig is voor toenemende

waterstress. Tijdens de overgang van het natte naar het droge seizoen is een duidelijke

daling gevonden in radarweerkaatsing, wat verklaart kan worden door de snelle toename

in gemeten watertekort in de bomen.

Al jaren wordt er gediscusseerd over de hypothese dat radarweerkaatsing gevoelig

is voor waterstress in vegetatie. Helaas is er tot dusver altijd een tekort aan observaties

geweest om deze hypothese te testen. Dit proefschrift gebruikt veldmetingen van wa-

tergehalte en diëlektrische eigenschappen van gewassen en bomen in tropische regen-

wouden, radarmodellen en radarobservaties om te laten zien dat watertekort in vegatie

leidt in significante veranderingen in watergehalte en diëlektrische eigenschappen van

planten, wat leidt tot waarneembare verschillen in radarweerkaatsing.



POETIC SUMMARY

Lonely Satellites

I’ll tell you how my research went,

What we know from biology,

The functioning of ev’ry tree,

Depends on its water content

So what if there’s a little less

Of this epic liquid of life

Will plants just stop to thrive

Or will we end up in a mess

Plant death is a catastrophe

For that we need to explore new ways

To ensure food security

Simply said, to save the human race

We need more lonely satellites

For drought detection from out’r space
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NOMENCLATURE

List of abbreviations

ABA Abscisic acid

ASCAT Advanced scatterometer

DOY Day of year

CCI ESA Climate Change Initiative

ERS-1/2 European Remote-Sensing Satellite 1 and 2

ESA European Space Agency

FAO Food and Agriculture Organization of the United Nations

FAWN Florida Automated Weather Network

FFT Fast Fourier transform

ISS International Space Station

LAI Leaf area index

MIMICS Michigan microwave canopy scattering model

MicroWEX-11 Eleventh Microwave Water and Energy Balance Experiment

MODIS Moderate-resolution imaging spectroradiometer

NASA National Aeronautics and Space Administration

RapidScat ISS-RapidScat

QuickSCAT NASA Quick Scatterometer

TRMM Tropical Rainfall Measurement Mission

VPD Vapor pressure deficit

List of symbols

Latin

a Acceleration [m s−2]

A Water-cloud model parameter [-]

A0 Amplitude [-]

Al ea f Water-cloud leaf model parameter [-]

Ast Water-cloud stalk model parameter [-]

At Tree catch area [m2]

B Water-cloud model parameter [-]

xv



xvi 0. NOMENCLATURE

Bl ea f Water-cloud leaf model parameter [-]

C Wind energy spectrum constant [-]

c Damping coeffcient [-]

Cd Drag coefficient [-]

DB H Tree diameter at breast height [m]

Db,ac t Bark thickness [mm]

Db,pot Tree growth line [mm]

E Water-cloud model parameter [-]

Ed e f Evaporation deficit [mm d−1]

Er e f Penman-Monteith reference evaporation [mm d−1]

Epot Potential evaporation [mm d−1]

F External force [N]

f Frequency [Hz]

fr Microstrip line resonator resonant frequency [Hz]

f0 Natural frequency [Hz]

H Tree motion frequency spectrum [dB]

h Plant height [m]

Ha Aerodynamic transfer function [-]

Hm Mechanical transfer function [-]

hs Surface roughness [m]

h1 Height of leaf layer [m]

h2 Height of stalk layer [m]

I Applied irrigation [mm d−1]

k Wave number [-]

Kc FAO crop factor [-]

ks Spring constant [N m−1]

M Tree mass [kg]

m Mass [kg]

Md Dry weight [g]

Md ,l Dry weight leaf [g]

Md ,s Dry weight stem [g]

Mg Gravimetric moisture content [-]

Mw Fresh weight [g]

Mw,l Fresh weight leaf [g]
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Mw,s Fresh weight stem [g]

P Precipitation [mm d−1]

p Power spectrum of tree response [-]

Pu Power spectrum of the wind [dB]

Py Power spectrum of tree response [dB]

p0 Reference value [-]

sa Tree acceleration frequency spectrum slope [dB/Hz]

sw Wind frequency spectrum slope [dB/Hz]

t Time [s]

ū Mean wind speed [m s−1]

V Tree volume [m3]

V1 Water-cloud vegetation model parameter [-]

V2 Water-cloud vegetation model parameter [-]

V W C Vegetation water content [kg/m2]

x Horizontal displacement [m]

Greek

α Drag coefficient factor [-]

β Damping parameter [-]

γ Attenuation factor for vegetation layer [-]

γl ea f Attenuation factor for leaf layer [-]

γl ea f Attenuation factor for stalk layer [-]

∆ fr Difference in resonant frequency between leaf and reference [Hz]

∆S
∆t Soil moisture change [mm d−1]

∆W Total tree water deficit [mm]

ǫ Dielectric constant of soil [-]

ǫd Dissipation rate [-]

κ Wind energy spectrum constant [-]

λ Wavelength [mm]

ρ Number of plants per m2

ρa Air density [kg m−3]

ρw Tree density [103kg m−3]

σ0
hh

Horizontally polarized radar backscatter [dB]

σ0
l ea f

Total backscatter [dB]

σ0
soi l

Soil contribution to backscatter [dB]



xviii 0. NOMENCLATURE

σ0
st al k

Total backscatter [dB]

σ0
t ot Total backscatter [dB]

σ0
veg Vegetation contribution to backscatter [dB]

σ0
v v Vertically polarized radar backscatter [dB]

θ Radar incidence angle [rad]

φ Phase shift [rad]

ω0 Natural frequency [rad/s]



CONTENTS

Preface vii

Summary in English ix

Samenvatting in het Nederlands xi

Poetic summary xiii

Nomenclature xv

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Radar response to vegetation . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 Relation between plant dynamics and dielectric properties . . . . . . . . . 4

1.4 Effect of water stress on plant dynamics . . . . . . . . . . . . . . . . . . 5

1.5 Current state of knowledge . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6 Are diurnal differences a sign of water stress? . . . . . . . . . . . . . . . . 8

1.6.1 Diurnal variations in dielectric properties . . . . . . . . . . . . . . 8

1.6.2 Diurnal variations in backscatter. . . . . . . . . . . . . . . . . . . 8

1.7 This thesis: Testing the hypothesis . . . . . . . . . . . . . . . . . . . . . 10

1.8 How to read this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2 A Comparison Between Leaf Dielectric Properties of Stressed and Unstressed

Tomato Plants 13

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2.1 Study site and plant material. . . . . . . . . . . . . . . . . . . . . 14

2.2.2 Dielectric properties measurements . . . . . . . . . . . . . . . . . 15

2.2.3 Calibration experiment . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.4 Dielectric properties time series . . . . . . . . . . . . . . . . . . . 16

2.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.1 Calibration experiment . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.2 Soil moisture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3.3 Leaf dielectric properties time series . . . . . . . . . . . . . . . . . 18

2.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3 Dielectric Response of Corn Leaves to Water Stress 21

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

3.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.2.1 Dielectric response measurements. . . . . . . . . . . . . . . . . . 23

3.2.2 Unstressed field measurements . . . . . . . . . . . . . . . . . . . 24

3.2.3 Stressed field measurements . . . . . . . . . . . . . . . . . . . . . 25

xix



xx CONTENTS

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3.3.1 Unstressed field measurements . . . . . . . . . . . . . . . . . . . 25

3.3.2 Stressed field measurements . . . . . . . . . . . . . . . . . . . . . 28

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.5 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4 Impact of Diurnal Variation in Vegetation Water Content on Radar Backscat-

ter From Corn During Water Stress 31

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.2 Methods and materials . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2.1 Study area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.2.2 Water stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.2.3 Vegetation Water Content . . . . . . . . . . . . . . . . . . . . . . 35

4.2.4 Water-cloud model . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.3.1 Water stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.3.2 Vegetation Water Content . . . . . . . . . . . . . . . . . . . . . . 38

4.3.3 Backscatter Sensitivity Study . . . . . . . . . . . . . . . . . . . . . 40

4.3.4 Time series of modeled radar backscatter . . . . . . . . . . . . . . 45

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

4.5 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5 Measuring Tree Properties And Responses Using Accelerometers 55

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.2 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.2.1 Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

5.2.2 Sensor description . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.2.3 Measurement setup and protocol . . . . . . . . . . . . . . . . . . 61

5.2.4 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5.2.5 Case study field site and plant material . . . . . . . . . . . . . . . 62

5.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

5.3.1 Interpretation of the spectrum . . . . . . . . . . . . . . . . . . . . 63

5.3.2 Tree mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.3.3 Effect of precipitation . . . . . . . . . . . . . . . . . . . . . . . . 66

5.3.4 Energy transfer from wind to tree sway . . . . . . . . . . . . . . . 68

5.3.5 Synthesis and outlook . . . . . . . . . . . . . . . . . . . . . . . . 69

5.4 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6 Water Stress Impacts Tree-Atmosphere Interaction in the Amazon 73

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.2.1 Study area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.2.2 Plant material . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

6.2.3 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.2.4 Relating wind to tree motion . . . . . . . . . . . . . . . . . . . . . 76

6.2.5 Data processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 77



CONTENTS xxi

6.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.3.1 Acceleration spectra slope . . . . . . . . . . . . . . . . . . . . . . 77

6.3.2 Tree-atmosphere interaction across time and space . . . . . . . . . 78

6.3.3 Effect of dry months . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

6.5 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

7 Water Stress Detection in the Amazon Using Radar 85

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.2.1 Study area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.2.2 Radar data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

7.2.3 Ground data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

7.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

7.3.1 Backscatter time series and diurnal cycles . . . . . . . . . . . . . . 90

7.3.2 Pre-dawn time series. . . . . . . . . . . . . . . . . . . . . . . . . 92

7.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

7.5 Conclusions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

8 Conclusions 99

8.1 Effect of water stress on plant dynamics . . . . . . . . . . . . . . . . . . 100

8.2 Effect of water stress on plant dielectric properties . . . . . . . . . . . . . 101

8.3 Effect of water stress on radar backscatter. . . . . . . . . . . . . . . . . . 101

8.4 Impact of this thesis and outlook to future research. . . . . . . . . . . . . 102

References 105

Acknowledgements 123

Curriculum Vitæ 127

List of Publications 129





1
INTRODUCTION
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Das sage ich Dir,

Manchmal ist das Leben einfach nur,

Eine Flasche Bier
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1



1

2 1. INTRODUCTION

1.1 BACKGROUND

Radar remote sensing is used for many vegetation and soil moisture monitoring appli-

cations because of its sensitivity to the water content in the land surface layer. The key

advantage of radar remote sensing is that radar waves penetrate clouds and do not re-

quire visible light, allowing measurements at any given moment in time (Brakke et al.

(1981); Prevot et al. (1993)).

Current applications of radar include crop classification (Ulaby et al., 1982b; Hooge-

boom, 1983; Foody et al., 1989; McNairn et al., 2009), biomass monitoring (Ferrazzoli

et al., 1997; Paloscia et al., 1999; Chambers et al., 2007), fuel load estimation (Saatchi

et al., 2007), and soil moisture estimation (Wagner et al., 1999; Bindlish and Barros, 2001;

Joseph et al., 2008; Kim and van Zyl, 2009; Entekhabi et al., 2010; Brocca et al., 2017). Al-

though vegetation water content (VWC) varies diurnally and seasonally (McNairn and

Brisco, 2004), VWC is generally considered constant or to change only on a seasonal

timescale (Wagner et al., 1999; Bindlish et al., 2009; Panciera et al., 2014; Kim et al., 2010;

Steele-Dunne et al., 2017). Depending on the timescale of interest, diurnal variations in

VWC can have a significant impact on backscatter.

Vegetation water stress affects diurnal variations in VWC significantly (Slayter et al.,

1967; Hsiao, 1973), and recent work has hypothesized the sensitivity of radar backscat-

ter to vegetation water stress (Friesen, 2008; Steele-Dunne et al., 2012). Due to a lack of

ground data this hypothesis has not been tested thoroughly yet. Therefore it remains

uncertain if, and in which order of magnitude, water stress affects backscatter. Under-

standing this relation is crucial for improving current applications such as soil moisture

estimation, fuel load estimation, biomass estimation, and opens the door to potential

new applications such as water stress detection and monitoring, and drought extend

mapping.

1.2 RADAR RESPONSE TO VEGETATION

Radar backscatter over a canopy σ0
canopy is the sum of the backscatter directly from

the vegetation σ0
veg et ati on

and the backscatter from the soil below the vegetation σ0
soi l

,

which is decreased in two ways by the vegetation attenuation γ (Attema and Ulaby, 1978;

Champion et al., 2000; Dabrowska-Zielinska et al., 2007) while traveling through the veg-

etation layer.

σ0
canopy =σ0

veg et ati on +σ0
soi l ·γ

2 (1.1)

The first systematic studies of vegetation effects on radar response were done by

Ulaby et al. in the 1970s. Field experiments using truck mounted radar installations were

used to investigate the influences of radar parameters and terrain parameters on radar

backscatter (Ulaby, 1974, 1975). Backscatter over vegetation is governed by the following

radar and surface parameters (Ulaby, 1974, 1975; Bindlish and Barros, 2001):

• Frequency: The penetration depth depends on the frequency of the used radar

signal. For lower frequencies (longer wavelengths) the sensitivity to soil moisture

is higher. For higher frequencies the attenuation by the vegetation layer is higher.

Above certain frequencies, radar will be mainly sensitive to the vegetation surface
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(see Fig. 1.1). For a wheat canopy, X-band backscatter was found to be mainly sen-

sitive to vegetation water content, and did not depend on soil moisture (Taconet

et al., 1994). At high frequencies (C-band and up) backscatter is dominated by

the crown layer. At lower frequencies (P and L-band), backscatter is dominated

by woody biomass (trunks and branches), and soil moisture (Bindlish and Barros,

2001).

• Incidence angle: The angle under which radar is sent strongly influences the at-

tenuation by the vegetation. For lower incidence angles, the traveled distance

through the vegetation layer increases and the attenuation will be stronger (see

Fig. 1.1).

• Polarization: Different polarizations (geometric orientation of the waves) are sen-

sitive to different parts of the vegetation (leaves, branches, fruits, stalks, trunk).

Depending on the vegetation type, the response changes for different polariza-

tions (see Fig. 1.1).

• Geometry and roughness of the target: Geometry includes the shape of the veg-

etation, and the amount and distribution of the vegetation parts. This affects the

penetration depth into the vegetation (see Fig. 1.1). Surface roughness affects the

spreading of the scattering. Roughness surfaces will lead to more diffuse backscat-

ter, whereas smooth surfaces will have more specular reflection.

• Complex dielectric properties of the target: The dielectric constant is the main

property that determines the interaction between electromagnetic waves and the

material, and determines both the magnitude and phase of the backscatter. For

vegetation and soil, the dielectric constant is a function of its water content. Vege-

tation with higher water content will have an increased dielectric constant associ-

ated with higher direct backscatter and higher two-way attenuation (see Fig. 1.1).

Similarly, surfaces with high soil moisture will have an increased contribution of

the soil to total backscatter.

The surface parameters (roughness, geometry, and dielectric constant) that deter-

mine the radar response over a given area can change over time, which results in tem-

poral variation of radar backscatter. Over vegetation areas, both the soil and vegetation

dynamics impact radar backscatter. Separating the influence of soil and vegetation re-

mains challenging. Temporal changes in plant morphology have a significant effect on

radar response to vegetation, because they change water content, geometry and rough-

ness (Ulaby et al., 1975). These variations occur on diurnal and seasonal time-scales,

and can change in response to water stress.

An important factor that determines the change in parameters of a vegetated sur-

face is the phenology. For crops, temporal variations in backscatter have been observed,

which were linked to the growing stage of the plants. Ulaby et al. (1981) found clear sea-

sonal cycles in radar backscatter over various crops. Paris (1986) showed that the tem-

poral variation in backscatter (17 GHz, vertically polarized) displayed the onset of the

reproductive stage in corn plants. Prevot et al. (1993) found that backscatter of wheat is

a function of the Leaf Area Index (LAI) over a growing season. Strong temporal variations
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1.  FREQUENCY 2.  INCIDENCE     

  ANGLE

3.  POLARIZATION 4.  GEOMETRY 5.  DIELECTRIC    

  CONSTANT

a. LOW a. HIGH a. HORIZONTAL a. TREE a. HIGH

b. HIGH b. LOW b. VERTICAL b. CROP b. LOW

Figure 1.1: Examples of how 1. frequency, 2. incidence angle, 3. polarization, 4. geometry of the vegetation,

and 5. vegetation dielectric constant influence radar backscatter. Note that the differences between the upper

and lower figures are illustrative, and that the exact backscatter mechanisms are a combination of all factors.

Arrows indicate the radar waves. Line width represent higher or lower radar backscatter.

of backscatter were also found over rice fields, which were related to the growing stages

of the vegetation (Kurosu et al., 1995; Kim et al., 2000).

Various studies have found that backscatter increases with biomass (Ferrazzoli et al.,

1992; Dobson et al., 1992; Le Toan et al., 1992). This sensitivity can saturate (backscat-

ter does not change with changing vegetation biomass), which depends strongly on the

used radar frequency (Dobson et al., 1992). Recently, ERS (European Remote-Sensing

Satellite 1 and 2) backscatter, and ASCAT (Advanced Scatterometer) derived Vegetation

Optical Depth (VOD) were linked to seasonal vegetation dynamics (Vreugdenhil et al.,

2016a,b).

So far, we can conclude that vegetation dynamics have a significant impact on radar

backscatter. However, this connection is mainly based on the vegetation growing cycle or

phenology. The influence of shorter term (diurnal) variations in vegetation water status

on backscatter remains largely unknown.

1.3 RELATION BETWEEN PLANT DYNAMICS AND DIELECTRIC PROP-

ERTIES

The dielectric constant is a property describing the interaction of a material with the

electromagnetic field (McDonald et al., 2002). In the microwave range, dielectric con-

stant of water is an order of magnitude larger than dry soil or dry vegetation, and there-

fore the dielectric constant of vegetation material is strongly influenced by the dielectric

constant of its water component (Brakke et al., 1981; Ulaby and Jedlicka, 1984). Water in



1.4. EFFECT OF WATER STRESS ON PLANT DYNAMICS

1

5

vegetation material occurs in ’free’ and ’bound’ form. Bound water is tightly held to or-

ganic material in the vegetation, and free water is water that can move freely within the

material (El-Rayes and Ulaby, 1987; Ulaby and El-Rayes, 1987). When water content of

vegetation changes, it mainly affects the amount of free water. Only after severe drying

the bound water content decreases. Dielectric properties of plant materials are governed

by water content, temperature, and salinity. Measurements of dielectric properties of

leaves, branches and trunks have shown that dielectric constant is most dependent on

water content.

The experimental data from Ulaby and Jedlicka (1984) and El-Rayes and Ulaby (1987)

showed that within the 0.2 - 20 GHz range, leaves and stalks of corn and wheat plants

show a similar, significant dependence on moisture content. Considerable additional

work was done in the 1990s, when it was hypothesized that vegetation dielectric prop-

erties are likely to be related to the vegetation water status. McDonald et al. (1992) sug-

gested that strong correlations may exist between dielectric constant of trees and xylem

water potential, as evaporation of water occurs through the leaves. Measurements un-

der controlled conditions showed that the xylem dielectric constant responds directly

to changes in xylem water potential. After application of water to the trees, both wa-

ter potential and dielectric constant in the xylem increased. Burke et al. (2005) used lab

measurements of leaf dielectric constants to show the relation between relative water

content and the dielectric constant. Dobson et al. (1991) found that dielectric constant

of loblolly pine trunks were partially correlated to canopy layer physiological observa-

tions, such as transpiration, stomatal conductance and xylem water potential.

Also differences in temporal variation in xylem dielectric constant were observed.

Although higher water content results in higher dielectric constant, the lag effects be-

tween changing water potential and dielectric constant are different (Salas et al., 1991).

Zimmermann et al. (1994) measured coniferous and deciduous trees and found that al-

though all trees showed seasonal variation, not all showed diurnal variation. Also dif-

ferences were found in the lag between xylem dielectric constant and xylem sap flow.

Relations between water status and dielectric properties vary between species.

Observations of vegetation dielectric properties suggest a strong relation between

vegetation water status and dielectric properties. In some cases changes in water status

resulted in variations in dielectric constant that are suggested to be detectable by radar.

1.4 EFFECT OF WATER STRESS ON PLANT DYNAMICS

Plants use photosynthesis to convert carbon dioxide and water into oxygen and sugar

(biomass), fueled by light energy. For terrestrial plants, radiation is the main source of

energy for evaporation (Steduto and Hsiao, 1998a,b). Pores on the leaf surface (stom-

ata) allow CO2 intake and O2 exhaust. When stomata are opened for CO2 intake, water

transpires through stomatal aperture. Stomata play a dominant role in regulating the

amount of water transpired by vegetation (Jarvis, 1976). Transpiration depends on stom-

atal conductance, net radiation, vapor pressure deficit (VPD), temperature and wind

speed (Morison and Gifford, 1983; Jones and Tardieu, 1998). Transport of water from the

soil to the atmosphere depends on the water potential gradient from atmosphere to soil,

through the leaf, xylem and roots. The water potential gradients caused by transpiration

induce xylem water flow, propagating from leaves to stem to roots to soil. Photosynthe-
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sis is governed by leaf water status and depends on the difference between transpiration

rate and water supply from soil and through the xylem (Manzoni et al., 2014). To prevent

excessive water loss, plants regulate transpiration by adjusting the stomatal aperture,

leading to a change in stomatal conductance (Olioso et al., 1996). Stomatal conductance

varies with the balance between loss of water through transpiration and supply of water

to leaf from soil (Tuzet et al., 2003). Diurnal variations in solar radiation, meteorologi-

cal and environmental variations lead to diurnal patterns of leaf stomatal conductance

(Ding et al., 2014).

Water stress is one of the most important environmental factors that influence plant

water status, limits plant growth and production (Jiang and Zhang, 2002), and it can

cause early plant death (Jones and Tardieu, 1998). In response to water deficit, transpi-

ration is reduced with increasing water stress (Jarvis, 1976; Carlson et al., 1991). Control

of transpiration is determined by stomatal aperture (Jarvis, 1976; Jones and Sutherland,

1991; Yu et al., 1998) to prevent dehydration and physiological damage (Oren et al., 1999).

This enhances survival, but reduces photosynthesis and productivity. During periods of

low water availability, stomatal regulation is always a trade-off between optimization of

survival and production. Plants can respond to water stress through defense mecha-

nisms (Bohnert and Jensen, 1996), which can be divided into two categories: (1) passive

hydraulic and (2) active chemical mechanisms.

The hydraulic root-to-leaf system provides a passive mechanism for water stress sig-

naling through a plant (McAdam and Brodribb, 2014). For photosynthesis, transpiration

from leaves is supplied from soil through the soil-to-leaf hydraulic system. Water trans-

port from soil to the leaves is driven by the difference in water potential between the

atmosphere and leaves, approximated by VPD. If VPD becomes higher than a certain

threshold value, partial cavitation of the xylem and leaf tissue occurs (Manzoni et al.,

2013; Huber et al., 2014). This is either caused by an increased atmospheric water de-

mand or an increased soil water deficit. This leads to lower turgor pressure in the leaves

resulting in decreasing the pressure in the guard cells surrounding the stomata. The

stomatal aperture and conductance are decreased, resulting in lower water losses.

The production and release of Abscisic acid (ABA) is an active mechanism to regulate

stomatal aperture (McAdam and Brodribb, 2014). ABA is a stress hormone that is pro-

duced in the plant roots. Stomatal conductance can be controlled by soil water status

via root chemical messaging of ABA, independently of leaf water potential (Davies and

Zhang, 1991; Shinozaki and Yamaguchi-Shinozaki, 1997). When water stress increases,

build up of ABA in roots follows, which is transported through xylem flow and regulates

stomatal conductance through regulation when ABA arrives at guard cells (Davies and

Meinzer, 1990; Zhang and Davies, 1990; Davies and Zhang, 1991; Tardieu et al., 1992b).

Roots sense drying soil early in the drying cycle, before water deficit develops. Mild de-

hydration already causes ABA release by the roots into the transpiration stream, increas-

ing xylem ABA. The concentration of xylem ABA affects stomatal aperture (Tardieu et al.,

1992a; Correia and Pereira, 1995; Tardieu et al., 1996). Increased ABA therefore results in

closuring of the stomata, decreasing water losses through the leaves.

How plants cope with water stress depends on whether a plant species is isohydric or

anisohydric. Isohydric plants (e.g., maize, soybean) maintain daytime leaf water status

through active stomatal control, regardless of soil water status (Jones and Tardieu, 1998;
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Tuzet et al., 2003; Martínez-Vilalta et al., 2014). Plant water status does not depend on

soil water until extreme water stress conditions (Egea et al., 2011). When leaves experi-

ence low critical water potential, partial closure of stomata prevents water potential from

dropping further by reducing transpiration. Leaf water potential and content are regu-

lated and kept higher than or equal to a certain threshold value which is higher than the

permanent wilting point (i.e. when damage occurs) (Buckley, 2005; Huber et al., 2014).
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Figure 1.2: A. Example of anisohydric plant species, Goupia glaba tree, and illustration of B. plant water content

and C. expected change in radar backscatter from the transition from normal conditions to increased water

stress, and D. example of isohydric plant species, corn, and illustration of E. plant water content and F. expected

change in radar backscatter from the transition from normal conditions to increased water stress.

Stomata of anisohydric plant species (e.g., sunflower, sorghum) are insensitive to

changes in leaf water potential and stomata remain fully open during soil drying and

higher evaporative demand (Martínez-Vilalta et al., 2014). Leaf water potential shows

strong fluctuations with changes in soil water availability and transpiration rates (Buck-

ley, 2005; Huber et al., 2014), leading to large diurnal variations in leaf water potential

and leaf water content (Egea et al., 2011). In contrast to isohydric species, leaf water

potential of anisohydric species tend to correlate closely with stomatal conductance

(Tardieu et al., 1996; Tuzet et al., 2003). An illustration of the effect of water stress on

anisohydric and isohydric plant species is presented in Fig. 1.2.

For both isohydric and anisohydric plant species, there is a direct effect of water

stress on the diurnal variations in plant water status. For isohydric species, diurnal vari-

ations in water content increase with water stress. For anisohydric species, decreasing



1

8 1. INTRODUCTION

diurnal variations are a sign of water stress. In both cases the onset of water stress can

be detected from day-to-day observations of the diurnal variation in water content.

1.5 CURRENT STATE OF KNOWLEDGE

Radar backscatter over vegetated areas through direct backscatter and two-way attenu-

ation of signal as it travels through the vegetation layer. Depending on the used radar

frequency, polarization, and incidence angle, backscatter is affected by different parts of

the vegetation. The backscatter and attenuation by the vegetation is primarily driven by

the vegetation dielectric properties, which are in turn a function of water content. The

vegetation dielectric properties are closely related to the vegetation water status. Small

changes in plant moisture content can cause a significant change in dielectric proper-

ties and thus backscatter (Brakke et al., 1981). Changing diurnal variation in plant water

content is a sign of water stress (Slayter et al., 1967; Hsiao, 1973). Depending on the de-

gree of isohydricity of the plant, they either increase or decrease after the onset of water

stress (Tardieu and Simonneau, 1998). Such variations have been measured in plant dy-

namics, as well as in trunk and xylem dielectric properties. It has been suggested that

these changes are detectable by radar. If this is the case, radar might also be used for

water stress detection and monitoring over vegetation surfaces.

1.6 ARE DIURNAL DIFFERENCES A SIGN OF WATER STRESS?
1.6.1 DIURNAL VARIATIONS IN DIELECTRIC PROPERTIES

Measurements have shown that the dielectric constant of xylem can change diurnally.

The lowest dielectric constants were found during the highest atmospheric evaporative

demand, when depletion of water in the xylem was the highest (McDonald et al., 2002).

