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Abstract

Accurate knowledge of evaporation and its components is of great importance for reliable predictions
of land-atmosphere interactions, for assessing the impact of human activities on climate change, as well
as for water and land management. The objective of this thesis is to investigate the spatial patterns of
evaporation in a small agricultural catchment, focusing on how these patterns are formed and what their
environmental drivers are, how they change in time, and if we can further our understanding of these
patterns by partitioning the evaporation into components, transpiration and soil evaporation.

This thesis is organised into 5 chapters, with Chapter 1 providing an introduction and outlining the
objectives and research questions of the thesis. The aim of Chapter 2 is to partition evaporation in a
growing maize field to test if the stable isotope method can be used in these conditions and to study
how the evaporation partitioning ratio changes on a daily time scale. This experiment was the first study
to focus on using the stable isotope method for the more complex canopy structure of maize during the
growth stage between seedling and adult, where the canopy closes as the plant grows. Using sap flow
sensors installed concurrently in the field as a control, the method is shown to also be appropriate for
maize. During the experiment the amount of soil evaporation and transpiration is dependent on the
availability of soil water in the upper layer of the soil, with a general pattern of a large decrease in the
ratio of transpiration to soil evaporation following a precipitation event, followed by an increase, due
tothe drying out of the upper layer of the soil. The diurnal patterns of both evaporation and transpiration
are much better correlated with solar radiation than with vapor pressure deficit.

Chapter 3 went further into evaporation partitioning comparing the different methods of Lagrangian
dispersion analysis and stable isotopes. While most isotope partitioning methods require some sampling
of'the soil or plants, and are therefore less reliable in heterogenous conditions, the Lagrangian dispersion
analysis method offers the possibility of partitioning evaporation using just sampling of the water
vapour within the canopy. The study shows that the two methods give similar results, however, the
stable isotope method returns a much larger amount of useable data, as well as having a lower within-
day variance. This is offset by the need for more additional measurements and analysis, as well the
uncertainty due to the need for the Isotopic Steady State assumption.

Chapter 4 investigates the spatial patterns of evaporation in the Hydrological Open Air Laboratory
(HOAL) using spatially distributed eddy covariance stations and subcatchment water balances. Previous
research has tended to be of a short duration, this study however was conducted over eight years. The
results show that the daily and seasonal patterns of evaporation in the agricultural area of the catchment
are strongly linked to the crop cycle while at the yearly timescale, the patterns tend to be averaged out.
When the riparian zone is included however the influence of permanent vegetation results in yearly
patterns between the hydrological subcatchments. Year to year variability in monthly evaporation
measured by the eddy covariance stations is driven primarily by net radiation and air temperature. The
different catchment evaporation estimation methods are consistent during years with above average
precipitation, only when water storage and leakage are included.

In Chapter 5 a summary of the individual chapters as well the entire thesis is provided, along with a
discussion of the wider implications of this research for evaporation measurements and modelling. This
thesis has advanced our knowledge of evaporation and its role in the water cycle, its spatial patterns,
and its components in small agricultural catchments. The work has provided one of the first long term
analyses of spatial evaporation at this scale, showing the importance of detailed landuse information
when agricultural catchments are to be studied or modelled. The results also show the importance of,
and provide amethod for, testing the water balance method for non-closure, by measuring and upscaling
the evaporation using the eddy covariance method and vegetation. Two different methods of
evaporation partitioning have been evaluated, providing direct insight into how the transpiration ratio
changes in response to the environmental conditions and how detailed knowledge of the crop growing



stage, soil moisture and precipitation intensities are needed when estimating the transpiration through

modelling in order to correctly capture its dynamics.
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Kurzfassung

Eine genaue Kenntnis der Verdunstung und ihrer Komponenten ist von grofler Bedeutung fiir
zuverldssige Vorhersagen der Land-Atmosphére Interaktionen, fiir die Bewertung des Einflusses
menschlicher Tétigkeiten auf den Klimawandel, sowie fiir Wasserwirtschaft und Landmanagement.
Ziel dieser Arbeit war es, die riumlichen Muster der Verdunstung in einem kleinen landwirtschaftlich
genutzten Einzugsgebiet zu untersuchen. Der Fokus lag darauf, wie diese Muster entstehen, welche
Umweltfaktoren fiir sie relevant sind, wie sie sich mit der Zeit verdndern und ob eine Unterscheidung
von pflanzlicher Transpiration und Bodenverdunstung zum Verstdndnis der Muster beitragt.