Zimmermann et al. (1995) found diurnal changes in xylem dielectric constant and water

status. The lowest dielectric constant was measured in the afternoon. Salas et al. (1994)

found hysteresis between diurnal variations in branch water potential and trunk sap-

wood dielectric constant. The dielectric properties were positively correlated with tree

moisture content. These measurements suggested that diurnal variations in tree dielec-

tric properties are related to diurnal fluctuations in tree water status. Weber and Ustin

(1991) measured diurnal variation in trunk dielectric constant, which corresponded well

to leaf water potential, especially in the morning. The measured lag in dielectric con-

stant was hypothesized to be the result of gradual refilling of xylem tissue with water.

1.6.2 DIURNAL VARIATIONS IN BACKSCATTER

The earliest observations of diurnal variation in radar backscatter were reported by Ulaby

et al. Ulaby and Batlivala (1976). Differences up to 2-5 dB for L- and C-band were found

between morning and evening backscatter, and it was suggested that this was caused by

changes in orientation of the leaves, or plant moisture content. Later observations by

Brisco et al. (1990) and McDonald et al. (1990) found diurnal patterns in L-, C-, and Ku-

band. McDonald et al. (1990) observed and modeled diurnal variation in backscatter. At

the same time, diurnal variation in canopy dielectric properties were measured, which

have a direct effect on backscatter. Brisco et al. (1990) found that the diurnal variation

was evident for all used frequencies, although the effect of L- and C-band was different.



1.6. ARE DIURNAL DIFFERENCES A SIGN OF WATER STRESS?

1

9

This was attributed to the increased geometric effect of the vegetation canopy at higher

frequencies.

Birrer et al. (1982) were the first to report diurnal variations in space-born radar

backscatter. Radar response over the Amazon rainforest was studied to determine the

suitability as a standard calibration target for scatterometers, and a large homogeneous

region would be an ideal solution. However, it was found for the SeaSat scatterometer

that morning measurements were 0.5 - 1 dB higher than measurements at any other time

of the day.

Satake and Hanado (2004) found diurnal variation in TRMM backscatter of 0.5 dB,

with the highest daily value around 6 A.M. They suggested three explanations for the

observed diurnal variations: (1) changes of water vapor in the air, (2) changes of dew

on the leaves, and (3) changes of vegetation water status. Changes in water vapor were

estimated to attenuate the backscatter by 0.1 dB at most. A crude model was used to

test whether dew could explain the diurnal cycle. By assuming only small variations in

vegetation water status, it was suggested that dew caused the observed diurnal variations

in backscatter. However, no field data on vegetation water status, or dielectric properties

were available.

Frolking et al. (2006) studied the sensitivity of Ku backscatter to vegetation dynam-

ics by comparing QuikScat backscatter to MODIS derived LAI. Using data for non-frozen

periods from 2000 to 2002, they demonstrated that the backscatter response to growing

season canopy dynamics. A later study by Frolking et al. (2011) compared 10 years of

QuikScat backscatter to an expression of water deficit anomalies using TRMM precipita-

tion estimates. Strong negative anomalies were found in morning overpass backscatter

and water deficit anomalies during the dry season. It was hypothesized that the dry sea-

son reduction in backscatter was due to changes in water status of the canopy. Dew was

not considered as a plausible explanation, as the anomalies in morning backscatter and

water deficit anomalies also corresponded to a reported increase in tree mortality during

this period. Yet, no field data of tree water status was available to confirm the sensitivity

of backscatter to canopy water content.

More recently, Jaruwatanadilok and Stiles (2014) analyzed 10 years of QuikScat backscat-

ter to investigate trends in backscatter at potential calibration targets. It was found that

backscatter over tropical forests such as the Amazon are very stable and homogeneous

on longer time scales. However, backscatter was also found to consistently show diur-

nal variations, which corresponds to the expectations that morning backscatter is higher

due to increased vegetation moisture content.

Crucial work that led to the hypothesis that radar backscatter is sensitive to vegeta-

tion water stress was done by Friesen (2008) and Friesen et al. (2007, 2012). Friesen et al.

(2007) observed diurnal differences in ERS 1/2 C-band backscatter up to 1 dB over West

Africa. It was found that the patterns shift temporally in accordance with the transition

from wet to dry seasons. Because of the absence of any additional data, five possible

explanations were given for the diurnal differences: (1) diurnal variation in vegetation

water content, (2) diurnal variation in water stored on the leaves and topsoil due to diur-

nal rainfall patterns, (3) diurnal variation in soil moisture, (4) azimuthal anisotropy and

(5) diurnal differences in Bragg scatter from open water.

Not all explanations were considered as likely to explain the observed diurnal varia-
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tions in backscatter. Diurnal variation in rainfall or dew would only explain diurnal dif-

ferences in the wet/rainy season, and not the observed diurnal differences in backscatter

in other times of the year. Although soil moisture varies over the day, the regional pat-

terns in soil moisture did not correspond to the observed patterns in backscatter. On the

other side, Bragg scatter by wind might be relevant as the diurnal variation of wind speed

is significant in West Africa. Azimuthal anisotropy due to changes in structural features

of the surface can have an effect of 1-5 dB. Finally, it was found that the region with the

largest diurnal variation backscatter had trees that are subject to limiting soil moisture,

influencing vegetation water content significantly.

Using regional vegetation modeling, Friesen (2008) investigated the diurnal plant

water fluxes, which showed that diurnal variations in tree water status can be the main

cause of the observed diurnal variation in backscatter. The diurnal variation in backscat-

ter coincided with the onset of water stress over West Africa. The largest diurnal differ-

ences were found during the dry season, which ruled out interception, dew, or topsoil

as drivers over diurnal variation in backscatter. It was also found that the greatest differ-

ences were found in areas with the presence of vegetation, shortly after the rainy season

(Friesen et al., 2012), at the onset of the dry season.

To test diurnal variation vegetation water status as explanation of the observed diur-

nal differences in radar backscatter, Steele-Dunne et al. (2012) modeled the sensitivity

of L- and C-band backscatter to changing vegetation water content. Using the Michi-

gan Microwave Canopy Scattering Model (MIMICS, (Ulaby et al., 1990)), it was demon-

strated that during periods of low soil moisture availability, radar backscatter is sensitive

to changes in vegetation water content. Results for L- and C-band suggest that observed

diurnal variation in backscatter can be caused by diurnal variation in vegetation dielec-

tric properties.

Recently, the non-sun-synchronous RapidScat mission was used to identify diurnal

changes in backscatter globally (Paget et al., 2016; Madsen and Long, 2016). Over some

areas, such as the Amazon and the Congo, the changes in backscatter can be correlated

with vegetation. This supports the theory of the sensitivity of backscatter to changing

vegetation moisture content in e.g. the Amazon and Congo regions (Paget et al., 2016).

Diurnal variations in RapidScat backscatter over Central African forests also demon-

strate seasonal variation, that are consistent with patterns in stomatal closure in this

region (Konings et al., 2017). However, only in situ observations of moisture content, di-

electric properties and backscatter can determine whether diurnal variation in backscat-

ter is affected by vegetation water stress.

1.7 THIS THESIS: TESTING THE HYPOTHESIS

From previous work it is clear that vegetation water status and dielectric properties are

affected by water stress. At the same time, significant changes in diurnal variations of

radar backscatter have been found. All fingers point in the direction of vegetation as the

explanation for these observations. This thesis therefore aims to test the hypothesis that:

• Vegetation water stress has an observable effect on radar backscatter
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This thesis studies the missing link between vegetation water content, dielectric prop-

erties and radar backscatter, in response to water stress. To test the hypothesis that radar

backscatter is sensitive to vegetation water stress, ground measurements of vegetation

water status, and dielectric properties, in combination with backscatter are required.

First, this thesis focuses on measuring the vegetation response to water stress at the

field scale by developing and employing sensors to measure dielectric properties, and

mass variations of vegetation in vivo. Second, ground measurements of the vegetation

response to water stress are linked to radar response on field and forest scale.

The hypothesis that water stress affects radar backscatter is tested in two different

ecosystems. The first half of this thesis focuses on agricultural canopies. Water stress in

crops leads to decreased biomass production and plant death. Early detection of water

stress might therefore be useful to optimize irrigation strategies, and increase food secu-

rity. The second half focuses on tropical forests in the Brazilian Amazon. The Amazon

rainforest has a significant influence in the global water and carbon cycle. Yet, the ef-

fects of water stress are poorly understood. Water stress detection and monitoring will

therefore give new insights in the dynamics and extent of drought in the Amazon, and

its broader impact on the water and carbon cycle.

1.8 HOW TO READ THIS THESIS

Chapters 2 to 4 focus on agricultural canopies. Chapter 2 presents a controlled exper-

iment on a greenhouse grown tomato canopy. This experiment was used to test and

demonstrate a novel sensor that allows in vivo measurements of leaf dielectric proper-

ties. Measurements were done on plants with and without water stress, to allow demon-

strating differences in leaf dielectric properties.

Chapter 3 discusses dielectric properties measurements under field conditions. In

this chapter, results from two measurements campaigns on corn canopies are presented.

One campaign was done on a corn canopy with water stress, and one campaign on a corn

canopy without water stress. This chapter shows the effect of water stress on variations

in dielectric properties at individual corn leaves.

Chapter 4 links the measured changes in vegetation water content of a corn canopy

in response to water stress to modeled radar backscatter. A sensitivity study was per-

formed to demonstrate the response of radar backscatter to changes in VWC during a

period of low soil moisture availability. Radar backscatter time series were modeled

to show the change in diurnal variation in backscatter in response to vegetation water

stress.

Chapters 5 to 7 focus on tropical forests. Chapter 5 demonstrates a new concept of

using accelerometers to measure tree properties and responses. Accelerometers mea-

sure tree sway, which is sensitive to mechanical tree properties. Using five months of

tree acceleration data, collected on 19 trees, it is shown that tree acceleration is sensitive

to tree mass, precipitation intercepted by the canopy, and canopy-atmosphere turbulent

exchange.

Chapter 6 uses tree accelerometer data to study the spatiotemporal variation in tree-

atmosphere interaction across Amazon trees. A time series of tree-atmosphere inter-

action during the transition from the wet to the dry season is presented, showing the

response to increased tree water deficit.
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Chapter 7 links simultaneous ground measurements of tree water status to RapidScat

radar backscatter over the Amazon rainforests. Data of a nine-month period is used to

demonstrate the effect of changing tree water status on the diurnal variation in backscat-

ter. An additional analysis is presented that demonstrates the effect of increased tree

water deficit on morning radar backscatter.

Finally, Chapter 8 presents the conclusions of this thesis, and provides an outlook to

future research directions.



2
A COMPARISON BETWEEN LEAF

DIELECTRIC PROPERTIES OF

STRESSED AND UNSTRESSED

TOMATO PLANTS

Knowledge is knowing that a tomato is a fruit.

Wisdom is not putting it in a fruit salad

Miles Kington

Leaf dielectric properties influence microwave scattering from a vegetation canopy. The

dielectric properties of leaves are primarily a function of leaf water content. Understand-

ing the effect of water stress on leaf dielectric properties will give insight in how plant dy-

namics change as a result of water stress, and how radar can be used for early water stress

detection over agricultural canopies.

This chapter presents in-vivo measurements of leaf dielectric properties. Different rela-

tionships between leaf water content and leaf dielectric properties were found for tomato

leaves at various heights. The dielectric properties of live stressed and unstressed tomato

plants were measured during a controlled, two-week experiment. A clear difference was

found between the leaf dielectric properties of stressed and unstressed leaves, which can be

attributed to increase in water stress.

The results show changes in plant dynamics due to water stress lead to a difference in leaf

dielectric properties between stressed and unstressed plants.

Parts of this chapter have been published in the Proceedings of the Geoscience and Remote Sensing Sympo-

sium (IGARSS), 2015 IEEE International, (van Emmerik et al., 2015a)
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2. A COMPARISON BETWEEN LEAF DIELECTRIC PROPERTIES OF STRESSED AND

UNSTRESSED TOMATO PLANTS

2.1 INTRODUCTION

This chapter presents observations of leaf dielectric properties of stressed and unstressed

tomato plants in the field. The vegetation dielectric properties are a crucial factor that

determines the interaction of a canopy with electromagnetic waves. Dielectric proper-

ties of individual vegetation components (e.g., leaves, branches, stems, fruit) are there-

fore an important driver of the impact of vegetation on microwave emission and scatter-

ing.

Vegetation dielectric properties depend on e.g., salinity and temperature (Nelson,

1991; Ulaby and Jedlicka, 1984), but are primarily a function of water content (Nelson,

1991). Recent studies have shown that microwave scattering at various frequencies,

polarizations and incidence angles, radar backscatter from forest (Steele-Dunne et al.,

2012) canopies is mainly sensitive to leaf water content, especially during times of water

stress. However, behavior of leaf dielectric properties in response to changes in leaf wa-

ter content and water stress is still poorly understood. This is mainly caused by the lack

of in-vivo measurements of the dielectric properties (El-Rayes and Ulaby, 1987; Steele-

Dunne et al., 2012).

Previous studies have investigated the dielectric properties of vegetation, see for ex-

ample Nelson (1991); Ulaby and Jedlicka (1984); El-Rayes and Ulaby (1987). However,

this has mainly been done using destructive sampling or in-vivo on tree trunks (McDon-

ald et al., 1999, 2002), but not on leaves. In-vivo measurements of leaf dielectric proper-

ties should give insight in the effect of changing leaf water content and water stress on

leaf dielectric properties. Leaf water content is related to the amount of water present in

the soil. However, this relation can be different for various types of crops (Tardieu and

Simonneau, 1998; Sade et al., 2012).

Detailed in-vivo measurements of the leaf dielectric properties will give insight in

response of dynamics of different plant species to water stress, allowing further study of

how water stress affects radar backscatter. During a two-week experiment, leaves of both

a stressed and unstressed tomato plant were measured throughout per day. Water stress

was induced by switching off water supply for one row of tomato plants, while irrigation

continued for the other. The goals of this chapter are to (1) determine the relationship

between the sensor response and leaf moisture content, and (2) identify the effects of

water stress on leaf dielectric properties of tomato plants.

2.2 METHODS

2.2.1 STUDY SITE AND PLANT MATERIAL

The experiment for this chapter was conducted in the greenhouses at the Wageningen

University and Research Center Glastuinbouw, located in Bleiswijk, Zuid-Holland, The

Netherlands. Measurements were conducted from November 10 to 22, 2014. All mea-

surements were done on tomato plants (Solanum lycopersicum, Tomimaru Muchoo),

sown on May 1, 2014 and planted on June 20, 2014 in rock wool After the emergence of

the 8th cluster of fruit, the head of the plant was cut to prevent further growth. Mea-

surements were done in the mature stage of the plant, when all fruits were fully devel-

oped. Temperature, relative humidity, CO2 concentration, and irrigation was all regu-

lated throughout the cultivation of the plants. Each tomato plant had an individual drip



2.2. METHODS

2

15
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Figure 2.1: (a) Microstrip line resonator used for ∆ fr measurements, (b) illustration of leaf sample placement,

(c) 3D schematic of the sensor setup for a measurement, and (d) measurement set-up. Note that the leaves are

numbered from the bottom upwards.

2.2.2 DIELECTRIC PROPERTIES MEASUREMENTS

Fig. 2.1(a) shows the sensor, a microstrip line resonator (44mm x 14mm x 1.25mm) which

senses the leaf through a “sampling window” (9mm x 9mm), cut in the ground plane.

Teflon blocks (1cm x 4cm x 3cm) are placed under the sensor and on top of the leaf (Fig.

2.1(b)) to ensure that environmental effects are limited to those of a known dielectric

constant, and that the leaf is held in place against the sensor with a constant pressure.

The sensor was directly attached to Port 1 of a ZVH8 Cable and Antenna Analyzer (ZVH8,

100kHz to 8GHz, Rohde & Schwarz, München, Germany) with the K42 Vector Network

Analysis and K40 Remote Control options. For each measurement, the magnitude (dB)

of the reflection coefficient S11, which depends on the dielectric constant of the sam-

ple, was measured at 1201 frequencies over a predefined range. The resonant frequency

fr is the frequency at which the magnitude of S11 is at a minimum. An increase in the

real part of the dielectric constant of the sample leads to a decrease in the resonant fre-

quency, fr .

For wet leaves the dielectric constant is high (El-Rayes and Ulaby, 1987), fr is lower,

and the dip in the signal is sharper. For drier leaves the dielectric constant is lower, lead-
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ing to a higher fr and a shallower dip in the signal. As the leaf dries out, the difference

in fr between the leaf and the Teflon block decreases, due to a decreasing dielectric con-

stant of the leaf. In the subsequent figures and analysis, this difference in fr will be

referred to as ∆ fr [GHz]. A high value of ∆ fr corresponds to a high value of the dielec-

tric constant of the leaf, and a low ∆ fr corresponds to a low dielectric constant. The

moisture content of single scatterers (leaves) is expressed here in terms of gravimetric

moisture because it is used in the dual-dispersion model (Ulaby and El-Rayes, 1987), as

well as models in which dielectric properties of individual scatterers are required (e.g.

MIMICS (Ulaby et al., 1990)).

2.2.3 CALIBRATION EXPERIMENT

The relationship between∆ fr and leaf gravimetric moisture content Mg depends strongly

on the species. A calibration experiment was performed to establish the relationship be-

tween the Mg and ∆ fr for the measured tomato plants. This was done by taking dielec-

tric measurements of a drying leaf. First one measurement was done when the tomato

leaf was attached to the plant. Then, the leaf was cut, measured, weighed, air-dried and

measured again. This was repeated for 12 values of Mg . After a dielectric measurement,

the leaf was weighed to determine the fresh mass. Finally, the leaf was dried in an oven

at 70 ◦C for 24 hours and weighed again to determine the dry mass. The gravimetric

moisture content was calculated using Ulaby and Jedlicka (1984):

Mg =
Mw −Md

Mw
(2.1)

where Mw and Md are the fresh and dried leaf weights.

2.2.4 DIELECTRIC PROPERTIES TIME SERIES

For one row of plants, all irrigation nozzles were removed on November 10, 2014 at 9

A.M. For the other row, irrigation continued throughout the experiment. In-vivo mea-

surements were taken five times per day (7 A.M., 9 A.M., 11 A.M., 1 P.M., 3 P.M.). At the

same time, volumetric moisture content was determined by taking the mean value of 3

measurements along the row. From 10 to 15 November the dielectric properties of an in-

dividual irrigated and non-irrigated plant were measured. From 17 to 22 November, an-

other individual irrigated and non-irrigated plant were measured. For every plant, three

leaves at different heights were measured, see Fig. 2.1d. The time series were tested

on the presence or absence of trends by calculating Spearman’s correlation coefficient

Gauthier (2001). For the two separate weeks, the correlation coefficient was determined

of both the stressed and unstressed time series. A trend was considered present if the

confidence level was higher than 80%.

2.3 RESULTS AND DISCUSSION

2.3.1 CALIBRATION EXPERIMENT

Fig. 2.2 presents the results of the calibration experiment for leaf 1, 2 and 3. For ev-

ery leaf, a different relationship was found between leaf moisture content Mg and ∆ fr .

Leaf 1 and 2 have a similar relationship, but leaf 3 shows that ∆ fr is generally lower. ∆ fr
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Figure 2.2: Relationship between Mg and ∆ fr for three leaves: the lower leaf 1 (black circles), the middle leaf 2

(red triangles) and the upper leaf 3 (blue squares).

first decreases with decreasing water content. If the leaf water content drops below 0.92,

the resonant frequency increases steeply. For leaf water content below 0.75, ∆ fr is in-

sensitive to changes in Mg . It can be seen that for tomato leaves, the relation between

Mg and ∆ fr is non-monotonic, since the same ∆ fr values were measured for Mg val-

ues between 0.86 and 1. This is related to the drying mechanism of the leaves. If leaves

dry out without further changes to the structure or salinity, one can expect a monotonic

relation between Mg and ∆ fr . The non-monotonic relation for tomato leaves might in-

dicate that when leaves dry out, the structure or salinity is also changed, in addition to

the water content.

2.3.2 SOIL MOISTURE
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Figure 2.3: Volumetric soil moisture measured at the irrigated (black squares) and non-irrigated (red dots)

tomato plants.

Fig. 2.3 presents the soil moisture measured at the irrigated and non-irrigated tomato

plants. The soil moisture measurements showed a clear difference between the irrigated
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and non-irrigated plants. On average, the soil moisture was 0.75 for the irrigated row.

Soil moisture at the non-irrigated row dropped directly after irrigated was withheld. Af-

ter two weeks, soil moisture was lower than 0.1.

2.3.3 LEAF DIELECTRIC PROPERTIES TIME SERIES

Table 2.1: Confidence boundaries for the presence or absence of trends in resonant frequency difference be-

tween leaf and Teflon ∆ fr and leaf gravimetric moisture content Mg for the stressed and unstressed tomato

plants, calculated using Spearman’s Rank Coefficient. Positive and negative signs indicate an increasing or de-

creasing trend, respectively. A (-) indicates no trend was observed. Confidence boundaries were tested for the

complete period (November 10 - 21), and for the first (November 10 - 15) and second week (November 16 - 21)

separately

Leaf No. Stressed Unstressed

∆ fr Mg ∆ fr Mg

November 10 - 21 (complete period)

1 0.99 -0.99 0.86 -0.82

2 0.83 -0.97 - -0.87

3 0.98 -0.98 - -

November 10 - 15 (1st week)

1 - - - -

2 0.84 - - -0.84

3 - - - -

November 16 - 21 (2nd week)

1 - - -0.84 -

2 0.98 - - -

3 0.99 - -0.98 -

Fig. 2.4 (a)-(c) show the leaf water content Mg for leaves 1 to 3. For both the stressed

and unstressed plants, Mg appears stable over time. In the second week Mg of the

stressed plant is visibly lower than for the unstressed plant. In Table 1 it can be seen

that for the stressed plants, all leaves showed a strong decreasing trend. The unstressed

plant showed a weak decreasing trend in leaves 1 and 2.

Fig. 2.4 (d)-(f) shows the difference in resonant frequency between leaf and Teflon

∆ fr for leaves 1 to 3. All stressed leaves show an increasing trend in ∆ fr . For the un-

stressed plant, only the first leaf shows a weak increasing trend (Table 1). In the first

week the values of the stressed and unstressed plant are similar and no trend was ob-

served in both the irrigated and non-irrigated plant. The rock wool contained sufficient

water for root water uptake by the non-irrigated plant.

In the second week∆ fr of the stressed and unstressed leaves diverge. ∆ fr of stressed

leaves is higher than the unstressed leaves, and also strong increasing trends were ob-

served in leaves 2 and 3, while for the unstressed plants only decreasing trends were

found for leaves 1 and 3. The calibration (Fig. 2.2) showed that for ∆ fr below 0.85, an

increasing ∆ fr corresponds to a drier leaf. From November 11 to 22, ∆ fr is higher for

the stressed leaves than for the unstressed, indicating a lower leaf water content. This is

consistent with the lower measured Mg for stressed leaves. From the measurements it is
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Figure 2.4: Gravimetric leaf moisture content Mg of (a) leaf 3 (upper leaf), (b) leaf 2 (middle leaf) and (c) leaf 1

(lower leaf), and the difference in resonant frequency between leaf and Teflon ∆ fr of (d) leaf 3 (upper leaf), (e)

leaf 2 (middle leaf) and (f) leaf 1 (lower leaf). Mg and∆ fr of the unstressed plants are shown as black dots, the

stressed plants as red squares.

clear that water stress leads to different dynamics in the leaves. Both Mg and ∆ fr in the

stressed leaves show different trends than the unstressed plants.

Note that the measurements took place in mid-November, during days on which the

incoming radiation was around 10 % of typical summer values. Also, the plants were

restrained from growing further and all fruits were developed. The photosynthetic activ-

ity was therefore most likely very low, leading to low transpiration, and hence water loss

rates. Even during these times of low plant activity a difference in∆ fr was found. In case

a similar experiment would be done in the vegetative or early reproductive stage (fruits

are developing), the effects of water stress would probably be noticeable not only earlier,

but also to a greater extent.

2.4 CONCLUSIONS

Measurements using a microstrip line resonator were used to show that the dielectric

properties of tomato leaves are affected by (mild) water stress.

Considerably different trends in leaf water content Mg and ∆ fr were observed for

stressed and unstressed tomato plants, suggesting a similar difference in leaf dielectric

constant. This shows that the impact of water stress on plant dynamics results in dy-

namics in leaf dielectric properties.

In this chapter, we show the difference in dielectric properties between irrigated and

non-irrigated tomato plants as a result of water stress. This is a first step in the develop-

ment of a better understanding of the relation between water stress, leaf water content,

and leaf dielectric properties. In the next chapter, the presented method for measuring

leaf dielectric properties in-vivo is used under field conditions on a corn canopy to study

the effect of vegetation water stress.
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DIELECTRIC RESPONSE OF CORN

LEAVES TO WATER STRESS

Rain makes corn,

Corn makes whisky,

Whisky makes my baby,

Feel a little frisky

Luke Bryan

Radar backscatter from vegetated surface is sensitive to direct backscatter from the canopy,

and two-way attenuation of the signal as it travels through the canopy. Both mechanisms

are affected by the dielectric properties of the individual elements of the canopy, which are

primarily a function of water content. Leaf water content of corn can change considerably

during the day and in response to water stress, and model simulations suggested that this

significantly affects radar backscatter. Understanding the influence of water stress on leaf

dielectric properties will give insight into how the plant water status changes in response

to water stress, and how radar can be used to detect vegetation water stress. We used a

microstrip line resonator to monitor the changes in its resonant frequency at corn leaves,

due to variations in dielectric properties. This study presents in vivo resonant frequency

measurements during field experiments with and without water stress, to understand the

dielectric response due to stress. The resonant frequency of the leaf around the main leaf

of the stressed plant showed increasing diurnal differences. The dielectric response of the

unstressed plant remained stable. This study shows the clear statistically significant effect

of water stress on variations in resonant frequency at individual leaves.

Parts of this chapter have been published in IEEE Geoscience and Remote Sensing Letters, 14 (1), 8–12 (van

Emmerik et al., 2017c).
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3.1 INTRODUCTION

This study is motivated by the potential use of radar for early water stress detection in

agricultural canopies. Radar backscatter is sensitive to vegetation because of the direct

backscatter from the canopy itself, and two-way attenuation of the signal as it travels

through the canopy. Both mechanisms are affected by the dielectric constant, architec-

ture, shape and orientation of all individual scattering elements (leaves, branches, stem,

fruits) within the canopy. In turn, the dielectric properties of these individual scatter-

ers are primarily a function of water content, but also depend on salinity (Nelson, 1991)

and temperature (Ulaby and Jedlicka, 1984). Whether radar backscatter is sensitive to

changes in the dielectric properties of certain individual elements depends on the radar

frequency, polarization and incidence angle.

Water content in vegetation changes on a diurnal and seasonal scale. Several studies

have reported diurnal differences in radar backscatter due to water stress (Frolking et al.,

2011; Friesen et al., 2007; Friesen, 2008; Friesen et al., 2012). Recent studies on tree and

corn canopies have demonstrated that during periods of low soil moisture availability,

total radar backscatter is mainly sensitive to changes in leaf water content. A modeling

study using the Michigan Microwave Canopy Scattering Model (MIMICS, (Ulaby et al.,

1990)) showed that total C-band backscatter from a forest canopy is sensitive to the water

content of leaves and trunks, especially when at the onset of water stress (Steele-Dunne

et al., 2012). This study highlighted the significant influence of leaf water content on

radar backscatter during water stress.

Water stress influences plant water dynamics, and might cause early plant death

(Jones and Tardieu, 1998). To prevent excessive water loss and physiological damage,

plants regulate transpiration by adjusting the stomatal aperture (Jarvis, 1976). Stomatal

closure is the result of hydraulic signalling from the roots to the leaves, and an increase

of the stress hormone Abscisic acid (ABA) (McAdam and Brodribb, 2014), which is trans-

ported through xylem flow and regulates stomatal conductance (Tardieu et al., 1992b).