Diese Arbeit ist in fiinf Kapitel gegliedert. Kapitel 1 fiihrt in die Ziele und Forschungsfragen der Arbeit
ein. In Kapitel 2 wird die Verdunstung in einem Maisfeld in der Wachstumsphase mittels stabiler
Isotopen in ihre Komponenten aufgeteilt, um die Anwendbarkeit stabiler Isotope fiir diese Situation zu
testen, und die Verdnderung des Verhiltnisses der Verdunstungskomponenten im Verlauf eines Tages
besser zu verstehen. Es handelt sich dabei um das erste derartige Experiment, das Isotope verwendet
fiir eine komplexen Kronenstruktur von Mais wihrend der Wachstumsphase zwischen Keimling und
adulter Pflanze verwendet, bei der sich die Krone vollstindig schliet. Durch den zeitgleich als
Kontrolle gemessenen Saftstrom, konnte gezeigt werden, dass sich die Isotopenmethode auch fiir Mais
eignet. Wihrend des Experiments hingen die Transpiration und die Bodenverdunstung von der
Verfligbarkeit des Bodenwassers in der obersten Bodenschicht ab. Nach einem Niederschlagsereignis
verringerte sich ihr Verhéltnis stark, gefolgt von einem Anstieg wihrend des Austrocknens der obersten
Bodenschicht. Der tdgliche Verlauf von Verdunstung und Transpiration ist insgesamt deutlich besser
mit der Sonneneinstrahlung korreliert als mit dem Wasserdampfdruckdefizit.

Kapitel 3 geht weiter auf die Verdunstungskomponenten ein und vergleicht verschiedene Methoden der
Lagrangeschen Dispersionsanalyse und stabiler Isotopen. Wéhrend die meisten [sotopenmethoden zur
Verdunstungsaufteilung eine Beprobung des Bodens oder der Pflanzen erfordern, und daher unter
heterogenen Bedingungen weniger zuverléssig sind, erlaubt die Lagrangesche Dispersionsanalyse eine
Aufteilung der Verdunstung alleine auf Basis von Proben des Wasserdampfes in der Krone. Die
vorliegende Untersuchung zeigt, dass mit beiden Methoden dhnliche Ergebnisse erzielen, doch liefert
die Methode der stabilen Isotope eine groflere Menge nutzbarer Daten, und die Varianzen sind geringer.
Diesen Vorteilen stehen jedoch die Notwendigkeit zusétzlicher Messungen und Analysen, sowie die
sich aus der erforderlichen Stationaritdtsannahme ergebenden Unsicherheiten gegeniiber.

Kapitel 4 untersucht die rdumlichen Verdunstungsmuster im Hydrological Open Air Laboratory
(HOAL; Hydrologisches Freiluftlabor) in Niederdsterreich unter Verwendung raumlich verteilter Eddy
Covarianz Stationen und Messungen zur Berechnung der Wasserbilanz von Teileinzugsgebieten.
Vorhergehende Forschungsarbeiten waren zumeist aufkurze Zeitraume begrenzt, wahrend diese Arbeit
die Ergebnisse aus einer achtjdhrigen Forschungstétigkeit enthilt. Die Ergebnisse zeigen, dass die
tdglichen und saisonalen Verdunstungsmuster im landwirtschaftlich bewirtschafteten Teil des
Einzugsgebiets stark an die Fruchtfolge gekoppelt sind, wihrend sich ihr Ein fluss iiber das Jahr gesehen
herausmittelt. Wenn die Gewésserrandstreifen in die Betrachtung einbezogen werden, dann fithrt deren
dauerhafte Vegetation zu jahrlichen Mustern der Teileinzugsgebiete. Die jahrlichen Schwankungen der
mittels der Eddy Covarianz Stationen gemessenen monatlichen Verdunstung werden hauptsachlich von
der Nettostrahlung und der Lufttemperatur beeinflusst. Die unterschiedlichen Verfahren zur
Bestimmung der Verdunstung des gesamten Einzugsgebiets sind in Jahren mit tiberdurchschnittlichen
Niederschldgen nur dann konsistent, wenn Wasserspeicherung und Wasserverlust in den regionalen
Aquifer beriicksichtigt werden.

Diese Arbeit erweitert unsere Kenntnisse iiber die Verdunstung und deren Rolle im Wasserkreislauf in
kleinen landwirtschaftlich genutzten Einzugsgebieten. Sie ist eine der ersten Langzeitanalysen der
rdaumlichen Verdunstung auf dieser raumlichen Skala und zeigt die Bedeutung genauer Informationen
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iiber die Landnutzung fiir die Untersuchung und Modellierung vornehmlich landwirtschaftlich
genutzter Einzugsgebiete.

Die Ergebnisse zeigen wie wichtiges ist, die Wasserbilanz-Methode zu iiberpriifen in Hinblick darauf
ob die Bilanz geschlossen werden kann. Fiir die Uberpriifung wird eine Methode vorgestellt, bei der die
mit Eddy Covarianz gemessene Verdunstung mittels Vegetationdaten auf die Gebietsebene skaliert
wird. Zwei Methoden der Verdunstungsaufteilung wurden evaluiert, die einen direkten Einblick geben,
wie sich das Transpirationsverhéltnis als Reaktion auf die Umweltbedingungen éndert und wie eine
detaillierte  Kenntnisse des Pflanzenwachstumsstadiums, der Bodenfeuchte wund der
Niederschlagsintensitdt verwendet werden kann, um die Transpiration zu modellieren und ihre
Dynamik richtig zu erfassen.
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1. Introduction

Evaporation is an important part of both the terrestrial water cycle and the surface energy balance,
accounting for over 60% of precipitation that falls on the land surface (Shiklomanov, 1998). It links the
earth’s surface and atmosphere as the process by which water moves from a liquid to a gaseous state.
Terrestrial evaporation is composed of water from a number of different sources, with evaporation from
plant stomata (transpiration) being the largest with smaller contributions from water evaporated from
the soil, open water surfaces and plant surfaces (interception). Accurate knowledge of evaporation and
its components is important for improving our knowledge of water-atmosphere interactions and water
and landuse management, as well as the effects of human activities and climate change on them (Allen
et al., 1998; Haddeland et al., 2014; Dai, 2013; Dai et al., 2018).

Measurement of evaporation remains a challenge, due to the turbulent nature of the water vapour flux,
particularly over heterogeneous surfaces. Estimating the spatial distributions of evaporation with
different model approaches is also a complex process with large amounts of information needed to
account for the factors that influence the rate of evaporation e.g., net solar radiation, precipitation,
vegetation and soil texture. Land-atmosphere feedbacks can also affect evaporation estimates at every
scale, requiring coupled models that add another layer of complexity (Overgaard et al., 2005).

As part of a community initiative to identify the major unsolved problems in hydrology, Bloschl et al.
(2019) identified two major questions relating to the fundamental hydrological process of evaporation:
(1) what are the impacts of land cover change on water and energy fluxes at the land surface and (2)
what causes spatial heterogeneity and homogeneity in evaporation, and in its sensitivity to its controls.
In addressing these questions it is important to consider whether the processes that dominate the
hydrological response of the quantity of interest change as we change scale, and then how to identify
and represent the dominant processes at different scales (Grayson and Bloschl, 2000).

At the global and regional scales much work has been done to measure and model evaporation, using
remotely sensed data (Kustas and Norman, 1996; Mu et al., 2011; Ruhoff et al., 2013; Tasumi et al.,
2005; Vinokullu et al., 2011) or a combination of point measurements, catchment water balances,
climate reanalysis and spatial maps of landuse and soil properties (Brutsaert et al., 2020; Walker and
Venturini, 2019). At this scale global radiation, topography, and aridity play important roles in shaping
the spatial patterns of evaporation. At the small catchment scale, i.e., greater than the field scale but
smaller than the meso-scale where convective precipitation plays a major role in the formation of
hydrological patterns, more work is needed to identify the spatial patterns of evaporation and how they
change in time. While certain meteorological quantities can be treated as constant at this scale, e.g.,
global radiation, over non-uniform surfaces the variations and resulting interactions between the
vegetation, soil, topography as well as the temperature and humidity need to be taken into account and
nonlinear processes may become important (Grayson and Bloschl, 2000). Most research so far has
tended to focus on using measurements from a measurement station combined with remote sensing
products such as the SMACEX and BEAREXO08 experiments (Kustas et al. 2005; Anderson et al.,
2012), or upscaling multi-site measurements with relatively large footprints, typically from eddy
covariance or scintillometer systems, such asin Liu et al. (2016). Satellite based monitoring tends to be
limited by the frequency of the overpass as well as the pixel size and cloud cover with Castelli et al.
(2018) reporting large model-measurement differences between coarse satellite imagery based
evaporation estimates and eddy covariance measurements for an alpine grassland. Multi-site
measurement campaigns are usually of a limited duration (< 1 year) due to the high level of
instrumentation required. Long term studies of the spatial differences in evaporation at the small
catchment scale are however lacking. The water balance method of estimating evaporation, provides
relatively simple and effective estimates if accurate discharge gauging and precipitation measurements
are made, with many catchments having long time series of data. At the small catchment scale,
Seneviratne et al., (2012) and Hirschi et al., (2017) found that for a 3.3 km?2 alpine catchment with
homogenous landuse there was a good agreement between lysimeter and eddy covariance evaporation