It remains unclear how hydrological and plant physiological signatures of water stress

affect radar backscatter. A better understanding of how dielectric properties of indi-

vidual scattering elements, individual leaves in particular, change in response to water

stress gives more insight in how radar can be used for water stress detection. Unfor-

tunately, few datasets on in vivo leaf dielectric properties are available (Steele-Dunne

et al., 2012). Previous studies have investigated the dielectric properties of vegetation,

but most studies focused on tree trunks McDonald et al. (2002), or used in vivo methods

that were not suited for leaves (Way et al., 1991). However, measurements presented in

Chapter 2 showed a significant dielectric response of tomato leaves to water stress in a

greenhouse. In current radar backscatter models and soil moisture algorithms vegeta-

tion is often modeled as a homogeneous layer (Attema and Ulaby, 1978) or as a combi-

nation of individual scattering elements (Ulaby et al., 1990) with equal moisture content.

This study uses in vivo measurements made during two field experiments with a mi-

crostrip line resonator, the resonant frequency of which depends on the dielectric con-

stant of the sampled leaf. The first experiment was done on a corn canopy without plant

water stress. During the second experiment, water stress was induced by withholding ir-

rigation. The objective of this study is to understand the dynamics of resonant frequency

variation in response to changing dielectric constant of individual leaves, induced by
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water stress and plant development.

3.2 METHODS

3.2.1 DIELECTRIC RESPONSE MEASUREMENTS

All measurements were done using the microstrip line resonator measurement setup as

presented in Chapter 2. Fig. 3.1 shows the leaf numbering used for the corn leaf mea-

surements. Note that leafs are numbered starting at the lowest leaf. Fig. 3.2 shows the

reflection coefficient S11 between 3.3 and 3.8 GHz for a typical background measure-

ment of the Teflon blocks, and two measurements of single corn leaves with high and

low gravimetric water content (Ulaby and Jedlicka, 1984), defined as:

Mg =
Mw −Md

Mw
(3.1)

where Mw and Md are the fresh and dried leaf weights. Fig. 3.2b shows the rela-

tionship between ∆ fr and Mg for individual leaves from a corn canopy. When leaves

are measured as the plant dries down, the decrease in Mg clearly results in a decrease in

∆ fr . During both field experiments, the resonant frequency was measured at both sides

of the middle of the leaf.
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Figure 3.1: Schematic figure of a corn plant including leaf and ear numbering.
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Figure 3.2: (a) Measurements of a Teflon block, a wet leaf, and a dry leaf, showing the shift in resonant fre-

quency fr associated with the change in the real part of the dielectric constant of the leaf, and (b) a relation

between ∆ fr and Mg , obtained by measuring a leaf before cutting (in vivo), and after (Cut & dried) cutting.

3.2.2 UNSTRESSED FIELD MEASUREMENTS

Unstressed field measurements were done on a rain fed corn field from July 8 to Septem-

ber 6, 2013 (DOY 189 to 249) near Zeewolde, The Netherlands (52.36◦N, 5.54◦E). Field

corn (100-day growing period) was planted on a site of 100 m x 100 m, with a row spac-

ing of 0.7 m, a plant density of 6.6 plants per meter and a clay soil. This study uses

observations of the late vegetative, reproductive and mature stages of corn (DOY 211 to

220). The plants had a mature average height of 2.20 m, fifteen leaves and two ears, lo-

cated at leaves 7 and 9. No irrigation was applied during the experiment. Precipitation

was measured using a HOBO weather station (Onset Computer Co., Bourne, MA, USA).

Soil moisture profiles were measured at 0.1, 0.2, 0.4 and 0.8 m, using EC-5 soil moisture

sensors (Decagon Devices, Inc., Pullman, WA, USA) with a measurement interval of 15

min.

The influence of water stress on bulk vegetation water content was determined using

destructive vegetation samples every morning and evening. VWC is used here because

it is used to describe the moisture content of the canopy in the water-cloud model (At-

tema and Ulaby, 1978). To determine total, leaf, and stem VWC, one corn plant was cut,

weighed with leaves, stems, and ear separated, dried in a 70◦C oven for 48 (leaves) or

120 hours (stems and ears), and weighed again. VWC values of leaves and stems were

determined from the fresh and dry masses (Mw and Md ), using:

V W C = η[(Mw,l −Md ,l )+ (Mw,s −Md ,s )] (3.2)

where η is the number of plants/m2, and the superscripts l and s indicate leaves and

stems. Resonant frequency measurements were made between 3.1 and 4.1 GHz at 6

A.M. and 6 P.M., immediately preceding the destructive vegetation sampling. Between

DOY 211 and 220, leaves 1 to 12 were measured, and measurements were taken every

day. Trends were calculated for the total data series, A.M. measurement, P.M. measure-

ments, and the diurnal difference (P.M. - A.M.), using Spearman’s correlation coefficient,
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expressed as confidence boundaries. Only values higher than 0.9 were considered sta-

tistically significant trends.

Note, from Fig. 3.2a, that ∆ fr is related to the gravimetric moisture content of an

individual leaf, and not to the bulk moisture content of the canopy. Unfortunately, Mg

data is not available for the field trial described here.

3.2.3 STRESSED FIELD MEASUREMENTS

Fieldwork during a period of increased vegetation water stress was conducted near Citra,

FL (29.41◦N, 82.18◦W), as part of the MicroWEX-11 experiment (Bongiovanni et al., 2015)

from April 25 to December 9, 2012 (DOY 115 to 343). Sweet corn (78-day growing period)

was planted on a site with a sandy soil of 183 m x 183 m, 1 m row spacing and plant

density of five plants per meter. This study used observations during the late vegetative

and reproductive periods (DOY 281 to 292). Water stress was induced by withholding

irrigation at the vegetation sampling location. The corn plants had an average mature

height of 1.8m, twelve leaves and one ear, located at leaf 8. Precipitation data was ob-

tained from the Florida Automated Weather Network (FAWN). The soil moisture pro-

file was measured at six depths of 0.02m, 0.04m, 0.16m, 0.32m, 0.64m and 1.2m at the

site using Campbell Scientific CS616 time-domain water content reflectometers (Camp-

bell Scientific, Inc., Logan, UT, USA). From DOY 281 to 292, daily destructive samples

were taken at 6 A.M. and 6 P.M.. To determine total leaf and stem water content, two

corn plants were cut, weighed with leaves and stems separated, dried in a 70◦C oven for

48 and 120 hours, respectively, and weighed again. Resonant frequency measurements

were made between 2.1 and 4.1 GHz from DOY 281 to 292, at 6 A.M. and 6 P.M., immedi-

ately preceding the destructive vegetation sampling. All measurements were performed

on the same corn plant throughout the experiment.

3.3 RESULTS

3.3.1 UNSTRESSED FIELD MEASUREMENTS

Fig. 3.3(a) shows the precipitation and root zone soil moisture in the unstressed canopy.

Although only few rainfall events occurred during the measured period, the root zone

soil moisture remained high (0.4 - 0.45 m3/m−3). Fig. 3.3(b) and (c) present the total

stem and leaf water content. Stem water content decreased gradually during the repro-

ductive phase. Leaf water content is constant after DOY 211. Fig. 3.4 (a)-(c) present the

differences in resonant frequency (∆ fr ) of leaves 7, 9 and 11. ∆ fr is stable for all three

leaves, and only for leaf 7 diurnal variations were observed. From DOY 211 to 214, the 6

A.M. values were higher than the 6 P.M. values. Table 1 presents the trends in ∆ fr . Leaf 7

shows an increasing trend in the P.M. values, and leaf 9 shows positive trends in the total,

and in the A.M. data. During measurement period, the plant was still in the vegetative

stages, which led to an increased leaf water content (and hence dielectric constant) in

the leaves around the ears (leaf 7 and 9). Lab measurements found the instrument error

to be 0.001 GHz, and the reproducibility error, defined as the error when moving and

reapplying the sensor to be 0.009 GHz. Both errors were significantly smaller than the

observed diurnal differences of ∆ fr at leaf 7 (0.04 GHz) and the total change of ∆ fr at

leaf 7 and 9 (0.05 GHz).
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Figure 3.3: Unstressed canopy: (a) Precipitation and root zone soil moisture, (b) stem water content and (c)

leaf water content. The stages are included in (a), T=Tasseling, S= Silking, R1=Reproductive stage).
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Figure 3.4: Unstressed canopy: Dielectric response ∆ fr on (a) leaf 11, (b) leaf 9 and (c) leaf 7.



3.3. RESULTS

3

27

282 284 286 288 290 292
0

10

20

 T T/S

Ir
ri
g

a
ti
o

n
 [

m
m

 d
−

1
] (a) Root zone soil moisture and precipitation

 

 

282 284 286 288 290 292
0

0.25

0.5

S
o

il 
m

o
is

tu
re

 [
m

3
/m

3
]

Irrig. Soil moisture

282 284 286 288 290 292
0

2

4

V
W

C
 [

k
g

 m
−

2
]

(b) Stem water content

 

 

6 A.M.

6 P.M.

282 284 286 288 290 292
0

0.5

1

DOY 

V
W

C
 [

k
g

 m
−

2
]

(c) Leaf water content

Figure 3.5: Stressed canopy: (a) Precipitation (not between DOY 281 and 293), irrigation at the soil moisture

measurement site only, and root zone soil moisture, (b) stem water content and (c) leaf water content. The

stages are included in (a), T=tasseling, T/S= start silking.
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Figure 3.6: Stressed canopy: Dielectric response ∆ fr on (a) leaf 12, (b) leaf 10 and (c) leaf 8.
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Table 3.1: Trends in∆ fr for the stressed and unstressed canopies, calculated using Spearman’s rank coefficient.

Positive trends are indicated with (+), negative trends with (-), and no significant trends with (n.t.). Total means

all data points of the time series, A.M. and P.M. are the morning and evening values only. Diurnal difference

refers to differences between A.M. and P.M.

Leaf No. Total A.M. P.M. Diurnal difference

Flevoland (unstressed)

11 n.t. n.t. n.t. n.t.

9 + 0.99 + 0.99 n.t. n.t.

7 n.t. n.t. + 0.92 n.t.

Florida (stressed)

12 n.t. n.t. n.t. n.t.

10 + 0.99 + 0.99 + 0.95 n.t.

8 n.t. n.t. - 0.96 + 0.94

3.3.2 STRESSED FIELD MEASUREMENTS

During the measurement period in the stressed canopy, no precipitation events occurred

(Fig. 3.5(a)). Root zone soil moisture remained low during this period (0.1 m3/m−3).

Note that, although irrigation was switched off at the vegetation sampling location, it

continued at the soil moisture probes. These events are indicated as Ix , meaning that

soil moisture at the vegetation sampling site is overestimated. Fig. 3.5 shows total stem

(b) and leaf water content (c). After the onset of water stress on DOY 280, stem water

content, and 6 A.M. and 6 P.M. leaf water content decreased. The diurnal differences

in leaf water content are the highest between DOY 281 and 284, just after the onset of

water stress. Fig. 3.6 (a)-(c) show the difference in resonant frequency ∆ fr time series at

leaves 8, 10 and 12. Leaf 10 and 12 show a very stable signal from DOY 281 to 292. There

are small diurnal differences in ∆ fr , similar in magnitude to the measurements in the

unstressed canopy. A positive trend was observed in the A.M. and P.M. values of leaf 10

(Table 1). Leaf 8 shows a clear decreasing trend in the 6 P.M. values, and an increasing

trend in the diurnal variation. The diurnal variation of leaf 8 (increasing from 0.048 GHz

to 1.675 GHz) is considerably higher than in other leaves (about 0.030 GHz).

3.4 DISCUSSION

Leaf water content of the stressed corn canopy decreased significantly, in contrast to

the unstressed canopy, where leaf water content remained stable during the measure-

ment period. Water stress also had an effect on the diurnal differences in leaf water

content, which increased just after the onset of water stress. The resonant frequency

measurements revealed a dynamic vertical profile of the dielectric response in both the

unstressed and the stressed canopy. During normal conditions, the slowly increasing

resonant frequency at leaves 7 and 9 are a sign of the growing canopy, suggesting increas-

ing leaf water content and dielectric constant of these leaves. The leaves of the stressed

canopy also demonstrated dynamic behavior, depending on the height of the leaf. The

contrasting trends of the resonant frequencies at leaves 8 and 10 suggest a change in the

vertical water distribution between leaves. However, the effect of water stress was mostly

visible through the increasing diurnal variation in resonant frequency of leaf 8. Such di-
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urnal variations only occur during times of severe water stress, as isohydric species are

unable to prevent water loss for all leaves. Individual leaves respond differently to an in-

crease in stress hormone ABA, which is not reflected in the bulk leaf water content. The

older, lower leaves are less responsive to ABA (Zhang and Davies, 1990) and are therefore

likely to have caused the large diurnal differences in total leaf water content. Also, the

highest photosynthetic rates occur at the leaf close to the main ear, and stomatal control

at this leaf is limited to maximize CO2 uptake. The leaf at the ear (leaf 8) provides carbon

for the development of the ear. If the stomata would close too soon, carbon assimilation

will decrease and the development of the ear would be jeopardized (Dwyer and Stew-

art, 1986). Therefore it is important for corn to keep the leaf at the ear transpiring water,

even when this leads to higher water losses in the leaf. The upper leaves, smaller and less

important for survival, showed no trend in diurnal variation. Therefore, results suggest

that the decline in total leaf water content is primarily due to changes in the larger leaves

close to the ear (e.g., leaf 8). Our observations are consistent with previously observed

response of corn to water stress, which have shown a vertical profile in plant physiolog-

ical variables, such as photosynthetic rate, transpiration rate and stomatal conductance

(Dwyer and Stewart, 1986; Turner, 1974; Acevedo et al., 1979; Rochette et al., 1991). The

coupling between plant physiological effects of water stress and the dielectric properties

of individual leaves is important to assess the potential of water stress detection using

radar. Water stress does not cause a homogeneous reaction of the canopy as a whole. In

radar backscatter models or soil moisture retrieval algorithms, vegetation is often mod-

eled as a single layer (water-cloud), or as a layer of individual scatterers. In both cases,

the vertical profile of leaf water content, and thus leaf dielectric constant, is not taken

into account. We show that when a change in total vegetation was observed, leaves do

not necessarily react similarly. Whether radar backscatter is sensitive to a changing verti-

cal profile of leaf dielectric properties depends on the used radar frequency, polarization

and incidence angle.

3.5 CONCLUSIONS

This chapter shows that after the onset of water stress, the dielectric response of the

leaves around the ear are mainly affected. The results of this first field application are

promising, as these results demonstrate the dynamic behavior of leaf dielectric constant.

Leaf dielectric properties change with time, and its response to plant growth and water

stress depends on the height and age of the leaf.

The in vivo resonant frequency measurements suggest that leaf dielectric properties

are dynamic in time and space. The variation in leaf dielectric properties, in response

to plant growth or water stress, depends on the height of the leaf. Resonant frequency

measurements on the stressed canopy clearly showed an effect of water stress on the

leaf dielectric response. The leaf at the ear showed an increase in diurnal differences in

∆ fr , as well as a negative trend in 6 P.M. values. This highlights the importance of un-

derstanding the effect of water stress on the dielectric properties of individual elements

within the canopy.

In the next chapter, a radar backscatter sensitivity study is presented to investigate

the impact of vegetation water stress on radar backscatter for different frequencies, po-

larizations, and incidence angles. Field data from this study is used for a modeling study
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to (1) look at the sensitivity of radar backscatter to vegetation water content and soil

moisture during periods of increased water stress, and (2) look at the influence of vege-

tation water stress on radar backscatter time series.



4
IMPACT OF DIURNAL VARIATION IN

VEGETATION WATER CONTENT ON

RADAR BACKSCATTER FROM CORN

DURING WATER STRESS

Traveling through hyperspace ain’t like dusting crops, farm boy

Han Solo - A New Hope

Microwave backscatter from vegetated surfaces is influenced by vegetation structure and

vegetation water content (VWC) which varies with meteorological conditions and mois-

ture in the root zone. Radar backscatter observations are used for many vegetation and soil

moisture monitoring applications under the assumption that VWC is constant on short

timescales. This research aims to understand how backscatter over agricultural canopies

changes in response to diurnal differences in VWC due to water stress. A standard water-

cloud and a two-layer water-cloud model for corn were used to simulate the influence of

the observed variations in bulk/leaf/stalk VWC and soil moisture on the various contri-

butions to total backscatter at a range of frequencies, polarizations and incidence angles.

The bulk VWC was found to change up to 30 % and leaf VWC up to 40% on a diurnal basis

during water stress and may have a significant effect on radar backscatter. Total backscat-

ter time series are presented to illustrate the simulated diurnal difference in backscatter

for different radar frequencies, polarizations and incidence angles. Results show that

backscatter is very sensitive to variations in VWC during water stress, particularly at large

incidence angles and higher frequencies. The diurnal variation in total backscatter was

dominated by variations in leaf water content, with simulated diurnal differences of up

Parts of this chapter have been published in IEEE Transactions on Geoscience and Remote Sensing 53 (7) (van

Emmerik et al., 2015b).
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to 4 dB in X- through Ku-bands (8.6 - 35 GHz). This chapter highlights a potential source

of error in current vegetation and soil monitoring applications and provides insights into

the potential use for radar to detect variations in VWC due to water stress.

4.1 INTRODUCTION

The influence of vegetation on radar backscatter is significant in many applications, in-

cluding soil moisture retrieval, (Entekhabi et al., 2010; Dubois et al., 1995; Kim and van

Zyl, 2009; Joseph et al., 2008, 2010; Bindlish and Barros, 2001), crop classification (Foody

et al., 1989; McNairn et al., 2009; Ulaby et al., 1982b; Hoogeboom, 1983), biomass Palos-

cia et al. (1999), Ferrazzoli et al. (1997) and forest monitoring (Chambers et al., 2007;

Saatchi et al., 2007). Radar observations of the land surface are sensitive to vegetation

because its presence results in two-way attenuation of the reflection signal from the soil

surface, and the vegetation contributes to total backscatter by surface and volume scat-

tering from the canopy itself (Bindlish and Barros, 2001; Paloscia et al., 1999), (Ferrazzoli

et al., 1997). Understanding the influence of diurnal vegetation water content (VWC)

dynamics in response to water stress on radar backscatter could improve soil moisture

retrievals using microwave remote sensing, and provide insights into the potential use

for radar to directly monitor vegetation water status.

Radar is used for many vegetation and soil moisture monitoring applications. In al-

gorithms for crop classification (Foody et al., 1989; McNairn et al., 2009; Ulaby et al.,

1982b; Hoogeboom, 1983) and biomass monitoring for carbon studies (Chambers et al.,

2007), (Saatchi et al., 2007), only a few radar images are used over time. Based on the

assumption that VWC mainly changes on a seasonal scale O’Neill et al. (2011), diurnal

variations in VWC are often neglected. The water content of soil and vegetation varies

diurnally and seasonally (McNairn and Brisco, 2004). Depending on the timescale of in-

terest, these variations could have a significant impact on radar backscatter. In cases

where one is interested in seasonal changes in VWC, diurnal differences might be less

important. However, Chambers et al. (2007) stated that current hypertemporal remote

sensing observations already changed our understanding of canopy VWC and phenol-

ogy in tropical forests, suggesting that also for applications based on radar with longer

revisit times a better understanding of diurnal differences in VWC may improve current

retrieval algorithms. When studying soil and vegetation water status dynamics on a daily

timescale, diurnal variations might be significant. Soil moisture retrieval algorithms for

radar missions require an estimate of VWC, which is generally considered constant or to

change only on a seasonal time scale (Wagner et al., 1999; Naeimi et al., 2009; Bindlish

et al., 2009; Kim et al., 2010; Panciera et al., 2014). In the latter case, seasonal variation

is assumed to be due to canopy growth rather than diurnal moisture dynamics. Diurnal

differences in VWC can thus introduce an error in soil moisture retrieval algorithms. For

applications like estimating the fuel load of vegetation (Saatchi et al., 2007), where foliage

water content is significant (Chambers et al., 2007), accounting for diurnal variation in

VWC might improve vegetation fire threat monitoring. It is important to understand un-

der what conditions diurnal variations can be observed in VWC, to quantify their effect

on microwave backscatter and the errors introduced in different applications if they are

unaccounted for. Finally, observable diurnal differences in microwave backscatter due

to variation in VWC could be an interesting new source of information for hydrological,
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agricultural and terrestrial ecosystem monitoring applications. Specifically early detec-

tion of variation in VWC associated with the onset of water stress in agricultural crops

could be useful for crop and water management and food security applications.

Several studies have found diurnal variation in backscatter due to VWC. Differences

have been observed between morning and evening overpasses of backscatter observa-

tions from satellites (Birrer et al., 1982; Satake and Hanado, 2004), aircraft and ground-

based platforms (Ulaby and Batlivala, 1976; Brisco et al., 1990; McDonald et al., 1990).

Frolking et al. (2011) showed that the morning overpass of the SeaWinds scatterome-

ter (13.4 GHz) on QuikSCAT was 0.5 - 1.0 dB higher than the evening overpass over the

Amazon and used the diurnal differences as an indicator of water stress to study the

2005 drought in this region. Jaruwatanadilok and Stiles (2014) found similar diurnal dif-

ferences in SeaWinds data over other rain forests (Amazon, Congo, Indonesia). Friesen

(2008) and Friesen et al. (2007, 2012) identified a statistically significant diurnal differ-

ence between the morning and evening passes of the ERS-1/2 wind scatterometer in

vegetated areas. Friesen (2008) used hydrological modeling to demonstrate that the tim-

ing and location of the largest difference between morning and evening measurements

in West Africa coincided with the onset of water stress. Steele-Dunne et al. (2012) per-

formed a synthetic sensitivity study on a forest canopy using the Michigan Microwave

Canopy Scattering (MIMICS) model (Ulaby et al., 1990) to investigate whether variations

in leaf water content and hence dielectric properties, could explain these differences in

backscatter. Steele-Dunne et al. (2012) confirmed that total backscatter from a forest

canopy was sensitive to water content in both leaf and trunk, particularly around the

onset of water stress when the soil is dry. This study also highlighted the lack of in-situ

data on diurnal variations in leaf water content for rigorous analyses.

In Chapter 2 and 3 it was shown that leaf dielectric properties are significantly af-

fected by vegetation water stress. It is hypothesized that this can result in observable

differences in radar backscatter. In this chapter, we characterize the diurnal variations

in VWC of an agricultural canopy, how these vary in response to water stress and quan-

tify their impact on modeled backscatter for different frequencies, polarizations and an-

gles of incidence. Water stress was induced on a corn canopy in North Central Florida,

between September 1 and October 20, 2012. A water cloud model (Attema and Ulaby,

1978) was used with parameter sets obtained from three published experiments to in-

vestigate the influence of VWC variations on modeled backscatter for ranges of mea-

sured soil moisture and VWC, frequencies, polarizations and incidence angles. Using

measured diurnal VWC and soil moisture data, radar backscatter time series were simu-

lated to investigate the effect of water stress and highlight the possible diurnal variation

in backscatter due to changes in VWC.

4.2 METHODS AND MATERIALS

4.2.1 STUDY AREA

The fieldwork of this study was conducted at the University of Florida Plant Science Re-

search and Education Unit, located in North Central Florida near Citra, FL (29.41◦N,

82.18◦W). Measurements were made as part of the Eleventh Microwave Water and En-

ergy Balance Experiment (MicroWEX-11, (Bongiovanni et al., 2015)) from April 25 to
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December 9, 2012. For this research sweet corn (Zea mays L., 78-day growing period)

was planted on a site of 183 m x 183 m with 89% by volume fine sand, 1 m row spacing

and plant density of 5 plants/m. This study used observations during the late vegeta-

tive (corn is growing and developing, (Abendroth et al., 2011)) and reproductive (corn

is fully grown) periods, from September 1 through October 20, 2012. Typically the crop

is heavily irrigated due to sandy soils however, there was no irrigation at the vegetation

sampling location from September 29 to October 20, 2012. The growth of plants was

restricted only by competition among plants.

4.2.2 WATER STRESS

WATER BALANCE

Meteorological data such as precipitation, soil and air temperature, relative humidity,

wind speed and solar radiation at the field site were obtained from the Florida Auto-

mated Weather Network (FAWN), managed and maintained by the University of Florida

(FAWN website: http://fawn.ifas.ufl.edu). All data were obtained from September 1 to

October 20, 2012 with 15 minutes intervals.

To quantify water stress, a water balance was estimated using the following equa-

tions:

Ede f = Epot − (P + I )−
∆S

∆t
(4.1)

where the evaporation deficit Ede f [mm d−1] is determined as the difference between

maximum potential evaporation Epot [mm d−1] and the water available for evaporation,

i.e. precipitation P [mm d−1], applied irrigation I [mm d−1] and soil moisture change ∆S
∆t

[mm d−1].

The maximum potential evaporation was calculated using

Epot = Er e f ·Kc (4.2)

where Er e f [mm d−1] is the Penman-Monteith reference evaporation, and Kc [-] is the

FAO crop factor for corn which takes the growth stage into account (Allen et al., 1998).

From September 1 to 10 Kc was 0.3. Between September 10 and October 1 Kc increased

linearly from 0.3 to 1.2 and between October 1 and 20 Kc was 1.2. Daily Er e f is pro-

vided by FAWN. The soil moisture profile was measured every 15 minutes at six depths

of 0.02m, 0.04m, 0.16m, 0.32m, 0.64m and 1.2m at the site using Campbell Scientific

CS616 time-domain water content reflectometers (Campbell Scientific, Inc., Logan, UT,

USA). Soil moisture was measured several meters away from the vegetation sampling

area. At the location of the soil moisture probes, irrigation continued until October 20,

2012. At the vegetation sampling location, the last irrigation event was on September

29, 2012. Therefore, the evaporation deficit calculated using the soil moisture measure-

ments underestimates the evaporation deficit at the vegetation sampling location, pro-

viding a conservative estimate of the degree of water stress.

SOIL WATER TENSION

Soil water tension was measured at the vegetation sampling location from September

11 to October 19, 2012 using two UMS T4/e Pressure Transducer Tensiometers (UMS



4.2. METHODS AND MATERIALS

4

35

GmbH, Munich, Germany). One was installed at 50 cm with an angle of 35◦ with respect

to the vertical and one was installed at 30 cm depths with an angle of 40◦.

4.2.3 VEGETATION WATER CONTENT

Vegetation water content (VWC) was measured at 6AM and 6PM on 19 days from Septem-

ber 24 to October 19, 2012. Concurrently, two corn plants were cut, weighed with leaves

and stalks separated, dried in a 70◦C oven for 48 and 120 hours, respectively, and weighed

again. VWC values were determined from the fresh and dry masses (m f and md ), using

the following equation:

V W C = η[(m f ,l −md ,l )+ (m f ,s −md ,s )] (4.3)

where η is the number of plants per square meter, and the superscripts l and s indicate

leaves and stalks.

4.2.4 WATER-CLOUD MODEL

Radar is influenced by vegetation by three main mechanisms (Ulaby and Jedlicka, 1984):

direct backscatter from plants, two-way attenuation of soil backscatter and the multiple

scattering between soil and vegetation. For this study, the water-cloud model (Attema

and Ulaby, 1978) was used to estimate radar backscatter, which assumes that a canopy

can be represented by a cloud of randomly distributed water droplets, based on the as-

sumption that the vegetation dielectric constant is dominated by the dielectric constant

of water.

Here, we use three published datasets (Joseph et al., 2010), (Ulaby and Jedlicka, 1984),

(Dabrowska-Zielinska et al., 2007), each of which requires a slightly different form of the

original water-cloud model of Attema and Ulaby (Attema and Ulaby, 1978). To allow

a comparison between model output of all different radar frequencies, incidence angles

and polarizations, vegetation and soil backscatter were calculated separately. Vegetation

backscatter was determined based on the equations provided by the individual models.

For soil backscatter contribution, the bare soil scattering model of (Dubois et al., 1995)

was used.