13



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

measurements made at a single location and the catchment averaged water balance estimate, at the
annual time scale. Here the water balance was evaluated over the entire catchment area by measuring
at the catchment outlet; in a similar sized catchment with heterogeneous landuse and different runoff
regimes, by gauging all the individual subcatchments spatial information on the variability of
evaporation could be provided. The temporal resolution of the method however is often limited to the
annual timescale, to neglect storage changes in the catchment which can bias the evaporation estimate.

As transpiration is related to biomass production while evaporation from the soil and interception are
not, accurately partitioning the total evaporation measured using an above-canopy method such as eddy
covariance provides valuable information which can be used to increase ‘water productivity’ (the crop
yield per volume of water used) by reducing the unproductive components. In water limited regions of
the world rainfed crop production is not possible and additional water must be provided through
irrigation placing stress on water supplies available for other human needs (Guerra et al., 1998),
therefore reducing unproductive soil evaporation is of great importance. While efforts to separately
measure soil evaporation and transpiration began in the 1970s and 1980s with the development of
micro-lysimeters (Ritchie, 1972; Walker 1983) and sap flow sensors (Cermak et al., 1973; Granier
1985). In homogenous conditions modern weighing lysimeters can provide highly accurate estimates
of evaporation, and also allow for testing the response of vegetation to climate change induced
temperature and COz increases (Forstner et al., 2020) or determining of the contribution of dew to the
water budget (Groh et al., 2020). These methods require considerable care in their application in non-
homogenous conditions, as due to their small footprint upscaling of the individual measurements is
always required. In recent years methods based around measurements of canopy water vapour have
been developed, allowing for a larger and more representative measurement footprint. Measurements
of the isotopic composition of water vapour from within and above the canopy, coupled with samples
of plant and soil water allow for the partitioning of total evaporation measured above the canopy,
although here the soil and plant sampling still limits the spatial representativity of the method (Williams
et al., 2004; Yepez et al., 2003; Rothfusset al., 2010). The Lagrangian dispersion analysis method uses
an inverse modelling approach, where the source/sink distribution of a scalar is related to a
concentration profile of the scalar within a canopy ecosystem through a turbulent dispersion field
(Raupach 1989a; Warland and Thurtell, 2000; Haverd et al., 2011). In addition to the concentration
measurements, this method only requires basic meteorological data to parameterise the canopy
turbulence profile, greatly simplifying the instrumentation and sampling requirements. Several
questions and challenges relating to the application of these methods need to be addressed however,
before they can be reliably applied for making long term measurements. As different crops have
different planting and growing patterns, these methods must be controlled for the differing canopy
structures of these crops, particularly for crops with denser canopies which can affect the turbulent
exchange of the air.

In order to identify the factors that dominate the spatial patterns of evaporation at the appropriate spatial
and temporal scales for a small catchment, an appropriate research catchment or observatory is required.
The Hydrological Open Air Laboratory (HOAL) (Bloschl et al., 2016) located in Petzenkirchen, Lower
Austria provides an aptly sized catchment (66 ha), with a densely equipped, hydrological monitoring
network. Here, state of the art measurement techniques are combined with traditional observational
methods to make long-term observations of evaporation, soil moisture, the meteorological conditions
as well as all the components of the water cycle. To assess as much of the catchment as possible,
evaporation is measured using three eddy covariance stations located in different fields throughout the
catchment. The eddy covariance method (EC) is generally regarded as one of the most accurate ways
to measure evaporation (Aubinet 2012; Rana and Katerji, 2000; Baldocchi, 2003). Evaporation is also
estimated for the entire catchment and six subcatchments using the water balance, by measuring the
precipitation and discharge. The catchment also offers the possibility of conducting short term
experiments at a finer spatial or temporal resolution. By running field campaigns during the agricultural

14
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growing season evaporation partitioning methods can be tested, allowing us to improve our insight
understanding of the ratio of transpiration to evaporation and its controls.