All modeled backscatter will be presented in decibels [dB]. The water-cloud param-

eters used in the three modeling approaches can be found in Table 1. To evaluate the

diurnal differences in modeled radar backscatter for different frequencies, polarizations

and incidence angles, a T-test was performed to determine the statistical significance.

This was also done for the morning and evening values for VWC and soil moisture.

L-BAND (HH, 35◦) AND C-BAND ( VV, 23◦)

Dabrowska-Zielinska et al. (2007) used a simplified water-cloud model, based on Prevot

et al. (1993) and Champion et al. (2000), to simulate C-band (VV, 23◦) and L-band (HH,

35◦) radar backscatter. Total backscatter σ0
tot is described as:

σ0
tot =σ0

veg +γ2σ0
soi l (4.4)

with vegetation contribution σ0
veg , soil contribution σ0

soi l
and two-way attenuation

γ2. σ0
veg and γ2 are formulated as:
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Table 4.1: Used parameters for water-cloud models.

Model Radar parameters Vegetation parameters

Band Freq. [GHz] Angle [◦] Pol. A B α E Ast αst
Ulaby et al. X 8.6 50 VV 0.22 2.6 0,411 0.025 0

(1984) Ku 17 50 VV 0.30 2.7 0,418 0.022 0

Ka 35 50 VV 0.36 2.0 0,360 0.034 0

Dabrowska-Zielinska L 1.275 35 HH 0.01 0.04 0.0

et al. (2007) C 5.3 23 VV 0.08 0.15 2.9

Joseph et al. C 4.8 15 HH 0.03 0.09

(2010) C 4.8 15 VV 0.01 0.13

C 4.8 35 HH 15.96 1.18 ·10−4

C 4.8 35 VV 3.05 1.38 ·10−4

C 4.8 55 HH 5.57 4.16 ·10−4

C 4.8 55 VV 2.96 1.96 ·10−4

σ0
veg = AV E

1 cosθ(1−γ2) (4.5)

γ2
= exp(

−2BV2

cosθ
) (4.6)

with model parameters A, B and E, incidence angle θ, and vegetation parameters

V1 and V2. Model parameters A, B and E are parameters depending on the used radar

frequency, incidence angle, polarization and crop. For V1 and V2, VWC is used (Joseph

et al., 2008; Bindlish and Barros, 2001; Prevot et al., 1993).

C-BAND (HH AND VV, 15◦ , 35◦ AND 55◦)

The water-cloud model of Joseph et al. (2010) is similar to those of Bindlish and Barros

(2001) and Ulaby and Jedlicka (1984). Joseph et al. (2010) calibrated their model for C-

band backscatter with HH and VV polarization and three incidence angles, i.e. 15◦, 35◦

and 55◦. σ0
tot is given by equation (4.4). The vegetation term is formulated as:

σ0
veg = (1−γ2)AV1cosθ (4.7)

with VWC V1, model parameters A and E and incidence angle θ. The two-way atten-

uation is determined using equation 4.6.

X, Ku AND Ka -BAND ( VV, 50◦)

Ulaby and Jedlicka (1984) account for the leaves and stalks separately such that total

backscatter σ0
tot is given by:

σ0
tot =σ0

l ea f +σ0
st alk +σ0

soi l (4.8)

leaf and stalk backscatter σ0
l ea f

and σ0
st alk

, respectively, and soil contribution σ0
soi l

.

σ0
l ea f

and σ0
st alk

are given by:

σ0
lea f = Alea f [1−exp(

−Blea f V1

h1
)][1−γ2

lea f ]cosθ (4.9)

σ0
st alk = Ast alk ·V2 ·

h2

h
·γ2

lea f (4.10)
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with leaf vegetation parameters Alea f and Blea f , leaf VWC V1, height of the leaf layer

h1 (see Fig. 4.1), leaf attenuation factor γ2
lea f

, angle of incidence θ, stalk vegetation pa-

rameters Ast , stalk VWC V2, height of the stalk layer h2 and total plant height h (see Fig.

4.1). The leaf and stalk attenuation factors γ2
lea f

and γ2
st alk

determine how much of the

original signal makes is attenuated by the leaf and stalk layer and are given by:

γ2
lea f = exp(−2 ·αl ea f ·V1 ·h1 · secθ) (4.11)

γ2
st alk = exp(−2 ·αst alk ·V2 ·h2 · secθ) (4.12)

with model parameters αlea f and αst alk .

From October 7 to 21, the ratio of leaf water content over bulk water content was 0.20,

with a standard deviation of 0.05. For the sensitivity study, this value is used to separate

bulk vegetation water content into leaf and stalk water content.

h1

h

h2

Figure 4.1: Vegetation heights h, h1 and h2 as used in the water-cloud model

SOIL BACKSCATTER

This empirical backscattering approach is based on field data sets, and describes HH or

VV polarized radar backscatter as a function of the angle of incidence θ, frequency f ,

surface roughness hs , wave number k, the dielectric constant of soil ǫ and wavelength λ,

using the following equations:

σ0
hh = 10−2.75

·
cos1.5θ

si n5θ
·100.028ǫ·t anθ(khs si nθ)1.4

·λ0.7 (4.13)

σ0
v v = 10−2.35

·
cos3θ

si n3θ
·100.046ǫ·t anθ(khs si nθ)1.1

·λ0.7 (4.14)

A value for RMS height (hs = 1 cm) was assumed for the entire period. This value is

based on reported values in the literature for similar conditions
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4.3 RESULTS

4.3.1 WATER STRESS

Fig. 4.2 (a) shows rainfall and irrigation. In the last week of September, irrigation was

necessary to ensure the corn had enough moisture during the end of the growing phase.

After October 7, irrigation was withheld at the vegetation sampling area to induce wa-

ter stress. Fig. 4.2 (b) shows the volumetric soil moisture profile in the soil over time.

It is clear that this sandy soil remained very dry for the duration of the experiment. Af-

ter September 30, near surface soil moisture varies between 0.04 and 0.15 m3m−3 at the

near-surface (0.02 m depth) and between 0.08 and 0.09 m3m−3 at 1.2 m. Increases in

near-surface soil moisture were observed on October 9, 12, 15 and 19. Because the soil

moisture sensors were placed outside the vegetation sampling area, the available soil

moisture is overestimated. Fig. 4.2 (c) shows the surface soil moisture values at 6AM

and 6PM. Peaks are observed after rainfall or irrigation events. Fig. 4.2 (d) shows the

calculated daily evaporation decreasing with time. The evaporation deficit, an indicator

of water stress in this study, is shown in Fig. 4.2 (e). The deficit increases gradually until

October 7 because irrigation is provided to supplement the precipitation. After Octo-

ber 7, the cumulative evaporation deficit increases rapidly in the absence of irrigation.

For comparison, Fig. 4.2 (e) shows the soil water tension measured at 30 cm and 50 cm.

The values measured are consistent with the published values for dry sandy soils (van

Genuchten and Nielsen, 1985; Simunek and van Genuchten, 1995). The dynamics of soil

water tension reflect those of the moisture in Fig. 4.2 (b), with drier soil and higher soil

water tension closer to the surface. The soil water tension at depth exhibits a slower,

damped response to the absence of precipitation or irrigation. After October 7, soil ten-

sion at 30 cm and 50 cm increase in agreement with the rising cumulative evaporation

deficit. The rapid increase in cumulative evaporation deficit is particularly apparent in

the soil water tension at 30 cm.

Table 2 shows the statistical significance of diurnal variation in VWC and soil mois-

ture. Low values (< 0.9) mean an absence of statistically significant diurnal variation.

No statistically significant diurnal difference in soil moisture was observed. Because soil

moisture was measured in the irrigated field, diurnal differences might have occurred at

the vegetation sampling size. However, since irrigation was absent, it is assumed that if

present, these variations are very low. Observed diurnal differences in VWC were clearly

significant.

4.3.2 VEGETATION WATER CONTENT

The vegetation water content is shown in Fig. 4.3. Fig. 4.3 (a) shows the bulk VWC and

Fig. 4.3 (b) shows the VWC for stalks and leaves separately. As the corn reaches the final

vegetative stages (V10 and V11), most of the water in the plant is stored in the stalks.

Consequently, the temporal variations in bulk and stalk VWC are very similar. Up to

October 7, the corn is still developing and growing, and therefore the stalk and bulk VWC

increase. After the corn is fully developed, the increasing water stress causes a decrease

in stalk and bulk VWC. The leaf VWC is quite stable until September 30, but then shows

a decreasing trend from the onset of water stress onwards.

On 13 days leaf and stalk VWC was measured at both 6AM and 6PM. VWC of leaves
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Table 4.2: T-test results to determine statistical significance of diurnal differences, (-) means a decrease be-

tween 6AM and 6PM, (+) means an increase between 6AM and 6PM. Diurnal differences are statistically signif-

icant for 1 - P ≥ 0.9

Model Radar parameters T-test

Band Freq. [GHz] Angle [◦] Pol. 1 - P +/-

Ulaby et al. X 8.6 50 VV 1.00 -

(1984) Ku 17 50 VV 1.00 -

Ka 35 50 VV 1.00 -

Dabrowska-Zielinska L 1.275 35 HH 0.98 -

et al. (2007) C 5.3 23 VV 0.92 +

Joseph et al. C 4.8 15 HH 0.97 +

(2010) C 4.8 15 VV 0.96 +

C 4.8 35 HH 0.99 -

C 4.8 35 VV 0.83 -

C 4.8 55 HH 0.98 -

C 4.8 55 VV 0.87 -

Surface soil moisture 0.06 -

Total soil moisture 0.08 +

Bulk VWC 0.98 -

Leaf VWC 1.00 -

Stalk VWC 0.89 -
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Figure 4.2: (a) Precipitation and irrigation at the measurement site, (b) soil moisture profile over time, (c)

calculated daily evaporation at the measurement site, (d) water stress quantified by cumulative evaporation

deficit, (e) water stress quantified by soil water tension at 30cm and 50cm depth.

and stalks was higher at 6AM than at 6PM on 11 and 9 days, respectively. On 17 and 18

October the evening bulk VWC was higher than the morning VWC. This is unexpected,

since on most days VWC decreased during 6AM and 6PM. It is likely that the observed

increase is due to spatial variation. Especially on 17 October, a relatively low VWC was

observed in the morning.

Diurnal difference in total VWC were statistically significant (Table 2). This was ex-

pected since transpiration of corn occurs mainly during the day, with the peak transpi-

ration rate around noon, causing the VWC of corn to decrease between morning and

evening. The morning leaf measurements decrease as stress continues, suggesting that

the plant cannot replenish all water lost during the day. The trend is less significant in

the evening leaf measurements.

4.3.3 BACKSCATTER SENSITIVITY STUDY

L- AND C-BAND

Fig. 4.4 shows the horizontally co-polarized backscatter at 1.275 GHz and an incidence

angle of 35◦, simulated using equations 4.4 to 4.6 and the parameters from the water

cloud model of Dabrowska-Zielinska et al. (Table 1). During the observation period,
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Figure 4.3: Results of vegetation sampling, (a) bulk vegetation water content at 6AM and 6PM, (b) leaf and stalk

vegetation water content at 6AM and 6PM.

surface soil moisture was low (between 0.04 and 0.15 m3 m−3) so the range of backscatter

from bare soil is about 1.5 dB (Fig. 4.4 (a)). VWC varies between 1.7 and 3.5 kg m−2, which

leads to a range of around 2 dB in attenuated soil backscatter (Fig. 4.4 (b)). Fig. 4.4 (c)

illustrates that backscatter from the vegetation itself varies between -24 dB and -10 dB,

which is considerably larger than the range of values simulated for the attenuated soil

backscatter. Furthermore, at VWC values greater than 2.3 kg m−2, σ◦
veg is greater than

γ2σ◦
soi l

. Consequently, total backscatter dynamics are primarily a function of VWC, as

shown in Fig. 4.4 (d).

VWC affects the transparency of the canopy layer. At an incidence angle of 35◦,

changes in soil moisture have a small effect on total backscatter because the path through

the canopy layer is large (Ulaby et al., 1982c) (Section 11-5). Increasing VWC will de-

crease the penetration capacity. At L-band, low VWC makes vegetation transparent and

the soil moisture signal governs total backscatter. However, the effect of changes in soil

moisture on backscatter are limited. High VWC results in a low penetration capacity, so

the backscatter signal mainly consists of vegetation contribution. In case soil moisture

variation is low, backscatter mainly reflects the dynamics in VWC. Dabrowska-Zielinska
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Figure 4.4: Sensitivity of L-band (1.2GHz, HH, 35◦) radar backscatter modeled using Dabrowska-Zielinska et al.

(2007) to soil moisture and vegetation water content, (a) soil backscatter as function of soil moisture, (b) at-

tenuated soil backscatter as function of VWC and soil moisture, (c) vegetation backscatter as function of VWC,

including minimum and maximum contribution of attenuated soil backscatter, (d) total backscatter as func-

tion of VWC and soil moisture.

et al. (2007) investigated the effect of plant and soil variables on L-band radar. It was

found that for L-band (35◦) the dominant signal to total backscatter comes from vege-

tation in case of VWC greater than 3 kg m−2 and soil moisture varying between 0 and

0.6. We measured surface soil moisture between 0.04 and 0.15 and VWC between 1.7

and 3.5 kg m−2. Compared to Dabrowska-Zielinska et al. (2007), we show that in case

of low soil moisture variability, total backscatter is also mainly sensitive to variations in

VWC within this lower range. This is interesting because this means that the effect of

VWC on L-band radar backscatter might be larger than previously found. We show that

especially at times of low soil moisture variability, total backscatter is mainly influenced

by dynamics in VWC.

Fig. 4.5 shows the vertically co-polarized backscatter at 5.3 GHz and an incidence

angle of 23◦ for the same model and appropriate parameters from Table 1. In this case,

the range of attenuated soil backscatter for a given value of VWC is 3.5 dB, which is larger

than the range of simulated σ◦
veg values (2.5 dB variation). The magnitudes of the two

backscatter terms are comparable, with the vegetation term dominating when VWC ex-

ceeds 3.0 kg m−2. As a result, total backscatter is sensitive to both VWC and soil mois-

ture (Fig. 4.5 (d)). Because the incidence angle is relatively low, the path through the

vegetation is short. Closer to nadir, agricultural canopies are more transparent and mi-

crowaves can more easily penetrate through the vegetation layer. Therefore, backscatter

is relatively sensitive to changes in soil moisture. However, higher VWC leads to a lower

penetration capacity and the contribution from vegetation is larger than the soil con-

tribution. Dabrowska-Zielinska et al. (2007) found that for VWC equal to 5 kg m−2 soil

contributes 50% to total backscatter, mainly due to larger soil moisture variations (0-0.6).

We show that this is also the case for lower values of VWC. Between 2.5 and 3.0 kg m−2,

soil contributes 50% to total backscatter. For VWC higher than 3.0 kg m−2, the vegeta-

tion is the main contributor to total backscatter. In the range of VWC and soil moisture

observed, Fig. 4.5 shows that C-band (VV, 23◦) total backscatter is sensitive to both VWC

and soil moisture.

The modeled sensitivity of backscatter to diurnal variation in VWC was done for

agricultural canopies. Interestingly, for various vegetation types a strong sensitivity of

backscatter to diurnal dynamics in VWC has been found in case of low soil moisture
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Figure 4.5: Sensitivity of C-band (5.3 GHz, VV, 23◦) radar backscatter using Dabrowska-Zielinska et al. (2007)

to soil moisture and vegetation water content, (a) soil backscatter as function of soil moisture, (b) attenuated

soil backscatter as function of VWC and soil moisture, (c) vegetation backscatter as function of VWC, including

minimum and maximum contribution of attenuated soil backscatter, (d) total backscatter as function of VWC

and soil moisture.

variation. Over savannas in West Africa,Friesen et al. (2012) et al. found a statistically

significant diurnal difference in ERS backscatter and hypothesized that this was caused

by diurnal variation in VWC. For tree forests, Steele-Dunne et al. (2012) showed that at L-

and C-band changes in leaf moisture lead to a significant change in total backscatter over

a forest canopy. Although agricultural canopies are less densely vegetated than forests,

the results in this chapter show that total backscatter at L- and C-band is sensitive to

both VWC and soil moisture. During periods of water stress, soil moisture is likely to be

low and change little during the day, hence total backscatter will be mainly influenced

by VWC dynamics of savannas, forests and agricultural canopies.

INFLUENCE OF INCIDENCE ANGLE AT C-BAND

In this section, results are presented for C-band (4.8GHz) vertically and horizontally co-

polarized backscatter for three different incidence angles, simulated using equations

4.4-4.7 and the parameters from Joseph et al. (2010) provided in Table 1.

Fig. 4.6 shows the simulated horizontally co-polarized backscatter at 15◦, 35◦ and

55◦ for the observed range of surface soil moisture and VWC. From Fig. 4.6 (a)-(c), the

direct vegetation contribution is similar (-15 to -22 dB) for all three incidence angles.

The magnitude of the attenuated soil backscatter decreases from -6.5 dB at 15◦ to -21.5

dB at 55◦. As shown in Fig. 4.6 (d)-(f), the influence of VWC on the attenuated soil

backscatter is different at low and high incidence angles. At 15◦ (Fig. 4.6 (d)), the at-

tenuated soil backscatter decreases considerably with increasing VWC. At 35◦ and 55◦

the path through the vegetation is longer, and the water-cloud model vegetation param-

eter B (representing the extinction coefficient for a canopy (Ulaby et al., 1982c) (Section

11-5)) is very small (Table 1) so γ2 is close to unity and independent of VWC.

It was expected that attenuation γ2 would have been higher for increasing incidence

angles, leading to more attenuation of σ0
soi l

. The reason for low γ2 can be found in the

calibration of the water-cloud model, where parameter A was significantly higher at 35◦

and 55◦, leading to higher σ0
veg and lower γ2. When one looks at the total backscat-

ter modeled by Joseph et al. (2010), the complete effect of vegetation is captured (direct

backscatter and attenuation). However, these parameter sets do not capture the dynam-

ics of the individual contributions from soil and vegetation. At 15◦, total backscatter is
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Figure 4.6: Sensitivity of C-band (4.8 GHz) HH radar backscatter at difference incidence angles using Joseph

et al. (2008), (a)-(c) vegetation and attenuated soil contributions as a function of VWC for 15◦, 35◦ and 55◦

respectively, (d)-(e) attenuated soil backscatter as a function of VWC and soil moisture for 15◦, 35◦ and 55◦

respectively, (f)-(i) total backscatter as a function of VWC and soil moisture for 15◦, 35◦ and 55◦, respectively.

dominated by the attenuated soil backscatter (Fig. 4.6 (a)), so total backscatter (Fig. 4.6

(g)) depends on both soil moisture and VWC. At this incidence angle, a decrease in VWC

would lead to an increase in backscatter. Interestingly, at 55◦ and HH polarization, the

direct backscatter from the canopy (highly sensitive to VWC) is similar in magnitude to

the attenuated soil backscatter (insensitive to VWC). As the incidence angle increases

total backscatter becomes increasingly sensitive to VWC. At 35◦ and 55◦, a decrease in

VWC leads to a decrease in total backscatter.

Similar results were obtained for vertically co-polarized C-band backscatter (Fig. 4.7).

In this case even at the larger incidence angles, the attenuated soil backscatter domi-

nates, so the total backscatter at 35◦ and 55◦ is less sensitive to VWC than the horizontally

co-polarized case.

Joseph et al. (2010) also found that for increasing incidence angles, changes in backscat-

ter showed more resemblance to changes in VWC and less to variation in soil moisture.

Horizontally co-polarized backscatter was more sensitive to changes in VWC at 35◦ and

55◦ than vertically co-polarized backscatter. Ulaby et al. (1982c) (Section 11-5) found

that the sensitivity to soil moisture over an agricultural canopy decreases with an in-

creasing incidence angle. Total backscatter also decreased with increasing incidence

angles. Because at higher angles the path through vegetation increases and the pene-

tration capacity decreases. A larger portion of the incoming microwaves will scatter and

not make it to the soil.

Joseph et al. (2010) found that at 15◦ attenuated soil is the more dominant contribu-

tor to total backscatter and that at 35◦ and 55◦ scattering from vegetation becomes more

dominant. It was mentioned that for VWC equal to 5.1 kg m−2 backscatter was sensi-

tive for changes in soil moisture. Our results add that for 15◦ - 55◦ and low variation in

soil moisture (0-0.2), changes in VWC (1.5-3.5 kg m−2) can also affect total backscatter.
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Figure 4.7: Sensitivity of C-band (4.8 GHz) VV radar backscatter at difference incidence angles using Joseph

et al. (2008), (a)-(c) vegetation and attenuated soil contributions as a function of VWC for 15◦, 35◦ and 55◦

respectively, (d)-(f) attenuated soil backscatter as a function of VWC and soil moisture for 15◦, 35◦ and 55◦

respectively, (g)-(i) total backscatter as a function of VWC and soil moisture for 15◦, 35◦ and 55◦ respectively.

This is particularly evident in C-band horizontally co-polarized backscatter (Fig. 4.6) and

becomes more significant with increasing incidence angle. Rather than looking at vege-

tation as something to correct for in soil moisture retrieval algorithms, this suggests that

the sensitivity of radar to changes in VWC might also be a new source of information.

HIGH FREQUENCIES

Fig. 4.8 shows the sensitivity of high frequency (8.6 GHz, 17 GHz and 35 GHz, VV-polarized,

50◦) radar backscatter to soil moisture and VWC. Fig. 4.8 (a)-(c) show that the direct veg-

etation backscatter is equal to the backscatter from the leaves at all frequencies. For in-

creasing frequencies, the magnitude of the vegetation contribution increases from -17 to

-12 dB at 8.6 GHz to -16 to -10 dB at 35 GHz. This corresponds to the original results pre-

sented by Ulaby and Jedlicka (1984), where it was found that the variation in backscatter

over a corn field is higher for increasing frequencies. The attenuated soil backscatter is

smaller than the vegetation term (Fig. 4.8 (d)-(f)) for VWC below 1.5 kg m−2 at 8.6 and 17

GHz and 1.7 kg m−2 at 35 GHz. Consequently, the total backscatter is primarily sensitive

to VWC, or more precisely to leaf VWC. At high frequencies, a larger fraction of the in-

coming microwaves will be scattered by the canopy surface. A lower amount of volume

scattering thus means a lower sensitivity to total VWC, since from our results it can be

seen that leaf VWC mainly determines the amount of surface scattering. This is partic-

ularly interesting because the results in Fig. 4.3 illustrate that the dynamics of leaf VWC

are different from those of bulk VWC.

4.3.4 TIME SERIES OF MODELED RADAR BACKSCATTER
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Figure 4.8: Sensitivity of radar backscatter at 8.6 GHz (a, d, g), 17 GHz (b, e, h) and 35 GHz (c, f, i) using Ulaby

and Jedlicka (1984) to soil moisture and VWC, (a) - (c) leaf and total vegetation backscatter as function of VWC,

(d)-(f) attenuated soil backscatter as funtion of soil mosture and VWC, (e)-(i) total backscatter as function of

soil moisture and VWC.

L- AND C-BAND

Fig. 4.9 (a) shows the time series of L-band (35◦, HH) total backscatter simulated using

equations 4.4 to 4.6 and the parameters from Dabrowska-Zielinska et al. (2007). Fig. 4.9

(c), (e) and (g) show the contributions from vegetation, attenuated soil and soil backscat-

ter, respectively.

Fig. 4.9(g) shows the variation in σ0
soi l

due to the limited variations observed in sur-

face soil moisture. Recall that soil moisture was measured in the irrigated field. While

no diurnal differences were observed there (Table 2), they may have occurred at the veg-

etation sampling site. However, in the absence of irrigation, it is reasonable to assume

that variability in surface soil moisture at the vegetated sampling site would be even less

than that observed at the irrigated field. For the observed variation in soil moisture, the

range of simulated backscatter from the soil is about 0.4dB. Fig. 4.9(e) shows the impact

of the measured variations in VWC on the simulated attenuated soil backscatter. The

difference in dynamics between Fig. 4.9(e) and 9(g) is due to the measured variations in

VWC. On 9 days, γ2σ0
soi l

was lower at 6AM than at 6PM due to diurnal variations in VWC,

though the total range of values is less than 1dB. Recall from Fig. 4.4(c) that the range of

simulated vegetation backscatter at L-band (35◦, HH) is 13dB for the range of observed

VWC, and that above VWC=2.3 kg m−2, this term is the dominant contribution to total

backscatter. Hence, the variations in σ0
veg (Fig. 4.9(c)) are due to the observed changes

in the bulk VWC. In late September, the VWC increases as the plants grow which results

in an increase in σ0
veg . The decline in VWC after October 7 results in a decrease in σ0

veg .

Vegetation backscatter is significantly higher in the morning than in the evening due to

the diurnal difference in VWC (see Table 2), with differences of up to 7 dB between Oc-

tober 1 and 20, 2012. From Fig. 4.9(a) and (c), it is clear that diurnal variations observed

in VWC dominate the simulated dynamics in total L-band (35◦, HH) backscatter and ex-
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Figure 4.9: Modeled radar backscatter time series at L-band (1.275 GHz, HH, 35◦) and C-band (5.3 GHz, VV,

23◦) using Dabrowska-Zielinska et al. (2007), (a) - (b) total backscatter, (c) - (d) vegetation contribution, (e) -

(f) attenuated soil backscatter and (g) - (h) soil contribution.

plain the statistically significant difference simulated between 6AM and 6PM values.

It is generally accepted that L-band penetrates further through canopies (e.g. (Jack-

son and Schmugge, 1991; Joseph et al., 2008)). Ulaby et al. (1982c) showed that at increas-

ing incidence angles, the penetration through canopy decreases, resulting in a lower

sensitivity to soil moisture. Fig. 4.9 shows that at a 35◦ incidence angle and HH co-

polarization, the effect of vegetation and its diurnal dynamics cannot be neglected in
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case of low soil moisture variability. Both attenuation and direct backscatter caused by

diurnal variation in VWC can have a significant influence on total backscatter. From

Table 2 it can be seen that diurnal differences in L-band backscatter are statistically sig-

nificant. This is interesting for soil moisture and vegetation monitoring using L-band

radar. Before, the main focus was on soil moisture, attributing variation in backscatter to

changes in soil moisture. However, Fig. 4.9(a) shows that during times of low soil mois-

ture availability, diurnal differences in L-band (35◦, HH) backscatter can be attributed to

changes in VWC. This does not only highlight potential errors in soil moisture retrieval

algorithms, it also points out the potential of radar for vegetation and water stress mon-

itoring.

At C-band (23◦, VV) the range of total backscatter values over the whole time series,

shown in Fig. 4.9 (b), is just 0.4 dB. Recall from Fig. 4.5 that the total backscatter in this

configuration was dominated by the attenuated soil moisture signal up to a VWC of 3

kg m−2. The limited variation in measured surface soil moisture results in a range in

simulated σ0
soi l

of less than 0.4dB (Fig. 4.9(h)). The impact of VWC in attenuating this

soil signal is shown in Fig. 4.9(f). Simulated attenuated soil backscatter is up to 2dB

lower in the morning due to the diurnal variations in measured VWC. The VWC has an

opposite effect on σ0
veg , with higher 6AM VWC values producing simulated σ0

veg up to

1.5dB higher in the morning. Recall from Fig. 4.5(d) that these two effects are compara-

ble in magnitude. Hence, there is limited variation in simulated total C-band (23◦, VV)

backscatter. Though Table 2 shows that there is a statistically significant difference be-

tween morning and evening values, it is clear from Fig. 4.9(b) that the magnitude of the

difference is very small.

As mentioned in Section I, diurnal variations in ERS backscatter (also C-band, VV)

were observed by Friesen et al. (2007). The largest differences coincided with the onset

of water stress, when Friesen et al. argued that VWC still varies diurnally, but soil mois-

ture is low and does not change significantly. Steele-Dunne et al. (2012) showed that the

diurnal difference observed by Friesen et al. (2007) could be explained by variations in

leaf moisture content. However, this was for a forest canopy where the VWC is much

higher than that considered in Fig. 4.9.

INFLUENCE OF INCIDENCE ANGLES AT C-BAND

Fig. 4.10 and 4.11 show the time series of backscatter simulated using equation 4.4 to

4.8 for C-band at different incidence angles and horizontal and vertical polarization, re-

spectively. For both HH and VV polarization, backscatter decreases with increasing in-

cidence angles (-1.2 to -2 dB at 15◦, -14 to -20 at 55◦). As expected from the sensitivity

study, the influence of VWC on backscatter at different incidence angles causes some in-

teresting differences in the diurnal backscatter variations. For all horizontally polarized

incidence angles and 15◦ vertically polarized, a statistically significant diurnal difference

was found.

At 15◦ the maximum diurnal difference was only 0.4 dB, at 55◦ the maximum diurnal

difference was 3.5 dB. More interestingly, at 15◦ total backscatter was dominated by the

attenuated soil backscatter, so the drop in VWC during the day results in an increase in

backscatter. At 55◦, total backscatter is dominated by the direct vegetation contribution

and relatively insensitive to soil moisture. In this case, the decrease in VWC during the

day leads to a decrease in backscatter.
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Figure 4.10: Modeled radar backscatter time series at horizontally polarized C-band (4.8 GHz) using Joseph

et al. (2010), (a) - (b) total backscatter, (c) - (d) vegetation contribution, (e) - (f) attenuated soil backscatter and

(g) - (h) soil contribution.

In general, vertically co-polarized backscatter is less than horizontally co-polarized

backscatter due to the different impact of corn geometry on the two polarizations. In-

creasing incidence angles still result in a transition to vegetation dominated total backscat-

ter, but the magnitude of backscatter values and the diurnal differences are smaller than

the in horizontally co-polarized case. Diurnal differences for both 35◦ and 55◦ were not
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Figure 4.11: Modeled radar backscatter time series at vertically polarized C-band (4.8 GHz) using Joseph et al.

(2010), (a) - (b) total backscatter, (c) - (d) vegetation contribution, (e) - (f) attenuated soil backscatter and (g) -

(h) soil contribution.

statistically significant.

At C-band, diurnal differences can be attributed to changes in VWC. Close to nadir,

it is mainly the attenuation that is affected. At higher angles VWC mainly influences the

vegetation contribution to backscatter, which is the main contribution to total backscat-

ter. These results have some interesting implications. First, this shows that one should be
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aware of the incidence angle when measuring or combining backscatter data. At differ-

ent angles, two different mechanisms are influencing backscatter (attenuation by veg-

etation vs. direct vegetation backscatter), which might lead to errors in soil moisture

retrieval algorithms, if not taken into account properly. Second, results in Fig. 4.10 show

that diurnal variations in C-band (HH) backscatter can be attributed to changes in VWC,

which highlights the potential for vegetation and water stress monitoring using radar.

HIGH FREQUENCIES

Fig. 4.12 shows the modeled time series of vegetation and attenuated soil contributions

to total backscatter time series for high frequencies (8.6 GHz, 17GHz and 35 GHz) using

equations 4.8 to 4.14 and the parameters of Ulaby and Jedlicka (1984). For all frequen-

cies, the direct vegetation contribution is higher than the attenuated soil contribution.

As a result, the time series of total backscatter is almost identical to that of the direct

vegetation contribution. The magnitude of these terms shifts slightly with increasing

frequency. The vegetation contribution shifts from a -10 to -17 dB range at 8.6 GHz to

a -8 to -15 dB range at 35 GHz. The attenuated soil contribution decreases from a -18

to -25 dB range at 8.6 GHz to a -20 to -27 dB range at 35 GHz. Note that the temporal

change in backscatter differs significantly from that shown in Fig. 4.9 and 4.10.

09/23 09/30 10/07 10/14 10/21

−14

−12

−10

−8

σ0 to
t [

d
B

]

8.6 GHz, VV, 50
°

(a)

09/23 09/30 10/07 10/14 10/21

−16

−14

−12

−10

−8

σ0 v
e
g
 [

d
B

]

(d)

09/23 09/30 10/07 10/14 10/21

−24

−22

−20

−18

−16

γ2
σ0 s

o
il [

d
B

]

(g)

09/23 09/30 10/07 10/14 10/21
−19

−18

−17

−16

−15

Date

σ0 s
o
il [

d
B

]

(j)

09/23 09/30 10/07 10/14 10/21

−14

−12

−10

−8

σ0 to
t [

d
B

]

17 GHz, VV, 50
°

(b)

09/23 09/30 10/07 10/14 10/21

−16

−14

−12

−10

−8

σ0 v
e
g
 [

d
B

]

(e)

09/23 09/30 10/07 10/14 10/21

−24

−22

−20

−18

−16

γ2
σ0 s

o
il [

d
B

]

(h)

09/23 09/30 10/07 10/14 10/21
−19

−18

−17

−16

−15

Date

σ0 s
o
il [

d
B

]

(k)

09/23 09/30 10/07 10/14 10/21

−14

−12

−10

−8

σ0 to
t [

d
B

]
35 GHz, VV, 50

°

(c)

09/23 09/30 10/07 10/14 10/21

−16

−14

−12

−10

−8

σ0 v
e
g
 [

d
B

]

(f)

09/23 09/30 10/07 10/14 10/21

−24

−22

−20

−18

−16

γ2
σ0 s

o
il [

d
B

]

(i)

09/23 09/30 10/07 10/14 10/21
−19

−18

−17

−16

−15

Date

σ0 s
o
il[d

B
]

(l)

 

 

σ0
 AM σ0

 PM

Figure 4.12: Modeled time series of vegetation and attenuated soil contributions to total radar backscatter at

8.6, 17 and 35 GHz (VV, 50◦) using Ulaby and Jedlicka (1984), (a) - (c) total backscatter, (d) - (f) vegetation

contribution, (g) - (i) attenuated soil backscatter and (j) - (l) soil contribution.

In Fig. 4.12, separate values for leaves and stalk water content were used with equa-

tions 4.8 to 4.12. The results in Fig. 4.11 illustrated that at high frequencies, total backscat-
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4. IMPACT OF DIURNAL VARIATION IN VEGETATION WATER CONTENT ON RADAR

BACKSCATTER FROM CORN DURING WATER STRESS

ter is mainly influenced by leaf water content. Therefore, the modeled backscatter fol-

lows the change in leaf water content, rather than bulk vegetation water content. The

decreasing trend in simulated backscatter is caused by the decrease observed in leaf wa-

ter content. The clear distinction between morning and evening backscatter (up to 4dB

at 35GHz) between September 30 and October 14, 2012 is due to the observed decrease

in leaf VWC during this period. Note that this change in leaf water content is quite small

relative to the bulk VWC.

A decrease in VWC can lead to either a decrease or increase in σ0
tot depending on the

governing contribution to σ0
tot . At higher frequencies and incidence angles, where the

dominant contribution is the signal from vegetation itself, a decrease in VWC during the

day leads to a decrease in σ0
tot . Where the attenuated σ0

soi l
is the main contributor to

σ0
tot , a decrease in VWC leads to an increase of σ0

tot .

This research shows that even using vertically co-polarized microwaves, the diurnal

differences in backscatter can clearly be attributed to changes in VWC. It would be inter-

esting to see how sensitive HH polarized high frequency microwaves are to changes in

VWC. As shown in Fig. 4.11, HH polarized microwaves are more sensitive to changes in

VWC. The close correlation between leaf VWC and backscatter highlights the potential

of vegetation and water stress monitoring using high frequency radar.

4.4 DISCUSSION

Previous research investigated the influence of VWC on σ0
tot from the perspective of soil

moisture retrieval. Assuming that VWC changes only on a seasonal scale, vegetation is

parameterized. However, given the sensitivity of radar to diurnal differences in VWC,

information is lost during this process. This study shows that for different frequencies,

polarizations and incidence angles, diurnal changes in VWC lead to observable varia-

tions in σ0
tot . During periods of water stress, diurnal differences in radar backscatter

can be attributed to vegetation, rather than changes in soil moisture. This sensitivity

highlights use of VWC as a source of information for early water stress detecting in agri-

cultural canopies and to improve vegetation and soil moisture monitoring applications

using radar.

Results from this study show that for a corn canopy, diurnal variation in VWC can be

the main influence on total backscatter during periods of low soil moisture variability.

Data from this study suggest that VWC dynamics vary in response to water stress. During

the day the amount of water stored in crops (leaves, stalks) decreases during the day by

transpiration (Slayter et al., 1967; Larcher, 1995). As soil moisture decreases, more energy

is required for root water uptake (Slayter et al., 1967). Plants take longer to refill, causing

a change in the diurnal cycle of VWC. To fully understand the influence of canopy water

dynamics on radar backscatter, more comprehensive experimental data are required.

The observed diurnal difference in VWC (30%-40%) is high and can be attributed to

the structure of corn. For other crop types (e.g. alfalfa, beat, sorghum, soybean) a sig-

nificant decrease in VWC results in an increase of crop transparency Consequently, the

underlying soil becomes more visible and contributes more to total backscatter. Similar

studies with other crops might shed light on the effect of diurnal variation in VWC of

other crops on backscatter.
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From Chapters 2 to 4 we see how VWC is connected to dielectric properties and radar

backscatter. The significant changes in VWC affect the leaf dielectric properties (see

Chapter 3). In this chapter, it is shown that this results in observable changes in radar

backscatter.

4.5 CONCLUSIONS

In this chapter, we investigated the diurnal variations in vegetation water content of a

corn canopy and their influence on radar backscatter. Leaf and stalk water content were

determined using destructive sampling at 6AM and 6PM over a period of several weeks.

A water-cloud model was used to investigate the influence that the observed differences

in VWC would have on backscatter at a range of frequencies and angles.

Results from the destructive sampling showed that bulk VWC can vary considerably

(up to 1 kg m−2, 30%) between 6AM and 6PM, primarily due to changes in stalk VWC.

Leaf VWC showed a diurnal difference up to 40 % between morning and evening. Fur-

thermore, leaf VWC decreased with water stress. This was particularly noticeable in the

early morning values.

The sensitivity study using a water-cloud model and bulk VWC demonstrated that at

high frequencies and incidence angles, σ0
tot is influenced by variation in both VWC and

soil moisture. Fluctuations in VWC have a significant impact on σ0
tot , especially when

surface soil moisture is dry and fairly constant.

Using a two-layer water-cloud model at high frequencies, it was shown that the sim-

ulated difference in σ0
tot could be explained by changes in leaf VWC rather than the bulk

VWC. Although most of the bulk VWC is in the stalks, fluctuations in the leaf VWC can

have a significant impact on radar backscatter.

Statistically significant diurnal differences in backscatter were found for 8.6, 17, 35

GHz (VV, 50◦), 1.275 GHz (VV, 35◦), 5.3 GHz (HH, 23◦) and 4.8 GHz (HH, 15◦ - 35◦; VV, 15◦).

Morning VWC was statistically significantly higher than evening VWC. Whenσ0
tot is more

sensitive to VWC, diurnal variation is caused by direct backscatter from canopy. When

soil backscatter is the main contribution, changes in VWC affect the attenuation, leading

to diurnal differences in σ0
tot . During periods of water stress, soil moisture variation is

limited and diurnal differences in σ0
tot can be attributed to diurnal variation in VWC.

The results from this chapter highlight the importance of understanding the mecha-

nisms that control vegetation and leaf water content. A more detailed understanding of

leaf water content dynamics and their influence on backscatter may improve soil mois-

ture, biomass and fuel load retrieval algorithms and shed additional light on how mi-

crowave remote sensing could be used to monitor water stress in agricultural canopies.

In chapters 2 to 4 it was demonstrated that water stress in agricultural canopies re-

sults in significant changes in leaf dielectric properties, leading to observable differences

in diurnal variation in backscatter. In the following chapters we will focus on water stress

in tropical forests, to investigate the impact of water stress on VWC and radar backscat-

ter.





5
MEASURING TREE PROPERTIES

AND RESPONSES USING LOW-COST

ACCELEROMETERS

I’m completely lost

Bob - Lost in Translation

Trees play a crucial role in the water, carbon and nitrogen cycle on local, regional and

global scales. Understanding the exchange of momentum, heat, water, and CO2 between

trees and the atmosphere is important to assess the impact of drought, deforestation and

climate change. Unfortunately, ground measurements of tree properties such as mass and

canopy interception of precipitation are often expensive, or difficult due to challenging

environments. This chapter aims to demonstrate the concept of using robust and afford-

able accelerometers to measure tree properties and responses. Tree sway is dependent on

mass, canopy structure, drag coefficient, and wind forcing. By measuring tree accelera-

tion we can relate the tree motion to external forcing (e.g. wind, precipitation and related

canopy interception) and tree physical properties (e.g. mass, elasticity). Using five months

of acceleration data of 19 trees in the Brazilian Amazon, we show that the frequency spec-

trum of tree sway is related to mass, canopy interception of precipitation, and canopy-

atmosphere turbulent exchange.

Parts of this chapter have been published in Sensors, 17 (5) (van Emmerik et al., 2017a).
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5.1 INTRODUCTION

Trees are important contributors to the local, regional, and global water and carbon cy-

cle (Reichstein et al., 2013; Schlesinger and Jasechko, 2014; Patton et al., 2016). Trees play

a key role in the carbon cycle as they store carbon as a result of their primary production.

Through photosynthesis carbon is assimilated for biomass production, and oxygen is re-

leased to the atmosphere. During this process, water is transpired through the stomata

for cooling and is redistributed throughout the plant. Transpiration by trees accounts

for most of the total evaporation from land on the global scale, making them a dominant

contributor to the global water cycle (Jasechko et al., 2013; Schlesinger and Jasechko,

2014). The role of trees in the water cycle is even higher in tropical rainforests, where

transpiration makes up to 70% of total evaporation (Schlesinger and Jasechko, 2014).

Through transpiration, trees also have a large influence on soil moisture and groundwa-

ter, as their roots take up water to transport it to the stomata. Finally, canopy intercep-

tion of precipitation makes up a significant part of the water cycle, as it can amount up

to 15-50% of precipitation (Gerrits, 2010; Gerrits and Savenije, 2011).

The exchange of CO2 and water are determined by the turbulent exchange between

the canopy and the atmosphere (Baldocchi et al., 1991; Hollinger et al., 1994). Vegetation

is a rough surface that interacts with the atmospheric boundary layer (Sellers et al., 1997).

Higher turbulence results in higher rates of CO2 and water exchange, through increased

mixing (Baldocchi and Amthor, 2001). Studying the momentum transfer from wind to

trees through tree sway might therefore yield information on turbulent regulation of tree

photosynthesis and transpiration rates.

Measurements of tree properties such as mass, canopy interception, and tree- atmo-

sphere interaction, offer additional insights in the role of trees in the water and carbon

cycle, and how this might be affected by drought, climate change, and deforestation.

Some changes in drought-induced tree mortality, and tree species distribution in re-

sponse to climate change have been observed (Thuiller et al., 2011; Lindner et al., 2014).

Also, it has been shown that tropical deforestation results in warmer, drier conditions at

local scales (Lawrence and Vandecar, 2015). Yet, recent analyses are not conclusive, and

various studies have highlighted the lack of broad empirical assessments (Stephenson

et al., 2014).

Recent developments in remote sensing have allowed new analyses of the effects of

droughts on vegetated areas. Friesen (2008) used radar backscatter and hydrological

modeling to hypothesize that vegetation water stress affects diurnal variations in radar

backscatter. This was extended by Steele-Dunne et al. (2012), where backscatter model-

ing was used to demonstrate the high sensitivity of backscatter to changes in vegetation

water content during periods of low soil moisture availability. In this thesis (Chapter 2

to 4), actual field data was used to demonstrate that diurnal differences in vegetation

water content can be associated with water stress, and have a significant effect on radar

backscatter. Additional ground measurements are necessary to relate tree properties to

space borne radar backscatter. Other work by Huete et al. (2006) found a green-up of the

vegetation in the Amazon during severe droughts using MODIS spectral imagery, which

led to a long discussion about the possible explanations for these observations. Morton

et al. (2014) recently hypothesized that the original analyses were in fact based on an op-

tical illusion, and that no actual green-up of the forest occurred. This exposed the critical
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lack of ground-based observations of tree properties for calibration and validation of re-

mote sensing data (Soudani and François, 2014). In this chapter, it is explored whether

accelerometers can be used to measure relevant tree properties and responses for this

purpose.

Unfortunately, key variables and fluxes such as transpiration, mass, interception ca-

pacity, canopy drag, and turbulent exchange are not easy to measure accurately. Con-

ventional measurement equipment, such as sap flow sensors and dendrometers, use

invasive techniques to measure tree water fluxes (Helfter et al., 2007), or are often ex-

pensive. Furthermore, these devices are not always robust enough to withstand the

challenging field conditions in environments such as tropical forests. Using dendrome-

ters that only measure stem diameter might also give inaccurate results, as it is required

to know the relative contributions of the phloem and bark (Drew and Downes, 2009).

Few methods exist to measure canopy interception and throughfall, and they often in-

volve complicated and labor intensive techniques (Gerrits et al., 2007). Finally, many

tree measurement techniques are only fit for indoor experiments (e.g., drag coefficient

in tunnels (Mayhead, 1973)), or require a significant power supply (for e.g., drag coeffi-

cient (Koizumi et al., 2010) or sap flow (Burgess et al., 2001)), making them unsuitable

for long term field campaigns, especially in challenging environments such as tropical

forests. In this chapter we show that accelerometers are a cheap (+/-200 USD) and ro-

bust alternative for obtaining longterm data series of tree motion, which is used to infer

tree properties and tree-related fluxes, such as mass, canopy precipitation interception,

and turbulent exchange.

Accelerometers mounted on a tree trunk measure the sway movement of the tree.

Tree sway is determined by tree properties such as mass, elasticity, wood density, and

drag coefficient, and momentum in the atmosphere (Moore and Maguire, 2004). Tall,

wide trees will respond differently to the same wind forcing as small, slim trees. Simi-

larly, trees with different crown architecture (e.g., leaf size, distribution, orientation) will

most likely respond differently to similar wind load. Several studies (Amtmann, 1985;

Mayer, 1987; Gardiner, 1995; Peltola, 1996; Hassinen et al., 1998; Flesch and Wilson, 1999;

Lohou et al., 2003; Sellier et al., 2008; Schindler et al., 2013) measured tree sway to de-

termine the response to wind loads, mainly to study tree wind damage and tree failure

mechanisms. Studying tree sway and bending in response to wind load is important

for forestry, as storm damage to trees is a large source of economic loss (Mayer, 1987;

Moore and Maguire, 2004). Mayer (1987) found that the primary sway of a tree (1st har-

monic) is related to tree throw. Tree throw is one of the failure mechanisms which re-

moves the whole tree, including roots, from the soil due to wind load. Mayer (1987) used

accelerometers to identify the peak of the 1st harmonic in the frequency spectrum, and

suggested that this can be changed to reduce the risk of storm damage, e.g., by cutting off

tops, the crown, or chaining trees. To optimize wind shelter, and thereby reduce storm

risk, Flesch and Wilson (1999) used tilt sensors (which measure tree inclination) to assess

the influence of silvicultural management techniques on the reduction on wind throw.

By comparing frequency spectra of trees for different cut-block dimensions (clear areas

in forests), they provided suggestions for maximizing risk reduction. Further develop-

ment of research tools to study the origin and modes of tree failures caused by wind was

done by Sellier et al. (2008). They used tilt sensors to identify peaks in the frequency
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spectrum of tree sway, and compared different trees to study the influence of crown ar-

chitecture of trees on stability.

Earlier work by others mainly determined frequency spectra for a single moment

in time using 30 minutes to 1 hour of data. Lohou et al. (2003) presented the evolu-

tion of the acceleration frequency spectrum during a day, to better understand canopy-

atmosphere interactions. It was shown that tree sway primarily depends on available

momentum in the wind. More recent work discussed the importance of taking tempo-

ral tree dynamics into account in analyzing tree sway. Schindler et al. (2013) deployed

inclinometers on the trunk, and primary and secondary branches in broadleaved trees,

and identified multiple vibration modes, which were linked to different parts of the tree.

They discussed the importance of foliage phenology that might cause seasonal variation

in the tree motion acceleration spectrum, as the tree properties determining the tree

sway will change over time. Additional opportunities of using accelerometers to study

temporal variations in tree sway has not been discussed until recently. Selker et al. (2011)

suggested that changes in the frequency spectrum were related to mass variations, re-

sulting from leaf loss or intercepted precipitation. This was based on Stewart et al. (2012),

who used accelerometers for the design of hydrological measurement equipment. Stew-

art et al. (2012) developed a rain gauge that was able to detect changes in mass due to

precipitation and evaporation. By estimating the peak frequency in the wind driven mo-

tion of a bucket on a stick, precipitation amounts were estimated with an accuracy up to

1 mm. Although trees do not exhibit similar simple behavior, the general idea that mass

changes influence the frequency spectrum is still valid. Llamas et al. (2013) hypothe-

sized that even diurnal variations in mass, e.g., as a result of changing in storage, might

influence the frequency spectrum. Temporal dynamics in the frequency spectrum, and

the analysis of other spectrum parameters in addition to the peak frequencies, are yet to

be explored.

This study focuses on the analysis of tree sway time series collected for 19 trees in the

Amazon rainforest over a five month period. The analysis aims to demonstrate the po-

tential of using accelerometers to measure three crucial tree properties and responses:

(1) mass variations, (2) interception of precipitation, and (3) tree-atmosphere turbu-

lent interaction. Tree mass varies as a result of growth, leaf drop or development, and

changes in water content. Tree mass changes diurnally, mainly due to variation in tree

water content. During the day„ transpiration exceeds water uptake during the day, lead-

ing to a decrease in water content from sunrise to sunset. At night, water uptake exceeds

transpiration, and water content increases again. During periods of water stress, the soil

moisture availability might be insufficient for the required nocturnal refilling. In this

case the diurnal variations in tree water content, and thus mass, change as a response

to water stress (Slayter et al., 1967; Hsiao, 1973). Drought causes lower transpiration and

carbon assimilation rates and can eventually lead to tree mortality. Therefore, field mea-

surements of diurnal and day-to-day mass variations of trees will increase understand-

ing of tree response to water stress. Measurements of longer-term mass changes gives

insights in tree growth, and phenology. Interception of precipitation has a large impact

on the hydrological cycle. Despite recent advances in simpler measurement methods

(see e.g., (Friesen, 2008)), it remains difficult to quantify interception by individual trees.

This is especially challenging in tropical forests, because of a substantial flow along the
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trunk. Finally, tree-atmosphere interaction is the driving force that determines tree sway.

The momentum transfer from the atmosphere to the canopy also regulates the exchange

of heat, vapor and CO2. Accelerometers have not explicitly been used to study tempo-

ral changes in tree-atmosphere interactions, as most measurements have been done in

wind tunnels (Mayhead, 1973), or at instanteanous time (Koizumi et al., 2016).

In this chapter we discuss the concept of using accelerometers to study tree proper-

ties and responses. We give examples of several applications, which are based on mea-

surements from a field study in the rainforest of the Brazilian Amazon. We show that

measurements of tree sway can be related to tree mass variations, canopy interception

of precipitation, and tree-atmosphere interaction. Finally, we provide an outlook on how

accelerometers could be used in combination with auxiliary measurements to study ad-

ditional tree properties and responses.

5.2 MATERIALS AND METHODS

5.2.1 THEORY

In previous work, it has been assumed that trees behave like damped harmonic oscilla-

tors (Gardiner, 1995; Peltola, 1996). To illustrate what information we can derive from

tree sway measurements, we can simplify a tree as a damped mass-spring system, as-

suming small displacements. The displacement of such a system can be derived from

Newton’s second law:

F(t ) = m
d 2

dt2
x(t)−ks x(t)− c

d

dt
x(t) (5.1)

With external force F (t ), horizontal displacement x(t ), mass m, acceleration a, damp-

ing coefficient c, spring constant ks and time t . For trees, ks would be related to the elas-

ticity, or wood density of the tree. Higher wood density would translate in less tree sway.

In absence of external forcing F , the solution of a damped oscillator equation is:

x(t ) = A0e−ζ2π f0 sin(

√

1−ζ2ω0t +φ) (5.2)

With:

ζ=
c

4π
√

mks

(5.3)

ω0 = 2π f0 =

√

ks

m
(5.4)

With amplitude A0, natural frequency ω0 [rad/s] or f0 [Hz], and phase shift φ. Taking

the Fourier transform of equation 5.1, and multiplying with the the wind force yields

(Stewart et al., 2012):

|H(ω)| =ωα
1

√

ω2
0 −2ζ2 −ω2 +4ζ2(ω2

0 −ζ2)
(5.5)

where H(ω) is tree motion frequency spectrum as a function of forcing frequency,

and ωα is the amplitude of the driving wind force. It is clear from equation 5.5 that tree
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motion, and its frequency spectrum is a function of mass, and the elasticity of the tree.

Here, change in tree mass, elasticity, or a combination thereof should influence the am-

plitude spectrum, and the resonance frequency ω0 in particular.

To approach a tree as a mass-spring system is an oversimplification. In reality, trees

have a significantly more complex geometry, and therefore can be seen as a combination

of multiple, possibly nonlinear, oscillators. From the momentum balance equation how-

ever, the spectrum of the tree response as function of frequency Py ( f ) can be estimated

using (Mayer, 1987):

Py ( f ) = |Hm( f )|2ρ2
aC 2

D A2
t ū2Ha( f )2Pu( f ) (5.6)

with mechanical transfer function H f , air density ρa , drag coefficient CD , At , mean

wind speed ū, aerodynamic transfer function Ha( f ), and power spectrum of the wind

Pu( f ). In general, the aerodynamic transfer function can be approximated as Ha( f )2 = 1,

as there is a minimal turbulent storage term (Amtmann, 1985; Mayer, 1987).

Stewart et al. (2012) fit equations 5.3 and 5.5 to measured spectra to determine mass,

and damping. However, this involves making the assumption that system behaves like

a mass-spring system. While this may be valid for a simple rod with a bucket, it is not

applicable in tree canopies, which tend to exhibit a broad spectrum. In this study, there-

fore, equations 5.5 and 5.6 will be used to demonstrate how the frequency spectrum of

the tree response depends on important tree properties, such as mass, drag coefficient,

and elasticity, and to explain changes in the frequency spectra over time, through varia-

tion in tree properties.

Two characteristics of the frequency spectrum can be considered: (1) the frequency

peaks, and (2) the slope of the spectrum within a certain frequency range. Peaks in the

frequency spectrum indicate resonance frequencies. These might be (multiples of) the

natural frequencies of the tree, or of the various subsystems (branches, leaves). To iden-

tify peaks, the local maxima in the frequency spectrum are identified. For simple systems

(e.g. as in Stewart et al. (2012)), there is one governing peak in the spectrum that governs

the signal. For higher-order systems like trees, which are more nonlinear, there is no

single peak but a wide spectral response.

Therefore, we also look at the logarithmic slope [dB/Hz] of the frequency spectrum.

The slope of the spectrum represents the damping of the driving wind force, and can be

seen as a measure of momentum transfer. As the tree movement is driven by wind, a part

of the wind energy is transfered to kinetic energy in the tree. The intensity of the transfer

depends on the wind speed and on the tree characteristics (such as moment of inertia,

mass, and the drag coefficient). Another advantage of working in term of slope, is that

it is well known that for homogeneous isotropic turbulence the wind energy spectrum is

expected to follow the famous Kolmogorov cascade (-5/3 slope) (Kolmogorov, 1991).