The objective of this thesis is to investigate the spatial patterns of evaporation in a small agricultural
catchment, focusing on how these patterns are formed and what their environmental controls are, how
they change in time, and if we can further understand these patterns and controls by partitioning the
evaporation into transpiration and soil evaporation. The following chapters (2-4) contain the research
section of this thesis. Chapter 2 tests if the stable isotope method can be used to partition evaporation
in a maize field and how the ratio of evaporation to transpiration changes in response to the
environmental conditions on a daily time scale. Chapter 3 further explores evaporation partitioning,
comparing two different methods: Lagrangian dispersion analysis and stable isotopes, and using the
results to investigate how evaporation partitioning changes in response to precipitation events. Chapter
4 investigates what the spatial patterns of evaporation are in the Hydrological Open Air Laboratory
(HOAL) using a combination of spatially distributed eddy covariance evaporation measurements and
subcatchment water balances. Chapter 5 provides a summary and conclusion of the key findings of this
research, with a view to potential future research on this topic. As a general note, the use of the terms
evapotranspiration and evaporation is a topic of discussion within the hydrological community
(Miralles et al., 2020). As the focus of the research in Chapters 2 and 3 is on partitioning the total
amount of vaporised water between water vaporised from the soil and from plants, the term
evapotranspiration is used to avoid confusion between total evaporation and soil evaporation. As
Chapter 4 is focused on the total amounts of water vaporised per field and for the entire catchment
regardless of source, the term evaporation is used.
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2. High frequency stable isotope measurements of evapotranspiration partitioning in a maize
field

2.1 General

This chapter discusses a short-term experiment (9 days) using high frequency measurements of the
isotopic composition of the atmospheric water vapor inside a growing maize canopy. The aim of the
experiment was to test if the stable isotope method can be used in these changing conditions and to
study the variation of soil evaporation and transpiration in response to precipitation events.

The present chapter is based on the following scientific publication:

Hogan, P., Parajka, J., Oismiiller, M., Heng, L., Strauss, P., & Bloschl, G. (2020). High-Frequency
Stable-Isotope Measurements of Evapotranspiration Partitioning in a Maize Field. Water, 12(11), 3048.

In the original publication the term evapotranspiration was used instead of evaporation, as the emphasis
of this research was on partitioning.

2.2 Key points

Stable isotopes of oxygen-18 ('80) can be used to partition ET during the growing stage of maize.
Results from the Keeling plots on soil evaporation and transpiration partitioning compare well with sap
flow measurements.

During the experiment the amount of soil evaporation and transpiration was dependent on the
availability of soil water in the upper layer of the soil, with a general pattern of a large decrease
following a precipitation event followed by a period of increasing.

Soil evaporation and transpiration were much better correlated with solar radiation than with vapor
pressure deficit.

2.3 Abstract

Knowledge of the soil evaporation (£) and transpiration (7) components of evapotranspiration (£7) is
important for ecohydrological modelling and agricultural productivity. The stable isotope method offers
the possibility to partition £ and 7 due to the distinct differences in the isotopic signals of the sources.
In this study the concentration and isotopic ratios of oxygen-18 (180) of water vapor in the ecosystem
boundary layer of a growing maize field at the HOAL catchment in Austria were measured using a high
frequency field sampling device and in conjunction with isotope samples from the soil and maize plants,
these data were used to partition £7 using the Keeling plot technique. Eddy covariance and sap flow
measurements were used to provide a comparison to test the stable isotope method. The fraction of
transpiration (F¥) calculated with the stable isotope method showed good agreement with the sap flow
method. Overall daily average values of Ft were in a range from 43.0 to 88.5% with transpiration
accounting for an average value of 67.5% of the evapotranspiration over the 9 days of the experimental
period. Following a precipitation event of 9.7mm F? increased from 63.4 to 88.5% over thenext 4 days
as theupper layer of the soil dried out while the plants accessed deeper soil water.
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2.4 Introduction

Evapotranspiration (E7) is one of the most important processes in describing land surface - atmosphere
interactions as it connects the energy and water balances (Bastiaanssen et al., 1998) Furthermore,
knowledge of the individual components of evapotranspiration is important for ecohydrological
modelling and agriculture, particularly for irrigation efficiency and crop productivity. In arid and
semiarid regions agricultural productivity is directly linked to water availability, resulting in a
competition for water resources in regions where there is also a high human population density, (Zhang
et al., 2011). To reduce the stress placed on the water supply it is of great importance to achieve a high
level of irrigation efficiency, this ensures that water supplied to the crops has less loses via evaporation
from the soil.

Common methods for making measurements of transpiration (7) and soil evaporation (£) such as sap
flow sensors (Kelliher et al., 1992; KlimeSova et al., 2014; Zhou et al., 2017) and lysimeters (Liu et al.,
2002; Kang et al., 2003) are limited to individual plants or small footprints, which can lead to difficulties
in upscaling in heterogeneous environments (Ehleringer and Field, 1993). Methods which make an
integrated measurement with a much larger footprint at the field scale such as eddy covariance, Bowen
ratio or scintillometry are only able to measure the total £7 and provide only implicit information on £
and 7. These methods are also generally unsuitable for use inside plant canopies as they need to be a
minimum height above the surface (Moore, 1986) and require minimum levels of turbulent intensity
which is strongly reduced within a closed canopy. Hence a second method must be used in conjunction
with the field scale measurement to partition the £7. Different types of methods have been developed
such as Lagrangian dispersion analysis (Raupach, 1989), flux variance similarity partitioning (Good et
al., 2014), and stable isotope partitioning (Yepez et al., 2003; Williams et al., 2004; Wang et al., 2013;
Sutantoet al., 2012).

Stable isotopes of oxygen from soil water and plant stomata allow for the possibility to partition the
evapotranspiration measured at the field scale. Water vapor evaporated from a macropore in the soil
will have a lower ratio of heavy to light isotopes than the water it evaporated from, as lighter isotopes
evaporate faster. For a plant at isotopic steady state (ISS), it is assumed the water transpired from the
stomata is equal to that of the source water taken up by the plant's roots, with no fractionation occurring
during evaporation due to the small pore size of the stomata (Flanagan et al, 1991; Roden and
Ehleringer, 1999; Yakir and Sternberg, 2000). This results in the water vapor transpired by the plant
having a distinctly different isotopic signal to the water evaporated from the soil. This has allowed for
the determination of the transpiration-evaporation ratio using the Keeling Plot approach based on a
mass balance equation for the ecosystem (Yepez et al., 2003; Wiliams et al., 2004; Moreira et al., 1997).
In recent years, non-steady state conditions have been reported in several studies, especially under short
time scales (Yepez et al., 2005; Wang et al., 2013). However, most of these studies showed that the
steady state conditions can still be met in the afternoon (Yepez et al., 2005; Lai et al., 2006; Zhang et
al., 2010). As this current study is based on data collected in the late morning and afternoon, the steady
state is being assumed.

Technological advances in recent years with the development of continuous, high frequency, in-situ
measurement devices have allowed for further testing and application of stable isotope methods in a
wider variety of conditions; grassland (Hu et al., 2014; Good et al., 2014; Wang et al., 2013), wheat
(Zhangetal., 2011), fescue (Rothfusset al., 2010), rice (Wei et al., 2015), soybean (Welp et al., 2015)
and woodland (Dubbert et al., 2013). These studies showed the applicability of the stable isotope
method, while highlighting the effects of ecosystem conditions on the measurement principle. Maize is
a major crop in many regions of the world and correct determination of its (7/ET) ratio is of great
importance in regions with low precipitation and/or high evapotranspiration rates in order to achieve a
high crop water uptake. During its growing period, the characteristics of the maize ecosystem change
from an open to a closed canopy as leaf area index (LAI) increases, however its physiology and row

17



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

structure results in a different canopy architecture than other crops, with a high variability in surface
soil moisture and evaporation (Hupet and Vanclooster, 2005).