For this research we placed 19 accelerometers on 19 trees from August to December,

2015, in the Brazilian Amazon. We measured seven different canopy species, with two to

four individuals per species (see Table 1). In this study, we present a phenomenological

analysis of changes in peak frequency and the logarithmic slope. We interpret these with

respect to with tree properties and responses, such as tree mass, canopy interception,

and canopy drag.
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5.2.2 SENSOR DESCRIPTION

The accelerometer used in this study is the Acceleration Logger - Model AL100 (Oregon

Research Electronics, Tangent, OR, USA, http://www.orelectronics.net), which is

designed to be robust and water proof. The size is 14.5x9.2x5.5 cm, and it weighs about

400 grams (Fig. 5.1a). It can measure with a frequency of up to 25 Hz, and measures the

acceleration in three dimensions. A measurement frequency of 10 Hz was chosen as an

optimization between accuracy and storage requirement. For further analysis, we used

the acceleration component along the axis that had the largest signal, which depends on

the tree species, and the orientation of the sensor, but is generally one of the horizontal

axes. Depending on the sampling rate and the environment, it can log for several months

on 2 C-size cell batteries. The 8 GB data card has a capacity of 320 days with 10 Hz data.

Data were stored on a micro SD card, which can be easily replaced. To prevent data loss,

data is written to a newly created file every day (Wagner, 2015 (Accessed April 9, 2015).

Figure 5.1: Picture of an ac-

celerometer installed on a tree.

Accelerometer

1
2

 -
 2

0
 m

Figure 5.2: Illustration of mount-

ing position of accelerometer in

a tree.

Figure 5.3: Location of the field

site in the Amazon, Brazil.

5.2.3 MEASUREMENT SETUP AND PROTOCOL

The choice of where to place the accelerometers is governed by several factors (Wag-

ner, 2015 (Accessed August 21, 2015). The most important is finding a location on the

tree with the largest displacement and thus the largest signal. However, tree geometry is

complex, and placing the accelerometer in one of the branches does not yield a signal

that is representative for the whole tree. As shown by Spatz and Theckes (2013), oscil-

lations of primary and secondary branches can significantly affect the frequency spec-

trum. Therefore, we placed the accelerometers on the trunk, right below the crown and

the point of the main branching of the tree, see Fig. 5.2. Other factors that influence the

placing are accessibility (safety and convenience for attachment and data retrieval) and

safety (against e.g. weather, and flora and fauna). For longer term measurements, it is

advised to regularly read out the data, and to replace the batteries.

http://www.orelectronics.net
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5.2.4 DATA PROCESSING

We estimate the frequency spectrum of the horizontal, single axis acceleration using a

sliding window fast Fourier transform (FFT). The spectrum was estimated every 10 min-

utes, using a window length of 30 minutes. To improve the frequency estimation, the raw

acceleration data within the 30 minute window were detrended. To prevent leakage or

contamination by spectral leaking from neighboring frequencies, the data were tapered

using a Hann taper on the first and last 10 % data points of the window. We present the

tree acceleration frequency spectra Py in decibels:

Py = 10 · log10(
p

p0
) (5.7)

with spectrum p, and reference value p0. For all processing we used p0 = 1. For this

study, the slope of the frequency spectrum between 0.2 and 1 Hz was determined every

10 minutes. As the spectra, and thus the slope, is presented on a logarithmic scale, the

slope is presented as log-log slope in section 3.

5.2.5 CASE STUDY FIELD SITE AND PLANT MATERIAL

Table 5.1: Tree characteristics: Tree number, scientific name, wood density (Chave et al., 2009; Fauset et al.,

2015), estimated total height and diameter at breast height (DHB).

Tree no. Name Wood density Height [m] DB H [cm]

[103kg/m3] High - Low

1 - 3 Goupia glabra (brevi-deciduous) 0.7 Low 25 - 32 135.0 - 242.5
4 - 6 Lecythis prancei (evergreen) 0.875 Intermediate 24 - 35 108.4 - 116.5
7 - 8 Scleronema micranthum (evergreen) 0.6 Low 26 - 38 81.0 - 189.5
9 - 12 Eschweilera coriacea (evergreen) 0.8 Intermediate 18 - 27 92.4 - 268.0
13 - 14 Dipterix odorata (evergreen) 1.1 High 32 - 35 177.0 - 219.5
15 - 16 Pouteria anomala (evergreen) 0.7 Low 22 - 23 111.0 - 117.5
17 - 19 Maquira sclerophylla (evergreen) 0.5 Low 18 - 35 90.6 - 264.0

This study uses data from 1 August to 31 December, 2015, obtained during a field

campaign at the research station in the Amazon rainforest (2.6085◦ S, 60.2093◦ W), 60

km Northwest of Manaus (see Fig. 5.3). The study area is characterized by a wet tropical

climate with an average dry season from June to October. During the measurement pe-

riod, sunrise and sunset occurred at around 6 A.M. and 6 P.M., respectively. Additional

meteorological data (wind speed, temperature, relative humidity, wind speed, precipita-

tion) were measured every 15 minutes at a research tower on site. A total of 19 trees were

measured with accelerometers (one per tree). Seven species were measured, with 1 to 3

individuals per species. Trees were selected to cover a broad range of heights (h), widths

(diameter at breast height, DB H ), and wood densities (ρw ). Wood density values were

taken from the Global Wood Density Database (Chave et al., 2009; Fauset et al., 2015).

Total tree height was measured using measurement tape. Tree species were determined

by a classified taxonomist. Diameter at breast height (DBH) was measured using mea-

suring tape on the day of installation of the accelerometers. Based on these dimensions,

we estimated the volume (V ) and mass (M) of the tree trunk using:

V = 2πh(
DB H

2
)2 (5.8)
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M =V ρw (5.9)

Note that these are approximations of the volume and mass of the tree trunk only

and do not include the crown. They are intended as indicative measures of volume and

mass with which we can compare and explain the results from different trees.

5.3 RESULTS AND DISCUSSION

5.3.1 INTERPRETATION OF THE SPECTRUM

To illustrate how the changes in the frequency spectrum are interpreted, results are pre-

sented for two Goupia glabra trees. Fig. 5.4 shows the frequency spectrum of Goupia

glabra tree 1 at three different moments (6, 8, and 10 A.M. on 13 October, 2015). For

increasing wind speeds, the energy spectrum has an increasing amount of energy and

several spectral peaks emerge. One of these peaks is around 0.2 Hz, which is one of the

main natural frequencies of the system. The other peaks are natural frequencies of the

subsystems (e.g. branches, leaves), or peaks in the forcing load. With different wind

forcing, the slope of the spectrum is clearly different, which is an indicator of the de-

gree of interaction between the wind and the tree. As the wind speed increases the slope

of the spectrum between 0.2 and 1 Hz reaches a value of almost -5/3 [dB/Hz] during

higher wind speeds. This indicates that the tree sway spectrum approaches the Kol-

mogorov (Kolmogorov, 1991) wind energy spectrum characteristic of turbulent condi-

tions. As hypothesized by Kolmogorov, turbulent motions in the inertial subrange are

statistically isotropic, and the wind energy spectrum is only a function of frequency. This

implies that at high wind speeds the tree damping is minimal compared to the forcing

and could potentially be used to identify drag exerted by the tree. These results sug-

gest that accelerometers can be used to study turbulent exchange between trees and the

atmosphere.

Fig. 5.5 shows the spectra of two different Goupia glabra trees for a five-day period,

from DOY 280 to 286 (9 to 15 October, 2015). Note that the frequency is plotted on a

normal scale (not in log-scale as in Fig. 5.4) At a first glance one can see that the spectra

are fairly similar, however the magnitude of the acceleration spectrum (about 0.5 dB dif-

ference) and the location of the largest frequency peak are different (0.02 Hz difference).

The changes in the spectrum are mainly the result of the changing wind forcing (Fig.

5.5(c)). Differences in the frequency spectra between the two trees indicate that there

is variation in the amount of energy that is absorbed and damped by each tree. Given

that the available wind energy is the same for both trees, the differences in acceleration

spectra are due to tree specific characteristics, such as mass, catch area or drag coeffi-

cient. For the two presented Goupia trees, the differences between the spectra is caused

by the variation in height (25m vs 32m) and diameter (135cm vs 242.5cm). A clear peak

can be seen around 0.2 Hz for both trees, which is one of the main natural frequencies.

This also illustrates the difficulties of analyzing the (changes in) natural frequency, as (1)

the dynamic range of the natural frequency over time is very limited, and (2) the driving

wind force needs to be higher than a certain threshold to activate this frequency.
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Figure 5.5: Frequency spectra of Goupia glabra trees no. 1 and 2 over time from DOY 280 to 286 (9 to 15 October,

2015

5.3.2 TREE MASS

The slope of the spectrum is a measure of the amount of energy transfered from the wind

intro tree motion. Although taller trees catch more wind, the total energy transfer also

depends on other tree properties and dimensions, such as diameter, wood density, mass,

and stiffness. We also look at the sensitivity to DB H /h2, as previous work has found sen-

sitivities of the tree sway frequency spectrum to this ratio (see e.g. Moore and Maguire

(2004)). Fig. 5.6 illustrates the relationships between the mean slope of the tree response
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Figure 5.6: Mean slope between 0.2 and 1 Hz for each tree, plotted against (a) height, (b) diameter at breast

height (DB H ), (c) DB H /h2, (d) wood density, (e) cylindric volume, and (f) cylindric mass.

frequency spectrum and tree properties. Note that we only used slopes for wind speeds

higher than 2 m/s, as above this wind speed the maximum slope was reached. For the

majority of the tree species, increasing height (Fig. 5.6a), DB H (Fig. 5.6b), DB H /h2 (Fig.

5.6c) wood density (Fig. 5.6d) volume (Fig. 5.6e) and mass (Fig. 5.6f) corresponds with

a lower slope, indicating higher damping (and hence a higher mass or stiffness). This

corresponds to the idea that taller, stiffer, more robust trees, have a higher damping of

the wind load. Scleronema micranthum trees are an exception, as both height and diam-

eter are quite different, but the mean slope is almost equal. One of the reasons for this

might be the uncertainty in the estimation of the wood density. Wood densities were esti-

mated using the Global Wood Density Database (Chave et al., 2009; Fauset et al., 2015), as

no measurements of trunk wood density were available. Another factor that influenced

tree response is the crown structure and biomass. Schindler et al. (2013), for example,

discussed the differences between woodland conifers and broadleaved trees. Broadleaf

trees have a more complex crown structure and their sway is therefore characterized by

a less dominant main axis. Additional data on the crown architecture of the trees used

in this study could therefore explain the differences in measured slope of the frequency

spectrum.

In all but one species we see a decreasing slope (increased damping) for increasing

tree mass. This relationship between the slope of the spectra and the mass of the tree for

each species, highlights the potential to measure mass in an easy and non-destructive

way. Additionally, this shows that for some tree species, it might be possible to mea-

sure seasonal or even diurnal mass dynamics. By combining observations with mod-

eling of the frequency spectrum, mass m and spring constant (tree stiffness) k can be

determined separately. This allows the study of e.g. tree growth, tree responses to envi-

ronmental stress, tree mortality, foliage development and loss, and tree water balance.
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5.3.3 EFFECT OF PRECIPITATION

The frequency spectrum of tree acceleration is affected by precipitation events. Precipi-

tation is associated with increased wind speed, due to cold pools generated by e.g. rain

evaporation (Gentine et al., 2016), which influences the slope of the spectrum. Precipi-

tation that is intercepted by the canopy can also lead to an increase in mass, and thus a

decrease natural frequency. Fig. 5.7(a) and (b) show the changes in the spectrum and the

frequency peak for increasing precipitation amounts. Note that the spectra are average

spectra for the respective precipitation amounts. Fig. 5.7(b) shows the range around the

frequency peak in more detail. For higher precipitation amounts, the frequency peak

decreases. This is consistent with equation 5.4, as the stiffness of the system does not

change. A decrease in natural frequency therefore indicates a mass increase.
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Figure 5.7: (a) Changes in the average spectra during rain events of 0, 1, 2, 3, and 4.5 mm, and (b) spectra in the

natural frequency range, including frequency peaks, for Goupia glabra tree 1.

To further explore the sensitivity of the natural frequency f0 to precipitation events,

the difference in f0 is plotted against the measured precipitation amount in Fig. 5.8. It

can be seen that there is some variability in the degree to which this relationship can be

described with a simple linear regression. For some trees (e.g. Goupia 2, Scleronema 7,

Maquira 16), it is clear that the natural frequency decreases linearly for higher precipita-

tion amounts. The high sensitivity of f0 to precipitation for the Scleronema and Maquira

trees might also be explained by additional mass increase through absorption of water.

Both species are light wooded species, and during precipitation events these species re-

fill internal storage (parenchyma tissue) through root water uptake. This is not the case

for all trees. Some trees seem to have a change in the relationship between f0 and pre-

cipitation amount. For example, for Goupia 1, Eschweilera 12, Dipterix 14, and Pouteria

19, f0 seems to be linearly related to precipitation between 0 and 3-4 mm. For higher

precipitation amounts the relationship becomes very uncertain.

Variations in the sensitivity of f0 to precipitation might be explained by differences

in tree height, crown architecture, or other tree properties. Fig. 5.9 therefore presents
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Figure 5.8: Relationship between natural frequency of the tree f0 and the precipitation amount, for all trees.

Note the first point (black square) is the natural frequency without rainfall. Also the y-axis do not all have the

same scale.

the slope of the linear regressions (change in f0 as function of precipitation, see Fig. 5.8)

for each tree. To study what determines the linearity of this relationship, the slope is

shown as function of height, diameter at breast height, DB H /h2, wood density, volume

and mass. A steeper slope indicates a higher sensitivity to precipitation.

From Fig. 5.9 it can be seen that the sensitivity of a tree to precipitation amount is in-

fluenced by both the mechanical properties of the trees, and the location in the canopy.

In Fig. 5.9(a) it can be seen that the largest trees have the highest sensitivity (-0.5 to -1.5

mHz/mm for trees higher than 30m), which can be explained by the larger amount of

precipitation intercepted by the upper canopy layers. Trees with larger diameters have a

lower sensitivity (Fig. 5.9(b)). This is expected, as the slope is proportional to moment

of inertia, which varies with the 4th power of the diameter. Trees with larger wood den-

sity, and mass (Fig. 5.9 (d), and (f)) all have a lower sensitivity to increased precipitation.

Wood density is positively related to the elasticity of the tree (Evans and Ilic, 2001), and

one would therefore expect a lower sensitivity to precipitation for trees with higher wood

density. In addition to the elasticity, the moment of inertia considerably affects tree dis-

placement. This is largely influenced by the tree diameter, which explains why wider

trees are less sensitive to precipitation. Finally, the shorter trees intercept less precipita-

tion than those above them.

The weaker dependence of f0 on precipitation amount at higher precipitation values

( 2-4mm) could be related to precipitation intensity. Higher intensity rainfall results in

splashing, causing drops to fall of the leaves. Canopy architecture also has a significant

influence on the sensitivity to rainfall. Intercepted rainfall depends on the location, ori-

entation, and size of the leaves. The sensitivity of the tree sway spectrum to intercepted

rainfall is in turn influenced by leaf orientation, shape, and position with respect to the
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Figure 5.9: Slope of the change in natural frequency f0 with precipitation amount [mHz/mm] against (a) tree

height, (b) diameter at breast height, DB H /h2, (d) wood density, (e) volume, and (f) mass.

trunk. Additional information on canopy architecture can give insight in its influence

on sensitivity of the f0 to intercepted rainfall. This preliminary analysis suggests that it

might be able to estimate canopy interception by analyzing the change in the frequency

spectrum.

5.3.4 ENERGY TRANSFER FROM WIND TO TREE SWAY

Energy transfer between the atmosphere and vegetation has a significant influence on

biotic and abiotic processes, such as tree mortality, and exchange of water, heat and CO2

(Aumond et al., 2013). The amount of energy that is transfered from wind to tree motion

is significantly influenced by the drag coefficient of a tree. The drag coefficient is in turn

a function of tree architecture, geometry, and dimensions (Mayer, 1987; Schindler et al.,

2013). As we show in Section 1, the slope of the frequency spectrum is a measure of

energy transfer from the wind to the tree. As current field methods for measuring canopy

drag (Koizumi et al., 2010) are difficult to apply for extended periods, especially in remote

and challenging locations, we can use the slope as an approximation and analyze its

variations with wind speed, dynamics in time, and differences between trees.

Fig. 5.10 presents the monthly averaged slope from August to December, 2015, for

a Goupia glabra (a), Lecythis prancei (b), and Scleronema micranthum (c) trees. Drag

coefficient is a function of wind speed (Stull, 2012), as vegetation streamlines and recon-

figures as wind speed changes (Koizumi et al., 2010; Whittaker et al., 2015; Koizumi et al.,

2016). Generally, higher wind speeds result in lower drag coefficients for trees. As wind

speed increases from 0 to 1.5 m/s, the slope, and thus energy transfer, increases. This

means that for increasing available wind energy, relatively less energy is transferred into

tree motion, indicating a lower drag coefficient. The rate of energy transfer clearly varies

per month as function of wind speed, and between trees. For all three trees the energy
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transfer seems to increase between August and December, 2015. This is most likely a re-

flection of phenological changes, such as leaf flushing or drop (Lopes et al., 2016). Also

the differences between trees are considerable. The inflection point for the Scleronema

micranthum tree is less clear, indicating a higher drag coefficient than the Goupia glabra

and Lecythis prancei trees. The Lecythis prancei shows the largest dynamic range over

time, with a difference in maximum slope of 0.6 for wind speeds over 2 m/s between Au-

gust and December, 2015, against an almost negligible difference for the Goupia glabra

tree. Recall from equations 5.1-5.6 that drag coefficient, catch area and mass are impor-

tant parameters that determine the energy transfer from atmosphere to tree. The large

variations observed for Lecythis are therefore likely to be caused by changing tree prop-

erties, for example leaf drop between August and September, 2015.

We show that accelerometers might be a useful method to study the interaction of a

tree with the atmosphere. In large eddy simulations and meteorological models, the drag

coefficient is often assumed constant in time and space (Shaw and Schumann, 1992;

Shao et al., 2013; Aumond et al., 2013). Results presented here suggest that tree drag co-

efficient is variable in space and time, following changes in tree leaf biomass changes.

Combining our results with auxiliary data, particularly high temporal resolution wind

data, may allow us to derive the absolute drag coefficient for each tree. Also, additional

information on canopy architecture will give insight in the influence of canopy architec-

ture on the relation between the slope and wind speed, and therefore on energy transfer

from atmosphere to individual trees. Future work will focus on further analysis on the

temporal, spatial, and between-tree variation in energy transfer between atmosphere

and trees.
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Figure 5.10: Average slope as function of wind speed from August to December, 2015, for (a) Goupia glabra, (b)

Lecythis prancei, and (c) Scleronema micranthum.

5.3.5 SYNTHESIS AND OUTLOOK

We show several examples of information that can be extracted from analyzing frequency

spectra of tree motion. We demonstrate that we can detect differences in mass, and

turbulent exchange between and within species, through the relationships between the

slope of frequency spectra (damping) and mass. More interestingly, this might allow an-

alyzing seasonal or even diurnal variation in tree mass. This means that accelerometers

might be used to track growth of trees, or monitor changes in diurnal mass affiliated

with changing water content. Potentially, accelerometers can give more insights in the
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changes in tree properties and dynamics in response to drought.

Further exploration of the possibilities of quantifying canopy interception of precipi-

tation might contribute to a better understanding of the water cycle in forest ecosystems.

Interception is one of the most important parts of the hydrological cycle. Unfortunately,

it is also difficult to measure, especially on larger scales. Validation studies, including ad-

ditional throughfall, stem compression measurements (Friesen, 2008), above and below

canopy evaporation measurements (Schilperoort et al., 2016), or stable isotopes to sep-

arate evaporation fluxes (van Emmerik et al., 2012), will shed light on the possibilities of

measuring canopy interception of individual trees using accelerometers. Note that rain-

fall events that occur during low wind speeds will remain difficult to detect, due to a lack

of tree sway.

A novel approach is presented, using accelerometers to study the interaction be-

tween trees and the atmosphere. So far, most studies derived drag coefficients from wind

speed and eddy flux measurements. Additional long time series of tree sway will increase

understanding of energy and momentum transfer by individual trees. Dynamics in the

energy absorption and damping might in future applications also be coupled to sea-

sonal and diurnal mass variations due to growth, or water stress, for example to study

the changes in canopy-atmosphere interaction during the dry season.

Other applications might include studying tree mortality, and wind-damage. As ac-

celerometers are cheap and robust sensors, they might be used to study tree dynamics

and properties for validation of remote sensing products in more challenging environ-

ments.

5.4 CONCLUSIONS

Accelerometers were deployed on a broad range of trees in the Amazon. They are sim-

ple, cheap and robust sensors that can last in challenging environments. We show how

they can be applied in a tropical forest, and how with simple data processing algorithms

valuable information on tree properties and responses can be extracted.

The slope of the frequency spectrum is related to tree mass. For all but one species,

increasing tree mass clearly resulted in a lower slope. Future work will use additional

data, such as throughfall, stem compression, evaporation and transpiration, to relate

the frequency spectrum to mass changes due to growth on seasonal, and changing water

content on a diurnal scale.

The frequency spectrum shows a clear response to precipitation events. The ob-

served decrease in natural frequency is associated with an increased mass, due to water

stored on the canopy. For several trees the relationship between natural frequency and

precipitation amount is linear, which highlights the potential of using accelerometers to

estimate canopy interception by individual trees.

Preliminary results demonstrated variability in canopy-atmosphere interaction, in

space and time. Changes in the frequency spectrum can be associated with variation in

tree drag coefficient. The results suggest that the tree drag coefficient is more variable

than currently assumed.

The affordable, easy-to-apply, robust, accelerometers used in this study provide a

promising complementary technique to current measurement techniques. The results

presented here demonstrate that low-cost accelerometers can yield valuable insight into



5.4. CONCLUSIONS

5

71

tree properties and responses. Longer deployments and their combination with other

instruments in experimental studies is encouraged to reveal their full potential and to

identify additional applications in vegetation monitoring.





6
WATER STRESS IMPACTS

TREE-ATMOSPHERE INTERACTION

IN THE AMAZON

Wenn der Wind weht,

So regen sich die Bäume

Saxon proverb

Land-atmosphere interactions depend on momentum exchange from the atmosphere to

the canopy, which depends on the tree drag coefficient. It is known that the drag coeffi-

cient, and thus tree-atmosphere interaction, can vary strongly within a canopy. Yet, only

few measurements are available to study the variation of tree-atmosphere interaction in

time and space, and in response to vegetation water stress. In Chapter 5, Accelerometers

were used to derive a measure of tree-atmosphere interaction for 19 individual trees of

seven different species in the Brazilian Amazon. This Chapter demonstrates that under

field conditions, tree-atmosphere interaction can vary considerably in time and space.

The five-month measurement period included the transition from wet to dry months.

We demonstrate that increased tree water deficit is related to observed changes in tree-

atmosphere interaction, which is hypothesized to be caused by drought induced changes

in tree mass.

Parts of this chapter are used in (van Emmerik et al., in review).
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6.1 INTRODUCTION

The atmospheric boundary layer state is directly influenced by the surface. In turn,

the atmosphere influences the land surface state through land-atmosphere interactions

(Gentine et al., 2011, 2012; Green et al., 2017) Land-atmosphere interactions influence

meteorological and hydrological fluxes and states, and biotic and abiotic processes, such

as seed and pollen distribution (Katul et al., 2005), deposition of atmospheric pollutants

(Clifton et al., 2017), and exchange of water, heat and CO2 (Aumond et al., 2013).

Land-atmosphere interactions depend on the momentum exchange from atmosphere

to the canopy, which highly depends on the turbulent drag coefficient of individual trees

(Poggi and Katul, 2007). Drag causes loss of momentum, and the interplay between

canopy and atmosphere is heavily affected by the transport of water, heat, and carbon

between vegetation and the atmosphere (Molina-Aiz et al., 2006; Cescatti and Marcolla,

2004). In meteorological models, large-eddy simulations, and land surface models, tree-

atmosphere interaction plays a crucial role in describing energy and momentum trans-

fer from the atmosphere to the canopy. Energy and momentum transfer between trees

and atmosphere greatly depend on the tree drag coefficient (Gillies et al., 2002). For

computational ease, the drag coefficient is often assumed constant (Cassiani et al., 2008;

Dupont and Brunet, 2008; Katul et al., 2006), both in time and space. It is known, how-

ever, that the drag coefficent, and thus the degree of tree-atmosphere interaction, can

vary strongly within a canopy, and as a function of environmental conditions (Belcher

et al., 2012). Assuming a constant drag coefficient may therefore be unrealistic, and in-

troduces a large source of error.

Misrepresentation of the variability in canopy drag is largely due to a lack of (field)

data. Various studies have quantified canopy drag (coefficients) in laboratory and field

setups (Mayhead, 1973; Koizumi et al., 2010). Widely used drag coefficients for several

tree species originate from a wind tunnel experiment by Mayhead (1973). Here it was

found that drag coefficient is variable between species, and strongly depends on wind

speed. Most wind tunnel studies used dwarf species, juvenile crowns, or model trees

or forests, which are not representative for actual-sized trees under natural conditions

(Johnson et al., 1982; Rudnicki et al., 2004; Vollsinger et al., 2005; Meroney, 1968; Novak

et al., 2000; Guan et al., 2003; Poggi and Katul, 2007). Recent work (Koizumi et al., 2010,

2016) presented a novel field method that can measure stem deflection, which is used to

derive the tree drag coefficient. However, this method requires a considerable amount of

power, making it difficult to obtain long time series. This is especially a problem under

field conditions, where power supply is limited.

The measurement technique presented in Chapter 5 used low-cost accelerometers to

measure tree sway. Tree sway is a result of momentum transfer from the atmosphere to

the tree, and can therefore be used to study tree-atmosphere interaction. The robustness

of the sensors allows deployment in harsh conditions such as tropical environments, to

obtain long time series. This Chapter uses tree sway measurements obtained during a

five month period to quantify and compare the tree-canopy interaction for 19 tree in

the Brazilian Amazon. The measurement period includes the transition from wet to dry

months. We derived a measure for canopy-atmosphere interaction, showing clear varia-

tion between between species, over time, and response to tree water deficit.

The Amazon contains half of the world’s rainforests. Yet, it remains a poorly under-
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stood component of the global carbon and water cycle (Saatchi et al., 2007; Binks et al.,

2016; Anber et al., 2015). For example, the extensively studied 2005 drought reversed

the Amazon from a long-term carbon sink into a carbon source (Phillips et al., 2009).

Amazon forests appear to be sensitive to increasing moisture stress (see Chapter 7), and

future droughts have the potential to considerably change the water and carbon balance

(and thus climate change) (Phillips et al., 2009). Improved understanding of the variation

and dynamics of the drag coefficient will therefore contribute to a better understanding

of the Amazon’s role in the water and carbon cycle, and its response to deforestation.

A long time series of tree acceleration data was used to investigate tree-atmosphere

interaction under field conditions, and in response to increased tree water deficit. This

Chapter aims to shed a new light on the spatiotemporal variation in tree-atmosphere

interaction. Specifically, we demonstrate the effect of increased tree water deficit for

various tree species and individuals. We hypothesize that observed variations are related

to vegetation water stress induced mass changes in the trees.

6.2 METHODS

6.2.1 STUDY AREA

The field measurements of this Chapter were obtained from August, 2015 to January,

2016 at the K34 research station in the Amazon rainforest (2.6085◦ S◦, 60.2093° W), 60

km Northwest of Manaus, Brazil. The study area is characterized by a tropical monsoon

climate with an average dry season from June to October. During the measurement pe-

riod there was about 12 hours of daylight, roughly between 6 A.M. and 6 P.M. local time.

Meteorological data was measured at a flux tower on site. Wind speed, temperature, and

precipitation were measured every 15 minutes. For this Chapter, we use data from the

period August, 2015 to January, 2016.

6.2.2 PLANT MATERIAL

A total of 19 individual trees were measured during this experiment, covering seven tree

species, and a broad range of average height and wood density. An overview of the sam-

pled tree species can be found in the Supplementary materials (Table 1). Wood density

values were taken from the Global Wood Density Database (Zanne et al., 2009). Total

tree height was measured using measurement tape. Tree species were determined by a

classified taxonomist. Diameter at breast height (DBH) was measured using measuring

tape on the day of installation of the accelerometers, between 28 July and 1 August, 2015.