The goals of this paper are (1) to test the stable isotope method for maize during its vegetative stage
using sap flow measurements and (2) to investigate the changes in (7/ET) during the course of the
experiment due to the environmental controls, and (3) to test if the isotope approach for estimating the
transpiration fraction performs better than the sapflow method during the vegetative growing stage. In
this experiment, we made high frequency measurements of the isotopic composition of the atmospheric
water vapor inside a maize canopy to study the variation of (£) and (7) during the vegetative growing
stage of the maize crop in response to precipitation events.

2.5 Materials and Methods

2.5.1 Stable Isotope Method
All isotope measurements in this work are expressed as the ratio of heavy to light isotopes relative to
the international standard and written in (8) notation in per mil (%o)

5= Rs:ImpJ'E_Rsmndm"d % 1000 (21)

Rstandard

where Rsample is the molar ratio of the sample and Rstandard is the Vienna Standard Mean Ocean Water
(V-SMOW). The division of the bulk evapotranspiration as measured by the eddy covariance method
is calculated by (Yakir and Sternberg, 2000)

Ft(%) = SE1E 2.2)
81-8g

where Ft (%) is the fraction of the evapotranspiration due to transpiration (T/ET x 100), Jger is the
isotopic composition of the evapotranspiration water vapor, Jr is the isotopic composition of the
evaporated soil water and Jr is the isotopic composition of the transpired water vapor. Jz and drcan be
estimated by sampling the soil and vegetation while Jzr is determined using a Keeling mixing model
approach (Keeling, 1958), which is based on a mass balance equation for the ecosystem

OppL = Cq ((84 — 8gr) (ﬁ) + 8gr) (2.3)
where e is the isotopic composition of the ecosystem boundary layer water vapor, C. the concentration
of water vapor in the atmosphere, d, the isotopic composition of the atmospheric water vapor and Ces
is the concentration of the water vapor in the ecosystem boundary layer. As thisis a linear relationship,
if we measure the isotope ratio and concentration of the air at different heights within the canopy and
then plot the isotope ratio versus the inverse of the concentration, the resulting y-intercept is an estimate
of der (Yakir and Sternberg, 2000; Yepez et al., 2003). Tiso (transpiration calculated using the stable
isotope method) and Eis. (soil evaporation calculated using the stable isotope method) can then be
calculated using Ft from Eq. (2.2) if the ET is also measured.

Due to the difficulty in directly measuring Jk, the Craig-Gordon model (Craig and Gordon, 1965) can
be used instead to estimate the effects of kinetic and equilibrium fractionations on liquid water samples
from the soil as it evaporates (see section 2.5.3)

(Rg/a”)—Rgh 2.4)

Rg = (1/ag)———

where Re is the molar ratio of heavy to light isotopes of the evaporated water, ox is the kinetic fraction
rate, taken to be 1.0189 %o (Flanagan et al., 1991), Rs is the ratio of liquid water sampled in the soil at

18



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

the evaporating front, R, is the ratio of atmospheric air from near the surface, h is the relative humidity
normalised by the saturation pressure at the surface and a* is the equilibrium fractionation factor
calculated as a function of soil temperature 7s (K) (Majoube, 1971).

., (1.137x10° 0.4156 x 10°
a = -
Ts? Ts

- 2. 0667) 2.5)

2.5.2 Experimental Site

The experiment was performed at the 66 ha Hydrological Open Air Laboratory (HOAL) research
catchment located at Petzenkirchen, Austria (Bloschl et al., 2016). The site has a mean annual air
temperature of 9.5 °C and receives on average 823 mm of precipitation per year. The evapotranspiration
measured using an eddy covariance device over grassland at the center of the catchment from 2013 -
2016 for the month of June ranged from 64.9 — 72.5 mm, with an average of 69.1 mm. Average total
net radiation at the weather station for the month of June was 192 kW/m2. An eddy covariance (EC)
system and a stable isotope analyser along with supporting meteorological sensors were installed within
a 4.8 ha maize field from June 24th - July 2nd, 2014 (Figure 2.1). On account of thesize of the maize
field and the limited fetch, the devices were installed to take advantage of the westerly prevailing wind,
giving a minimum fetch of 100 m except in the southeast quadrant. At the beginning of the experiment
the maize was approximately at stage V7 in its development, progressing to V11/V12.This is a period
of rapid growth for maize. The maize had an average height of 0.95 m at the beginning of the experiment
and during the course of the experiment this increased to 1.40 m. The average leaf area index was
approximately 1.8 based on canopy cover taken above the maize canopy, growing from 1.2 to 2.4 over
the period of the experiment.