Volume and mass were estimated from the estimated tree dimensions using:

V = 2πh
DB H

2

2

(6.1)

M =V ρw (6.2)

With tree height h, diameter at breast height DB H , mass M , volume V , and wood

density ρw . These are approximations of the cylindric volume and mass, and do not

include the crown.
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6.2.3 EXPERIMENTAL SETUP

Water proof, robust accelerometers (Acceleration Logger - Model AL100, Oregon Re-

search Electronics, Tangent, OR, USA, http://www.orelectronics.net) were used to

measure three-dimensional acceleration with a frequency of 10 Hz. The accelerometers

were placed directly below the main branching of the tree, so as to measure the largest

signal can be measured, and to minimize effect of oscillations from primary and sec-

ondary branches (Spatz and Theckes, 2013). Detailed information on the accelerometer

and applications can be found in Chapter 5.

Dendrometers (ZN12-T-2IP, Natkon.ch, Switzerland) were installed at 1.5 meters above

ground level. Bark thickness was measured every 10 minutes. Bark time series were de-

trended for growth in order to use it as a direct measure of water deficit in trees. For this,

the growth line of the species was determined, based on the local maximum values of

stem radius (Zweifel et al., 2005; Ehrenberger et al., 2012). The actual water deficit was

calculated by subtracting the measured changes in stem radius from the growth line.

∆W = Db,pot −Db,act (6.3)

With total water deficit ∆W , growth line Db,pot , and change in bark thickness Db,act .

6.2.4 RELATING WIND TO TREE MOTION

The relation between the input wind energy spectrum Pw , and the output energy spec-

trum of tree motion Py , both as function of frequency f can be described as:

Py ( f ) = |H( f )|2ρ2
aC 2

D A2ū2Ha( f )2Pu( f ) (6.4)

with mechanical transfer function H , air density ρa , drag coefficient CD , tree catch

area A, mean wind speed ū, aerodynamic transfer function Ha( f ), and power spectrum

of the wind Pu( f ). In general, the aerodynamic transfer function can be approximated as

Ha( f )2 = 1, as there is a minimal turbulent storage term (Amtmann, 1985; Mayer, 1987).

The energy conservation and dissipation of wind turbulence depends on the scale.

Large scale eddies (low frequencies) are energy containing, whereas energy dissipation

mainly happens at smaller molecular scales (higher frequencies). The range in between,

the inertial subrange, is where energy is transferred from low to high frequencies. Kol-

mogorov (1941) hypothesized that at high Reynolds numbers and under homogeneous

and isotopic turbulence the inertial subrange would follow a -5/3 spectrum. The energy

content Pw within the inertial subrange is a universal function of the frequency, and can

therefore be expressed as (Stull, 2012, p. 390 – 391):

Pw =Cǫ
2
3 f

−5
3 = A f

−5
3 (6.5)

With constant C , dissipation rate ǫ, frequency f . Wind in forest canopies also exhibit

this spectrum (Flesch and Wilson, 1999; Odijk, 2015). For turbulent conditions, the input

wind spectra (see eq. 3) and its slope are known. Comparing the input Kolmogorov wind

spectrum with the output tree acceleration spectrum therefore gives a measure of the

momentum damping/absorption by the tree. For eqs. 4 and 5, a constant value for the

wind spectrum slope (-5/3) is used in subsequent analyses.

http://www.orelectronics.net
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With known acceleration and wind spectra, we can find an expression for the transfer

function, which is a measure of tree-atmosphere interaction. We use the slope of the

acceleration and wind spectra:

dPy

d f
= H 2ρ2 A2C 2

d u2 dPw

d f
(6.6)

sa =αC 2
d u2sw (6.7)

αCd =

√

sa

sw

u2
(6.8)

with acceleration and wind spectra slopes sa and sw , and transfer parameter α. The

combined term αCd is used as an expression for tree-atmosphere interaction, and ac-

counts for the combined effect of e.g., drag coefficient, mass, density, wind catch area.

Interaction between wind and a tree is a function of wind speed. As e.g. Mayhead

(1973); Koizumi et al. (2010), have shown, the drag coefficient and momentum trans-

fer decrease with increasing wind speed. This is mainly due to streamlining of the tree,

which decreases the catch area of the tree. In this Chapter, we analyze the changes in the

relation between the measure of tree-atmosphere interaction αCd and wind speed. For

each week, the following function is fit to the relation between wind speed u and αCd :

αCd = A ·exp(−β ·u) (6.9)

with A = 1, and damping parameter β. β determines the shape of the relation, and

describes how the tree-atmosphere interaction changes with wind speed. The value of

β is therefore used to track the variation in tree-atmosphere interaction over space and

time. For better comparison between individual trees, β is presented normalized by the

mean value for β per individual tree.

6.2.5 DATA PROCESSING

We estimate the frequency spectrum of the horizontal, single axis acceleration using a

sliding window fast Fourier transform (FFT). The spectrum was estimated every 10 min-

utes, using a window length of 30 minutes. The slope of the spectrum represents the

damping of the driving wind force by the tree, and can be seen as a measure of energy

and momentum transfer (Chapter 5). As tree movement is driven by wind, a part of the

wind energy is transferred to kinetic energy in the tree. For this study, the slope of the

frequency spectrum between 0.2 and 1 Hz was determined, for every 10 minutes. The

slope is presented on a logarithmic scale [Hz/dB].

6.3 RESULTS

6.3.1 ACCELERATION SPECTRA SLOPE

Fig. 6.1 presents a typical acceleration energy spectrum for a Goupia glabra tree, for

three different wind speeds. For increasing wind speeds, the slope of the spectrum ap-

proaches the Kolmogorov -5/3 spectrum. As hypothesized by Kolmogorov (1941), tur-

bulent motions in the intertial subrange are statistically isotropic, and the wind energy

spectrum is only a function of frequency.
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Figure 6.1: Frequency spectra of a Goupia glabra tree for different wind speeds on day of year (DOY) 284 (11

October, 2015), including turbulent wind spectrum (dashed black), taken from Chapter 5.

The slope varies over time, and per tree species and individual. Fig. 6.2 presents the

acceleration spectra slope sa for each tree, grouped per tree species. As expected, the

slope of the acceleration spectrum increases with wind speed. The timing and magni-

tude does change per tree. For example, the Scleronema trees (Fig. 6.2C) have a con-

sistently higher slope (1.4 Hz/dB during the day) than the Dypterix (Fig. 6.2E) trees (1

Hz/dB during the day). The sum of the differences between trees are captured by the

paramter αCd , which will presented later. Other clear differences can be seen between

indiduals of different species. Where for the Scleronema (Fig. 6.2C) and Pouteria (Fig.

6.2F) trees the slope is similar between the individuals, for Maquira (Fig. 6.2G) and

Lecythis (Fig. 6.2B) the variation between the individuals is considerably larger.

6.3.2 TREE-ATMOSPHERE INTERACTION ACROSS TIME AND SPACE

The interaction between trees and the atmosphere is expressed by the αCd , which in-

cluded effects of mass, geometry, wind catch area, and drag coefficient (see eq. 8). Stream-

lining of a tree for increasing wind speed affects the relation between αCd and wind

speed (Mayhead, 1973; Koizumi et al., 2010), as can be seen in Fig. 6.3. Here, the monthly

averaged relation between αCd and wind speed are presented for August to December,

2015. For wind speeds between 0 and 3-4 m/s, αCd decreases, with the highest decrease

between 0 and 1-1.5 m/s. For higher wind speeds αCd becomes more stable. It can be

seen that for αCd varies considerably between individual trees, and that the relation be-

tween αCd and wind speed changes over time. For example, the range of αCd at 1 m/s

changed from 0.3-0.6 to 0.4-0.8 between August and December, 2015. It is hypothesized

that this is due to changes in mass, related to e.g. water content or leaf fall.

6.3.3 EFFECT OF DRY MONTHS

To further explore the changes in the relation between αCd and wind, this relation was

fit for each week of available data. The most important parameter is the damping co-
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Figure 6.2: Tree acceleration spectra slope sa [Hz/dB] over time for DOY 301 to 306 (2015), for A. Goupia

glabra, B. Lecythis prancei, C. Scleronema micranthum, D. Eschweilera coriacea, E. Dypterix odorata, F. Pouteria

anomala, G. Maquira sclerophylla, and H. wind. Each line in A-G. represents an individual tree.

efficient β (see eq. 9). Fig. 6.4 presents the weekly values for the normalized damping

coefficient β between August (DOY 220) and December (365), 2015. Recall that for the

normalization, time series of β are normalized by the average value of β for each indi-

vidual tree. Tree water deficit measurements were also available, and are also shown in

Fig. 6.4. As most trees showed similar temporal behavior, the figure presents the average

water deficit based on all trees, including the minimum and maximum of the measured

range.

Between DOY 230 and 280 β decreased while water deficit increased. Although wa-

ter deficit decreased steeply between DOY 280 and 285, β continued decreasing until

around DOY 300. Water deficit remained relatively stable between DOY 285 and 340,

after which a steep increase was observed between DOY 340 and 360. β recovered be-

tween DOY 300 and 340, and decreased again between DOY 340 and 360. Changes in

β are hypothesized to be caused by changes in mass related to water content, or leaf

fall. The increase in water deficit supports this hypothesis, as a decreasing/increasing β



6

80 6. WATER STRESS IMPACTS TREE-ATMOSPHERE INTERACTION IN THE AMAZON

1 2 3 4

u [m/s]

0.2

0.4

0.6

0.8

1

α
 C

d

A. August, 2015

1 2 3 4

u [m/s]

0.2

0.4

0.6

0.8

1

α
 C

d

B. September, 2015

1 2 3 4

u [m/s]

0.2

0.4

0.6

0.8

1

α
 C

d

C. October, 2015

1 2 3 4

u [m/s]

0.2

0.4

0.6

0.8

1

α
 C

d

D. November, 2015

1 2 3 4

u [m/s]

0.2

0.4

0.6

0.8

1

α
 C

d

E. December, 2015

 Goupia glabra

 Lecythis prancei

 Scleronema micranthum

 Eschweilera coriacea

 Dypterix odorata

 Pouteria anomala

 Maquira sclerophylla

Figure 6.3: Monthly averaged tree-atmosphere interaction αCd per individual tree as a function of wind speed

u [m/s] for A. August, 2015, B. September, 2015, C. October, 2015, D. November, 2015, and E. December, 2015.
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Figure 6.5: Damping coefficient β (for fitted function αCd vs. u) for a single A. Goupia, B. Scleronema, C.

Eschweilera, and D. Pouteria tree, versus water deficit ∆W , colored by day of year (DOY, 2015), and average

damping coefficient β in relation to E. tree height h, F. diameter at breast height DB H , G. wood density, and F.

Mass, for each measured tree.

coincided with inverse changes in water deficit.

Fig. 6.5 presents the relation between β, water deficit and DOY for four trees. Here, it

can be seen that there is a clear relation between increasing water deficit and decreasing

β. When water deficit increases, β drops significantly (DOY 220 to 250). For higher water

deficit (DOY 250 to 300), β decreases more gradually. For the recovery (DOY 300 to 340),

when water deficit decreases again, the relation between β and water deficit is different.

Here, β only increases gradually again for decreases water deficit. For the increase in wa-

ter deficit between DOY 340 and 360, a drop in β can be seen for the Goupia, Scleronema,

and Eschweilera.

To explore what might explain the variation in β, Fig. 6.5E-H. present the average

value of β (for August to December, 2015) in relation to the estimated physical tree prop-

erties. As expected, the interaction between tree and atmosphere is the sum of various

different factors. In general, it can be seen that for increased height, and diameter at

breast height β is higher. It can also clearly be seen that for increased wood density the

average β is higher, which can be explained by the coinciding increase in tree stiffness.

We also see that there is a relation between mass and β for all trees, and for each tree

species separately. Higher tree mass results in higher β. This suggests that changes in

β can be explained by water variations, due to for example leaf flush or fall and water

content related mass changes.

The relation between β and can explain the observations in Fig. 6.4 and 6.5A-D.

During periods of increased water deficit during the dry months, β clearly decreases for
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each tree. The increased water deficit suggests that this is due to water content related

mass changes in the vegetation, such as decreasing tree water content and increased

leaf fall during dry months. The relation between mass and β supports this hypothesis,

as the observed decrease in β might be explained by decreasing tree mass during the dry

months.

6.4 DISCUSSION

The results presented in this Chapter show that the degree of tree-atmosphere interac-

tion varies considerably between species. Previous work has shown this for some species

using wind tunnel experiments. This Chapter uses in situ measurements to demonstrate

the variation in tree-atmosphere interaction in the field. Besides variation in space, sig-

nificant temporal variation in tree-atmosphere interaction was found. To our knowl-

edge, this is the first time that this has been measured under field conditions.

Changes in tree-atmosphere interaction seem to be related to vegetation water stress.

For increased water deficit, measured on the tree, β decreased. There are two mecha-

nisms that might explain the changes in β during increased water stress. First, tree mass

might change through changes in water content. As insufficient water is available to

refill the storage, tree water content decreases with continuing water stress. Second, in-

creased water stress might also lead to leaf fall, which for some trees might also affect the

total mass significantly (Lopes et al., 2016). Leaf fall is a direct consequence of drought-

induced tree water deficit (Reich and Borchert, 1984). Peak rates of leaf fall almost always

occur during the dry months in tropical forests (Wright and Cornejo, 1990). This might

explain the quick response to increased tree water deficit. When tree water deficit is low

again, one might expect a recovery in β as well. However, if β is mainly changed due to

leaf fall, the recovery might be delayed significantly. Leaf expansion might occur only a

few weeks during the early wet months (Reich and Borchert, 1984), growth of new leaves

only occurs as long as soil moisture is plentiful (Bordiert, 1994). Absence of these condi-

tions could explain the slow response in β.

The impact of water stress on tree-atmosphere is a significant finding, as this shows

that tree-atmosphere interaction is also affected by the dry months, in addition to the

general spatiotemporal variation. This sheds a new light on momentum transfer from

the atmosphere to the tree. Previous studies on tree-atmosphere interaction used the

drag coefficient Cd as a measure for tree-atmosphere interaction. It was found that this

varies with wind speed, and per tree species. So far, this has not been done on trees in

forests. Also, no studies have investigated the effect of drought on tree drag coefficient,

or any other measure of tree-atmosphere interaction.

This Chapter demonstrates that the variation in momentum transfer can change

considerably during the shift from the wet to the dry months. This has important impli-

cations for the water and carbon balance, as these depend strongly on the momentum

transfer from atmosphere to the canopy.

Additional measurements of the input wind spectra, and its variation over time and

space, will allow further exploration of the relation between wind, tree sway, and mo-

mentum transfer. Combining the current data with plant physiological measurements

will allow further testing of the hypothesis that the temporal changes in tree-atmosphere

interaction are related to drought-induced tree mass changes.
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6.5 CONCLUSIONS

Tree-atmosphere interaction was measured on 19 trees during a transition from the wet

to the dry months in the Brazilian Amazon. It was found that tree-atmosphere interac-

tion varies considerably between individuals, and between species.

Tree-atmosphere interaction, and its relation with wind speed also changes over time.

Especially during the transition from the wet to the dry months, a clear change in tree-

atmosphere interaction was measured for all trees. The change in tree-atmosphere in-

teraction coincided with increasing tree water deficit.

A positive relation was found between estimated tree mass, and average tree-atmosphere

interaction. This suggests that the variation in accelerometer-derived measure of tree-

atmosphere interaction is caused by changes in tree mass, most likely caused by water

stress induced changes in water content or leaf fall.

In situ measurements of tree acceleration can be used to quantify tree-atmosphere

interaction. This provides new insights in variation in tree-atmosphere interaction in

time and space, and its response to increased vegetation water stress.





7
WATER STRESS DETECTION IN THE

AMAZON USING RADAR

I light my torch and wave it for the

New moon on Monday

And a fire dance through the night

I stayed the cold day with a lonely satellite

Simon Le Bon, Duran Duran

The Amazon rainforest plays an important role in the global water and carbon cycle, and

though it is predicted to continue drying in the future, the effect of drought remains un-

certain. Developments in remote sensing missions now facilitate large-scale observations.

The RapidScat scatterometer (Ku-band) mounted on the International Space Station ob-

serves the Earth in a non-sun-synchronous orbit, which allows for studying changes in

the diurnal cycle of radar backscatter over the Amazon. Diurnal cycles in backscatter are

significantly affected by the state of the canopy, especially during periods of increased wa-

ter stress. We use RapidScat backscatter time series and water deficit measurements from

dendrometers in twenty trees during a nine-month period to relate variations in backscat-

ter to increased tree water deficit. Morning radar backscatter dropped significantly with

increased tree water deficit measured with dendrometers. This chapter provides unique

observational evidence that demonstrates the sensitivity of radar backscatter to vegeta-

tion water stress, highlighting the potential of drought detection and monitoring using

radar.

Parts of this chapter have been published in Geophysical Research Letters (van Emmerik et al., 2017b).
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7.1 INTRODUCTION

The Amazon, which contains half of the world’s rainforests, plays a key role in the global

water and carbon budget (Saatchi et al., 2007; Binks et al., 2016). However, the Ama-

zon still remains a poorly understood component of the global carbon and water cycle

(Samanta et al., 2010). The Amazon is predicted to continue drying in the future, which

might accelerate climate change through carbon losses and change surface energy bal-

ances (Cox et al., 2008). For example, the extensively studied 2005 drought reversed the

Amazon from a long-term carbon sink into a carbon source. Amazon forests appear

to be vulnerable to increasing moisture stress, and future droughts have the potential to

considerably change the water and carbon balance (Phillips et al., 2009). Models and ob-

servations do not all agree on the effect of drought on the Amazon. The current debate

on whether or not the Amazon greens up during the dry season underscores the need

for greater understanding of the effect of drought on the Amazon ((Huete et al., 2006;

Saleska et al., 2007) vs. (Samanta et al., 2010; Morton et al., 2014)). Furthermore, under-

standing drought effects and the Amazon’s resilience to drought is critical to understand

their impact on the carbon and water cycles (Hilker et al., 2014).

With an increase in episodic droughts, there is a need for space borne observations,

in addition to field and modeling studies (Asner and Alencar, 2010). New satellite obser-

vations provide opportunities for better detection and understanding of drought (AghaK-

ouchak et al., 2015). Recent research suggests that radar observations might yield valu-

able insight into canopy water status. Several studies have identified diurnal variations

in backscatter over the Amazon (Birrer et al., 1982; Satake and Hanado, 2004; Frolking

et al., 2011; Jaruwatanadilok and Stiles, 2014; Paget et al., 2016) and other vegetated areas

(Friesen, 2008; Friesen et al., 2012; Konings et al., 2017). Radar is sensitive to vegetation

because of direct backscatter from the canopy, and attenuation of the signal as it travels

through the vegetation layer (Ulaby et al., 1982a). Both are influenced by the amount of

leaves in the vegetation layer, and the vegetation dielectric properties. The latter are in

turn a function of vegetation water content. The number of leaves is mainly a function of

tree phenology, governed by leaf flush and leaf fall. During periods of low soil moisture

availability, backscatter is mainly sensitive to vegetation water content (Steele-Dunne

et al., 2012). This was also demonstrated in Chapter 2 to 4. Backscatter is sensitive to

vegetation, through the dielectric response of the vegetation to water stress (Chapter 2

and 3).

Diurnal differences in backscatter might be the key for water stress detection using

radar. Birrer et al. (1982) found that backscatter over the Amazon rainforest at sunrise

was 0.5-1 dB higher than during the rest of the day.Satake and Hanado (2004) also found

diurnal variation in backscatter, and suggested that these were caused by either changes

in vegetation water content or dew. Frolking et al. (2011) used QuikSCAT backscat-

ter, in combination with a TRMM precipitation derived measure of water deficit, to hy-

pothesize that the dry season reduction in backscatter is due to water stress induced

changes in canopy water status. Strong negative anomalies in pre-dawn backscatter

were found during the 2005 drought. Measured tree mortality rates during this period

(Phillips et al., 2009) suggested that these anomalies were caused by changes in tree wa-

ter status, rather than dew. Jaruwatanadilok and Stiles (2014) used 10 years of QuikSCAT

data and found a consistent difference between ascending and descending overpasses
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over tropical forests, and suggested that this is very likely due to differences in vegetation

moisture content. Friesen (2008) used simple regional vegetation modeling to demon-

strate that the diurnal variation in ERS C-band backscatter coincided with the onset of

water stress over West Africa. The largest differences were found at the start of the dry

season, ruling out interception, dew, or top soil moisture dynamics, and leaving vege-

tation water content as the most plausible explanation for diurnal differences. To test

this hypothesis, Steele-Dunne et al. Steele-Dunne et al. (2012) modeled L- and C-band

backscatter over a forest canopy, and demonstrated that during periods of low soil mois-

ture availability, backscatter is mainly sensitive to changes in vegetation water content.

Recent work by Paget et al. (2016) and Konings et al. (2017) used RapidScat backscatter to

confirm that the theorized diurnal cycle over tropical forests definitely exists. In situ data

in combination with backscatter is required to test the hypothesis that vegetation water

content is the primary driver of water stress related diurnal variation in backscatter. This

chapter presents a first study that uses field data of tree water status in combination with

Ku-band radar backscatter to confirm that changes in vegetation water content associ-

ated with water stress are apparent in backscatter.

Data from the RapidScat scatterometer (Cooley, 2013) on board the International

Space Station (ISS) offer a unique opportunity to investigate diurnal variations in backscat-

ter with spaceborne radar. Due to the orbit of the ISS, the daily ascending and descend-

ing overpass times shift and eventually cover a complete diurnal cycle. These unique

orbit characteristics allow us to study changes in backscatter for specific hours of the

day. A diurnal cycle for backscatter can be constructed each month, allowing us to study

how the diurnal cycle changes in time and to confirm the hypothesis of Friesen et al.

(2012), Steele-Dunne et al. (2012), and this thesis (Chapter 1 to 4) that diurnal variations

in backscatter are related to water stress. Here we compare backscatter data from Rapid-

Scat to dendrometer data from 20 trees in the Amazon rain forest from July 2015 to April

2016. Diurnal cycles of horizontally (HH) and vertically (VV) co-polarized backscatter

are determined for each month. First, these are compared to the water deficit calculated

from the dendrometer data to investigate how the diurnal cycle of backscatter changes

in the transition from the wet to dry season. Second, the temporal variation in pre-dawn

backscatter will be compared to the water status of the measured trees to confirm the

hypothesis that increasing water stress leads to a decrease in pre-dawn vegetation water

content and backscatter.

7.2 METHODS

7.2.1 STUDY AREA

For this study we use ground data obtained at a research station in the Amazon rainforest

(2.6085◦ S, 299.8107◦ W), 60 km Northwest of Manaus, Brazil. The study area is charac-

terized by a tropical climate with an average dry season from June to October. During

the measurement period, there was about 12 hours of daylight, roughly between 6 A.M.

and 6 P.M. local time. A land cover map of the study area is presented in the Supplemen-

tary materials (S1), including the location of the measurement site, and the footprint of

the radar data used. The land cover classification was retrieved from the ESA Climate

Change Initiative (CCI) land cover map (ESA–European Space Agency, 2016). Radar data
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from July, 2015 to August, 2016 and ground measurements from August, 2015 to April,

2016 were available.

7.2.2 RADAR DATA

RapidScat, launched in September, 2014, is a rotating pencil-beam scatterometer in-

stalled on the International Space Station (ISS). Scatterometers are a type of active mi-

crowave remote sensing, which emits microwave energy towards the Earth’s surface and

measures the reflected energy. RapidScat measures both horizontally (HH) and verti-

cally polarized (VV) Ku-band (13.6 GHz) backscatter. The incidence angle various be-

tween 44-54◦ (HH) and 51-61◦ (VV), and the resolution for the normalized backscatter

is 26x37km. The ISS, and therefore RapidScat, has a non-sun-synchronous orbit, which

allows for different local time of day observations as the orbit progresses (Paget et al.,

2016). Every day the overpass time shifts to an earlier time of the diurnal cycle by around

30 minutes, meaning that a complete diurnal cycle for each overpass mode is covered

after two months. Combining ascending and descending data will cover a diurnal cy-

cle every single month. For more details on the sensor, and initial data processing see

Paget et al. (2016) and Madsen and Long (2016). For this study we use HH and VV polar-

ized backscatter from July to August, 2016, that was retrieved over the Amazon between

1.6-3.6◦S and 298.8-300.8◦ W.

The backscatter from the 2◦x2◦ area was resampled into 25 sub-areas of 0.4◦ by 0.4◦,

which was chosen as a compromise to maximize the number of data per sub-area, but

minimizing spatial information loss. For this study we only use backscatter that has its

entire footprint within 1◦ longitude and latitude from the measurement location. We

applied a land cover based mask to filter out the observations influenced by urban ar-

eas, water bodies, and flooded forests. The applied masked was based on the ESA CCI

landuse map (ESA–European Space Agency, 2016). All sub-areas that were water bodies,

urban areas, flooded forests, or croplands were filtered out. Fig. 7.1. shows the map of

the field site, the land classes and the footprint, the mean backscatter per sub-area, the

applied mask, and the final sub-areas that were used in the analyses, including mean

backscatter. Finally, the spatially filtered backscattered was averaged for each time step,

arriving at the final backscatter time series for both HH and VV.

We found that depending on the hour of the day, the spatial variability in backscatter

can vary over the forest canopy. Therefore, in the following analyses data retrieved at 5

and 6 A.M. and P.M. were used for morning and evening data, respectively. The spatial

variation of backscatter depends on the time of day. Fig. 7.2 presents the standard de-

viation for spatial averaging for each hour. The time of day chosen has a considerable

influence on the magnitude and the range of the data. At night, all vegetation, inde-

pendent of the species, comes to an equilibrium with the atmospheric and hydrologic

conditions. Before sunrise the standard deviation for both VV and HH is between 0.7

and 0.72 dB. During the day, the transpiration rates, and therefore water status, of each

individual tree might vary considerably, leading to an increased spatial variability. After

sunrise this increases to 1.0 - 1.1 dB (VV, HH) at 10 A.M.. In the afternoon it decreases

again to 0.7-0.8 dB.

Combining ascending and descending overpass data, diurnal cycles of radar backscat-

ter were constructed for every month. For the measurement period of July, 2015 to Au-
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Figure 7.1: A. Mean HH backscatter per sub-area, after resampling, B. mean HH backscatter of the area, C.

applied mask based on the ESA CCI landuse map, D. the mean HH backscatter on the area after applying the

mask.

gust, 2016, this resulted in 14 diurnal cycles. From these diurnal cycles we also extracted

backscatter for specific hours of the day. For this analysis, data at 5 and 6 A.M./P.M.

were used, which yield a time series of morning and evening backscatter at these specific

times. We also computed the diurnal variation∆σ0
t by subtracting the evening backscat-

ter from the morning backscatter:

∆σ0
t =σ0

t ,AM −σ0
t ,P M (7.1)

with chosen time of day t .

7.2.3 GROUND DATA

A total of 20 individual trees were measured during this experiment, covering seven tree

species, with a broad range of average height and wood density. In total 7 species were

measured, with 1 to 3 individuals per species. Trees were selected to cover a broad range

of heights (h), widths (diameter at breast height, DB H ), and wood densities (ρw ). An

overview of the measured trees is found in Table 7.1. Data from August, 2015 to April,

2016 were used.

We used the same dendrometer data as presented in Chapter 6. Dendrometers (ZN12-

T-2IP, Natkon.ch, Switzerland) were installed at 1.5 meters above ground level. Two po-

tentiometers measured the thickness of the bark and the xylem every 10 minutes. From

back thickness, the water deficit was determined (see Chapter 6.2.3). To compare the

dendrometer data with radar backscatter, the water deficit time series was resampled at
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Figure 7.2: Standard deviation as function of local time of day for VV and HH backscatter.

Table 7.1: Tree characteristics: Tree number, scientific name, wood density, estimated total height and diame-

ter at breast height (DB H ).

Tree no. Name Estimated wood density Estimated height [m] DB H [cm]

[103kg /m3]

1 - 3 Goupia glabra 0.7 (High) 25 - 32 135.0 - 242.5
4 - 6 Lecythis prancei 0.875 (Intermediate) 24 - 35 108.4 - 116.5
7 - 9 Scleronema micranthum 0.5 - 0.7 (Low) 26 - 38 81.0 - 189.5
10 - 13 Eschweilera coriacea 0.8 (Intermediate) 18 - 27 92.4 - 268.0
14 - 15 Dypterix odorata 1.1 (High) 32 - 35 177.0 - 219.5
16 - 17 Pouteria anomala 0.7 (Low) 22 - 23 111.0 - 117.5
18 - 20 Maquira sclerophylla 0.5 (Low) 18 - 35 90.6 - 264.0

the same time of day as the backscatter data used (5-6 A.M./P.M.), yielding daily morning

and evening values. Subsequently, these were subtracted to calculate the daily diurnal

difference. We use the Spearman rank coefficient to evaluate the significance of the rela-

tionship between water deficit and backscatter. We also looked at the changes in xylem

thickness, as this is a good indicator of tree water status and water use, transpiration rate,

and leaf water status (Perämäki et al., 2005; Sevanto et al., 2008). Also, this is not affected

by absorption and evaporation of water from the bark tissue (Sevanto et al., 2011). Wet

conditions result in an increase in the xylem diameter, and drought leads to a decrease.

The exact relationship between xylem thickness and sap flow varies with species and

over time.

7.3 RESULTS

7.3.1 BACKSCATTER TIME SERIES AND DIURNAL CYCLES

Fig. 7.3A presents the average backscatter over the study area from July, 2015 to April,

2016. Here it can be seen how the non-sun-synchronous orbit affects the data availabil-

ity. After two months, a full diurnal cycle is covered. Three clear periods can be distin-

guished. From July to October, 2015, the backscatter in the morning was higher than

in the evening. From October, 2015 to April, 2016 the diurnal variation decreased, and

backscatter is quite stable during the day. From April onwards, the morning backscatter
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Figure 7.3: A.Backscatter per hour of the day for VV polarized backscatter from July, 2015 to August, 2016, and

diurnal cycles of VV and HH backscatter in B. July, 2015 (wet period), C. January, 2016 (dry period), and D. May,

2016 (wet period).

increases again. For the periods with a considerable difference between morning and

evening backscatter, the difference can reach up to 1.2 dB for both VV and HH.

Fig. 7.3B-D present diurnal cycles for these three distinct periods. In July, 2015 (Fig.

7.3B), the maximum backscatter was around 6 A.M., after which it decreased during the

day. In January, 2016(Fig. 7.3C) the morning backscatter had decreased and the diur-

nal variation is low. In May, 2016, the diurnal variation increased again (Fig. 7.3D), with

again the maximum backscatter around 6 A.M. The diurnal variation in backscatter was

similar to the expected variation in vegetation water content in the canopy. Right be-

fore sunrise, when photosynthetic activity was low, the water content was at its daily

maximum. With increasing net solar radiation, the vegetation loses water through tran-

spiration, decreasing to a minimum in the evening (Fig. 7.3B, 7.3D). At night vegetation

replenishes its water storage again. However, during dry periods (Fig. 7.3C) there might

not be sufficient water available in the soil, leading to decreasing maximum water con-

tent. Eventually, the diurnal variation will also decrease (Slayter et al., 1967).

In addition to Fig. 7.3B-D, Fig. 7.4 shows all diurnal cycles for each orbit, for both VV

and HH. The diurnal cycles of VV and HH are similar, except for the range of values.

VV backscatter ranges between -8.8 and -10.5 dB, HH between -7.5 and 8.8 dB. Both

exhibit a diurnal cycle, with the highest values in the morning, between 4 and 7 A.M.,

after which it decreases to a minimum around 2-4 P.M. In the 2nd and 3rd cycle of VV

and HH a diurnal difference can also be seen. This changes over time, as especially the

morning values decrease in the following cycle. In the 5th cycle the morning values are

higher again. Cycles 4 to 18 show relatively low diurnal variation. From Cycle 9 to 14, the

diurnal variation increases again to about 1 to 1.5 dB for both VV and HH.
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Figure 7.4: Diurnal cycles of VV and HH backscatter, constructed using each two-month orbit.

7.3.2 PRE-DAWN TIME SERIES

The plant water deficit, xylem thickness, and VV and HH backscatter are presented in

Fig. 7.5A-C. For the water deficit and xylem thickness, three individual trees, and the

mean values of all trees are shown. The individual trees were selected to illustrate the

range of values across species. In addition to Fig. 7.5, Fig. 7.6 shows the water deficit and

xylem thickness of all trees. Also, the mean value of all trees is shown. For all trees, the

dry periods from October to November, 2015, December, 2016 and, January to February,

2016 can be seen. The degree of exact timing of the increased water deficit, or decreased

xylem thickness depends strongly on the individual tree.

The periods from July, 2015 to April, 2016, can be separated in three phases. In the

first phase, water deficit was low, the xylem thickness was stable, and backscatter was

high. In September, 2015, water deficit started to increase. At the same time, the xylem

thickness also decreased, indicating lower transpiration rates and lower water content in

plant tissues. Backscatter for both VV and HH also dropped significantly from -9 to -9.6

dB (VV) and from -7.5 to -8.4 dB (HH). From October, 2015 to February, 2016, a second

phase of increased water deficit can be distinguished. Backscatter during this period did

not show much variability, even though the water deficit recovers in November and De-

cember, 2015. Xylem thickness in the Goupia glabra was still lower, which suggests that

the leaf water content might not have recovered. The water deficit was determined using

the bark thickness, which is a measure of the total water content in the tree. However, a

decreasing water deficit in the trunk might not have resulted yet in recovery of leaf water

content. As RapidScat measured at high frequency (13.4 GHz), backscatter was mainly

sensitive to changes in leaf water content (Ulaby and Jedlicka, 1984). Therefore, the re-

covery might not have been as clear in the backscatter signal. The moment water deficit

increased to a maximum in February, 2016, backscatter again dropped with 0.5 dB. Af-
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Figure 7.5: A. Water deficit and B. Xylem thickness for Goupia glabra, Dypterix odorata, Maquira sclerophylla

trees, and mean of all trees, and C. VV and HH polarized 5 A.M. backscatter, from July, 2015 to August, 2016.

The periods of increased water deficit are indicated with the yellow background.
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Figure 7.6: A. Water deficit and B. Xylem thickness for all measured trees, and mean of all trees, from July, 2015

to August, 2016.

ter February, 2016, water deficit went back to zero for all three trees, suggesting recovery

of the vegetation. Also backscatter increased from -10 to -9.2 dB (VV) and from -8.7 to
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Figure 7.7: VV backscatter time series for A. 5 and 6 A.M. in the morning, B. 5 and 6 P.M. in the evening, and

C. diurnal difference at 5 A.M./P.M. and 6 A.M./P.M., HH backscatter time series for D. 5 and 6 A.M. in the

morning, E. 5 and 6 P.M. in the evening, and F. diurnal difference at 5 A.M./P.M. and 6 A.M./P.M., water deficit

time series for G. 5 A.M., H. 5 P.M. and diurnal difference at 5 A.M./P.M.

-7.7 dB (HH) between February and April, 2016. In this phase, the plant water content

recovered more than after the first dry period (September-November, 2015). Also, dur-

ing this period leaf flush might have occured. Although water deficit was low, it takes

some time before leaf development results in biomass increase. This would explain the

delayed increase in backscatter.

During the peaks in water deficit in October, 2015 and February, 2016, both HH and

VV backscatter significantly dropped by 0.5 to 0.9 dB. The effect of water stress is not only

visible in the morning values. Fig. 7.7 presents morning and evening VV (Fig. 7.7A and

B), HH (Fig. 7.7D and E) backscatter values, and the diurnal variation for both VV (Fig.

7.7C) and HH (Fig. 7.7F), and water deficit during morning (Fig. 7.7G), evening (Fig.

7.7H) and its diurnal variation (Fig. 7.7I). In addition to the pre-dawn measurements,

the evening values clearly dropped around 0.5 dB for both VV and HH. Also the diurnal

variation decreased from 1 to 0 dB during the peaks in water deficit. Ground measure-

ments on the trees give a measure of water stress, which was largest in October, 2015

and February, 2016. In these months, morning backscatter, evening backscatter and the

diurnal variation in backscatter significantly dropped.

From Fig. 7.5 and 7.7 it can be seen that the drop (and increase) in backscatter dur-

ing the wet to dry (and dry to wet) period is significant (0.7-1.0 dB). These two transition

phases will be discussed separately, to investigate the sensitivity of backscatter to chang-

ing water status in the canopy. Fig. 7.8 presents the relationship between measured
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Figure 7.8: Water deficit ∆W and backscatter σ0 for three tree species, and mean water deficit of all trees at

5 A.M. and 6 A.M.. Each marker type corresponds to an individual (circle, triangle or square), and the color

refers to the time of measurement (A-D: August to October, 2015 for the top row. E-H: February to April, 2016

for the bottom row). A/E: Three Goupia glabra individuals. B/F: two Dypterix odorata individuals. C/G: two

Maquira sclerophylla individuals. D/H: mean water deficit using all trees. Note that the y-axis values are the

same across all columns.

water deficit of four tree species during (1) the transition from wet to dry, from August

- November, 2015 (Fig. 7.8A-D), and (2) the transition from dry to wet, from February

to April, 2016 (Fig. 7.8E-H). For the first transition, water deficit was strongly related

to backscatter. The water deficit was different in magnitude for all tree species. Water

deficit is influenced by tree size, and stress coping mechanisms. In general the different

individuals react similarly, also compared to the mean water deficit using data from all

trees (Fig. 7.8D/H). From Fig. 7.8A-D it is clear however, that although the variability in

water deficit varies between species, the canopy as a whole significantly affects backscat-

ter. Using the Spearman rank test, it was found that the relation between lower backscat-

ter and increased water deficit is statistically significant. Confidence boundaries ranged

from 0.9 for water deficit of individual trees, to 0.99 for mean water deficit. For the sec-

ond transition, from dry to wet, again a clear correlation can be seen. However, though

the dendrometer data indicates a reduction in water stress by March, the backscatter

continues to increase in April. This suggests that there may be a delay between recovery

in the trunk and the leaves, which could be associated with leaf development after the

decrease of water deficit (leaf flushing).

7.4 DISCUSSION

The most significant sign of vegetation water stress was the change in morning backscat-

ter. During periods with the highest water deficit across the measured trees, VV and HH
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backscatter were lowest. This is in line with previous studies that associated anomalies

in morning backscatter to drought effects in the canopy, such as Saatchi et al. (2013) and

Frolking et al. (2011). The ground measurements provide the first observational evidence

of the effect of vegetation water stress on radar backscatter.

During periods of increased water deficit, based on in situ tree measurements, the

diurnal variation decreased. This was attributed to decrease in morning backscatter,

which can be explained by the decrease in canopy moisture content. The inability to re-

fill completely during the night is one of the signs of vegetation water stress (Hsiao, 1973).

For the first time, changes in diurnal backscatter cycle were linked to changes in vege-

tation water status based on ground measurements. This allows studying sub-seasonal

variations, such as the observed transitioning from wet to dry conditions. Vegetation dy-

namics change on a significantly shorter time scale, and the diurnal backscatter cycles

obtained on a shorter timescale gave additional insight in the effect of water stress on

vegetation.

A difference was observed between the transition from wet to dry, and the transition

from dry to wet. Water deficit has an immediate effect on leaves (Slayter et al., 1967;

Tardieu et al., 1993), and this is observed as a drop in backscatter. There is a delay be-

tween increase in xylem thickess and leaf development/recovery after the dry period (Se-

vanto et al., 2002). Results show that backscatter continues to increase after xylem has

recovered, suggesting leaf development or recovery after the transition from dry to wet

period. Leaf flushing is likely to occur when water deficit is low. After leaf flushing, new

leaves need time to develop and gain biomass (Asner and Alencar, 2010; Samanta et al.,

2012), which causes a delay in the backscatter response. Besides variation in canopy

water content, changes in leaf area can have a considerable impact on backscatter. The

drop in backscatter as observed between September and October, 2015, coincides with a

steep increase in water deficit. During periods of decreased water deficit, canopy water

content decreases first. Eventually, sustaining water deficit will lead to leaf fall, decreas-

ing the leaf area. Decreased leaf area can be an explanation for the delay in recovery in

November, 2015 and February, 2016. Although water deficit decreases to almost zero, the

recovery is not directly observed in the backscatter. After November, 2015 no increase is

observed at all, and after February, 2016 an increase in backscatter is observed after one

month. When water deficit is decreased, the leaf area does not directly increase as trees

need time to gain biomass and develop new leaves. In November, 2015, the recovery was

not sufficient to allow for increase in leaf area. After February, 2016, biomass gain did

result in increased leaf area. In-situ observations of leaf-area are not available for this

study period. However, this seasonal pattern corresponds to observations from earlier

years at the same measurement site (Lopes et al., 2016). For 2012 and 2013, leaf flush

occurred one to two months after the transition to the wet season, with increased pre-

cipitation and low tree water deficit.

This chapter demonstrates the value of coincident backscatter and field measure-

ments of tree water status. The trees measured during this fieldwork had a temporally

similar response. In other canopies this might not be the case. Additional research is

essential to understand and quantify if the backscatter time series over a less temporally

similar canopy also contains a clear stress signature. For this study, only 9 months of data

were available. Future work might extend the length of the data series to not only at inci-
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dental dry periods, but also investigate seasonality, phenology, and monthly anomalies.

This will give more insight in how to quantify the effect of vegetation water stress.

7.5 CONCLUSIONS

Simultaneous ground measurements and RapidScat Ku-band radar backscatter were used

to relate variation in backscatter to increased tree water deficit. During two dry periods,

increased vegetation water stress resulted in drops in radar backscatter.

Pre-dawn backscatter showed the largest sensitivity to increased vegetation water

stress. Both VV and HH backscatter dropped 0.5 to 1 dB as a result of increased tree

water deficit. Also evening VV and HH backscatter, and the diurnal variation in radar

backscatter dropped considerably during periods of vegetation water stress. This clearly

demonstrates the strong relation between water status of the canopy and radar backscat-

ter.

Changes in the diurnal cycle of backscatter were found, associated with the change

in water status of the vegetation canopy. During the wet period, morning backscatter

was up to 1 dB higher than in the evening. During the dry period the diurnal variation in

backscatter decreased to nearly zero.

RapidScat backscatter is mainly sensitive to changes in leaf water content. The largest

variation in backscatter were observed during the transition phases from a wet period to

a dry period and vice versa. At the start of the first dry period, increased water deficit

in the canopy resulted in an immediate drop in backscatter. During the wetting phase,

backscatter followed, although with a delay, the recovery of the vegetation. During re-

covery, the trunk recovers faster than the leaves.

Drought detection and monitoring in tropical forests is a major challenge. This chap-

ter found that radar backscatter is sensitive to increased water deficit in the Amazon,

which demonstrates the value of drought monitoring and detection using radar remote

sensing.
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This thesis tested the hypothesis that vegetation water stress leads to observable vari-

ations in radar backscatter. Using field measurements in corn canopies, and tropical

forests, a link was made between increased vegetation water stress and changes in vege-

tation water content, vegetation dielectric properties, and radar backscatter. In this final

chapter, the conclusions are presented on (1) the effects of water stress on plant dynam-

ics, (2) the effects of water stress on vegetation dielectric properties, and (3) the effects

of water stress on radar backscatter. Finally, a synthesis and outlook for future work is

presented.

8.1 EFFECT OF WATER STRESS ON PLANT DYNAMICS

Field measurements in three different environments demonstrated the significant effect

of water stress on plant dynamics. The timing and magnitude of the impact of water

stress varies between species, and varies per environment. In the controlled greenhouse

experiment on tomato plants (Chapter 2), the changes in leaf water content were rela-

tively small. However, a significant downward trend of leaf water content was found for

the stressed tomato plants, in contrast to the leaf water content of the unstressed plants.

The slow response of leaf water content and dielectric properties to decreased soil mois-

ture availability is explained by the low expected photosynthetic activity, as only 10 %

of the summertime net radiation was available for photosynthesis, and the fruits were

already fully developed.

Results from the field measurements on corn (Chapter 2 and 3) under low water

availability demonstrated that plant water content clearly responds to water stress. Diur-

nal destructive sampling of leaf and stalk water content showed that leaf water content

can vary up to 40 % diurnally. Total bulk water content changed up to 30% between 6

A.M. and 6 P.M., mainly governed by the changes in stalk water content. The field mea-

surements also give insight in the diurnal differences on plant water content for corn.

Corn is an isohydric species, meaning that its water content is stable during the day for

normal conditions. In the week preceding the onset of water stress, plant water con-

tent was stable. Diurnal variation in water content increased shortly after irrigation was

stopped. Persisting water stress eventually causes the diurnal variation in vegetation

water content to decrease again, although overall water content remains to decrease.

The transition from wet to dry season in the Amazon rainforest was clearly observed

in the changing tree-atmosphere interactions derived from tree sway, measuring using

accelerometers (Chapter 5 and 6). At the onset of the dry season, a sudden drop in en-

ergy transfer from atmosphere to the trees was observed. Since a relation between tree

mass and tree-atmosphere interaction was found, the drop in energy transfer from at-

mosphere to tree might be explained by changes in tree mass.

The trees in the Amazon demonstrated a clear change in water content in response

to the start of the dry season (Chapter 7). The measured trees also showed isohydric

behavior, as diurnal variation in measured water deficit increased significantly during

periods of low moisture availability. A sudden drop in water content was measured in

all trees, at the same time. This suggests that forests such as the Amazon rainforests can

have a relatively homogeneous respond to the onset of the dry season.

By comparing different plant types we can conclude that different plant species re-

spond differently to water stress. However, there are also similarities. For both the corn



8.2. EFFECT OF WATER STRESS ON PLANT DIELECTRIC PROPERTIES

8

101

and the Amazon trees, the onset caused a sudden change in plant water content. For

corn, this resulted in a sudden increase in diurnal variation of leaf water content, while

in Amazon trees water stress resulted in a rapid increase in tree water deficit, and a clear

increase in diurnal variation of tree water content. This is favorable for radar remote

sensing, because these sudden drops in tree water content can have an observable effect

on radar backscatter.

8.2 EFFECT OF WATER STRESS ON PLANT DIELECTRIC PROPER-

TIES

To study the influence of vegetation water stress on leaf dielectric properties, a novel sen-

sor was used in a controlled greenhouse experiment (Chapter 2), and under field condi-

tions (Chapter 3). First, it was demonstrated that the dielectric response of the sensor

changes with leaf water content. The relation between leaf water content and dielectric

response was found to vary between different plant species. For tomatoes, the relation

between leaf water content and dielectric response was found to be non-monotonic. For

corn, a clear relation was found between leaf water content and dielectric response.

During the controlled experiment (Chapter 2) the leaf dielectric properties of tomato

plants with and without water stress were compared. Despite the non-monotonic rela-

tion between leaf water content and dielectric response, a significant difference in tem-

poral trends were found, showing water stress can affect plant dynamics considerably.

The used sensor allowed unique measurements under field conditions, which sug-

gest that leaf dielectric properties are dynamic in time and space (Chapter 3). First, it

was found that the variation in leaf dielectric properties respond to plant growth or wa-

ter stress. The unstressed corn canopy showed only very little variation in leaf dielectric

response over time. The dielectric properties of the stressed canopy on the other hand,

were clearly affected.

Second, it was found that the dielectric response to plant growth and water stress de-

pends on leaf height. The leaf at the corn cob showed an increase in diurnal variation in

dielectric response, as well as a negative trend in evening values. Leaves at other heights

did not show this change in diurnal variation.

The unique in vivo measurements allowed coupling of changes in plants water dy-

namics to leaf dielectric properties, in response to water stress. In addition to day-to-day

changes in leaf dielectric properties, the diurnal variations in leaf dielectric properties

can also change significantly with persisting water stress.

8.3 EFFECT OF WATER STRESS ON RADAR BACKSCATTER

For the corn canopy, increasing water stress resulted in significantly changing water con-

tent, as well as leaf dielectric properties (Chapter 3). A sensitivity study using a water-

cloud model demonstrated that at high frequencies (8.6-35 GHz), backscatter was influ-

enced by both vegetation water content and soil moisture (Chapter 4). For increasing

frequency, the influence of vegetation water content increases, mainly due to increased

sensitivity to leaf water content.

Modeled time series of backscatter demonstrated that during periods of low soil mois-
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ture variability, as is the case during water stress, the dynamics in radar backscatter are

caused by changes in vegetation water content (Chapter 4). Statistically significant di-

urnal differences in backscatter were found. When radar is most sensitive to changes in

soil moisture, vegetation affects the attenuation, leading to diurnal differences in total

backscatter. When total backscatter is mainly sensitive to vegetation, diurnal differences

are caused by direct backscatter from the canopy.

Over the Amazon, field measurements of tree water deficit were linked to radar backscat-

ter (Chapter 7). Diurnal cycles in backscatter changes seasonally. During the wet season,

the diurnal variation between morning and evening can be 1.5 dB, with the maximum

around 6 A.M. (just before sunrise). During the transition to the dry season the diurnal

variation decreases, up to 0 dB during periods of high tree water deficit.

Pre-dawn backscatter dropped 1 dB as a result of increased tree water deficit, demon-

strating the strong relation between canopy water content and radar backscatter. Backscat-

ter at Ku-band is mainly sensitive to changes in leaf water content. During the transi-

tions from wet to dry season and vice versa, it is also the leaf water content that has the

strongest reaction. For increased water stress at the onset of the dry season leaf water

content decreases, or leaves are lost. After the start of the wet season, leaf flush leads to

biomass gained and increased water content, resulting in higher backscatter.

8.4 IMPACT OF THIS THESIS AND OUTLOOK TO FUTURE RESEARCH

Testing the hypothesis that vegetation water stress significantly affects radar backscatter

has been found to be challenging. This thesis presents a combination of field measure-

ments of vegetation water content, leaf dielectric properties, tree sway, and modeled and

observed radar backscatter. For both corn and tropical forest canopies, increased water

stress results in changes in diurnal variation in water content. For corn, it was demon-

strated how this affects leaf dielectric properties, eventually leading to significant diurnal

differences in radar backscatter. For tropical forests, tree acceleration was used to show

the effect of tree water deficit on tree-atmosphere interaction. Furthermore, the timing

of increased tree water deficit coincided with a significant drop in radar backscatter, as

well as changes in the diurnal cycle of backscatter over the Amazon.

The in vivo leaf dielectric properties datasets, and their response to vegetation wa-

ter stress, give new insights in the dynamics of canopy dielectric properties. Although

it has been known that dielectric properties are primarily influenced by water content,

the in vivo measurements of leafs have revealed a vertical profile of the canopy dielectric

properties. This has shed a new light on the within canopy heterogeneity of its dielec-

tric properties, and the different responses at different layers to vegetation water stress.

A better understanding of canopy dielectric properties can in turn be used to study the

interaction between the vegetation layer, and radar with different frequencies, polar-

izations and incidence angles. The measurement periods were relatively short, and it

would be interesting to extend the measurement period in future campaigns. In addi-

tion to the sudden change in response to water stress, this might also allow studying the

effect of plant growth, and recovery after water stress relieve, on leaf dielectric proper-

ties. Furthermore, current measurements were only done on tomato and corn, and mea-

surements on different crops (e.g. anisohydric species like sorghum, sunflower) would

give additional insight in dielectric response to water stress. Understanding the stress
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response from different crops will also contribute in better understanding and interpre-

tation of radar backscatter from more heterogeneous canopies.

Additional modeling of radar backscatter over stressed canopies will also give addi-

tional insight in which radar frequencies, polarizations and incidence angles are most

sensitive to water stress. In this thesis, the rather simple water-cloud model was used

for a limited number of frequencies, polarizations and incidence angles. This mainly

demonstrated radar is sensitive to vegetation water stress. However, for the design of

future measurement campaigns or remote sensing missions, more extensive modeling

will give additional insight in how the signatures of water stress can be detected most

accurately.

This thesis shows that observed variations in radar backscatter can be explained by

increased vegetation water stress. Depending on the time scale of interest, taking into

account diurnal variations in backscatter can improve current radar applications. For

example, for applications such as soil moisture and fuel load estimation, diurnal and

day-to-day vegetation dynamics are important. Soil moisture retrieval algorithms use

an estimation of vegetation water content, which is often assumed to only change on a

seasonal scale. A better understanding of the influence of vegetation dynamics on di-

urnal variations in backscatter will help to improve soil moisture estimation algorithms.

Similarly, fuel load estimations, used to monitor fire threats in forests, will improve by

better taking into account vegetation related diurnal variations in backscatter.

A significant part of this thesis is based on measurements using new techniques

and approaches, which have resulted in various new insights. In addition to the re-

vealed vertical profile in vegetation dielectric properties, the low-cost accelerometers

were found to give very insightful information in tree properties and responses. At first

these were deployed with the aim to monitor diurnal variations in tree acceleration, re-

lated to changing tree mass. With the current dataset, this was not achieved yet. How-

ever, the results did demonstrate the potential of accelerometers to study tree properties

and responses. The acceleration was shown to be depending on tree mass. Further re-

search will focus on not only using accelerometers to discriminate between trees, but

also to monitor changing tree mass on seasonal and diurnal scales. Also, a clear relation

was found between tree acceleration and intercepted rainfall. Not only does this show

the sensitivity of tree sway to changes in mass (interception or water content related),

but also provides a useful new technique to measure intercepted rainfall on individual

trees. Finally, the accelerometers were used to derive a measure of tree-atmosphere in-

teraction. This is very useful for land-atmosphere modeling on different scales. More

importantly, it was demonstrated that tree-atmosphere interaction is impacted by veg-

etation water stress. Instead of using accelerometers to measure tree mass directly and

estimate the impact of water stress on trees, tree-atmosphere interaction can be used to

quantify and monitor water stress for individual trees.

The effect of water stress in the Amazon forest was clearly detected using Ku-band

radar from RapidScat. Future research might include longer time series, and data from

different missions, to better explore the possibilities for water stress detection and mon-

itoring. In this thesis only two transitions between seasons were studied. This thesis is

limited to using RapidScat backscatter, a mission that only has a two-year data record.

The analysis of signatures of water stress could be extended to other missions with longer
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time series, such as the QuikScat mission, or the recently launched Sentinel-1 mission.

Comparing transitions during different years will give additional insight in the potential

extent of drought in the Amazon, and to what degree radar backscatter is sensitive to

this. This might be of particular interest when studying the effect of the El Niño South-

ern Oscillations on the annual dry period in the Amazon. Future research could include

the studying of other crop and forest ecosystems. As demonstrated using the dendrom-

eter data, the study site in the Amazon responded relatively homogeneously in terms of

timing of the response to tree water deficit. In other ecosystems there might be a larger

variation in the timing and response to water stress, and it should be explored under

what conditions radar is still sensitive to water stress.

Most importantly, this thesis provides a starting point for further exploration of the

potential of using radar for vegetation water stress detection and monitoring. Whether it

is for tropical forests or crops, water stress has a significant, negative effect on vegetation,

especially from a human perspective. At the same time, new opportunities to use radar

remote sensing for water stress detection are emerging. On the one hand through major

new radar missions, such as ESA’s Sentinel-1 program, providing data with high spatial

and temporal resolution. On the other, through a shift of the field of Earth observation

from being mainly government funded to for/non-profit organizations and individuals

(McCabe et al., 2017). This development is expected to result in many new data sources,

and this thesis provides a foundation for using these for vegetation water stress detec-

tion.

For years, the hypothesis that radar backscatter is sensitive to vegetation water stress

has been debated. Finally, this thesis provides first observational evidence of the relation

between plant water content, dielectric properties, and radar backscatter in response to

water stress. Vegetation water stress is observable through variations in diurnal differ-

ences in radar backscatter. There is more work to be done, but potential of vegetation

water stress detection using radar has been demonstrated.
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