2.5.3 Isotope Measurements

This section describes how to determine values for Jdzr, o7 and g in order to calculate Ff using Eq (2.2).
In order to obtain a value for der using Eq. (2.3), a profile of the concentration and stable isotope ratio
of 180 of the water vapor within and above the plant canopy was measured. desr and Cerr were sampled
at 4 heights within the canopy (0.1, 0.2, 0.5 and 1.0 m), and 2 additional sample intakes were located
above the canopy (1.7 and 2.4 m). The ports at heights 0.5 and 1.0 m were later increased to 0.8 and 1.2
m on the Ist July due to the increase in canopy height. Air was sampled through the intakes
consecutively using a pump connected to a 6-port valve and analysed at 1 Hz usinga L2130-i analyser
(Picarro) installed nearby. The sensor requires an averaging time of at least 100 seconds to achieve a
precision of 0.02 %o, which resulted in an average cycling period of 20 minutes between the 6 ports for
this experiment, and a 20-minute resolution in estimates of der.

or can be measured directly using a leaf chamber, however as one was not available for this experiment,
or was estimated from xylem water taken from 4 maize plants, sampled between 11-14 h on each day
of the experiment. This limits the application of the stable isotope method to times when the ISS
assumption is valid i.e., late morning - afternoon. As a large number of soil gas chambers are required
to obtain a directly measure and obtain a spatially averaged value of Jk, it was instead estimated using
Eq (2.4). Soil samples were taken daily at 4 locations near the air intake, at depths of 0-2, 2-5 and 5-10
cm in order to correctly identify the evaporation front according to Rothfusset al. (2010). All soil and
plant samples were sealed in glass vials, frozen and then transported to the laboratory for extraction.
The samples were first chilled using a commercial immersion cooler and Dewar container to prevent
water losses and then heated to 100°C and distilled in batches of 15 samples using a heating block for
two hours before being transferred to a collection vial using an evacuation pump and analysed with the
L2130-i analyser. Standard deviations of the 20-minute values for dr and der were calculated from the
range of measurements for each day, to check for the effects of changes in the water vapor composition.
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2.5.4 Micro-meteorological Instrumentation

Evapotranspiration over the field was measured using an integrated open path eddy covariance sensor
(IRGASON, Campbell Scientific). The device was installed in the middle of the maize field to the north
of the weather station tower on a tripod at a height of 2.20 m before the experiment and it was later
moved to a height 0of2.80 m during the early morning of the 1st to stay above the minimum height limit
described by (Aubinet et al., 2012), while keeping the sensor footprint as small as possible.

The sensor was oriented facing down a slight slope at an angle of 260° from true north to point into the
prevailing wind direction. Raw data measurements of the three-dimensional wind speed and water vapor
density were acquired at 20 Hz and stored on a CR3000 datalogger (Campbell Scientific). The latent
and sensible heat fluxes were calculated offline using the TK3 software from Bayreuth University
(Mauder and Foken, 2015). A coordinate rotation and a number of corrections were applied to the raw
covariances as part of the processing procedure to account for limitations of the instrumentation: (i) a
double rotation of the coordinate system, this was preferred to the planar fit method because of the rapid
growth of the maize crop, (ii) the sensible heat flux was corrected for the sonic air temperature, (iii) the
WPL correction for density fluctuations (Webb et al., 1980) and (iv) the Moore correction for frequency
response (Moore, 1986). The results were quality controlled using a routine implemented in the TK3
and low-quality data for the sensible and latent heat flux were removed. No gap filling of missing data
was performed due to the relatively short nature of the experiment and as the majority of missing data
values for the latent heat flux occurred at night-time or during precipitation events.

The incoming shortwave solar radiation and the net radiation were measured using a CNR4-net
radiometer (Kipp and Zonen). Measurements were made every 5 seconds and averaged over a period
of 30 minutes for comparison with the eddy covariance data. A soil moisture station (Spade-TDT,
Jiilich) was located in the maize field to measure the soil temperature and water content at depths of
0.05,0.10, 0.20 and 0.30 m.

Figure 2.1: Experimental setup for the field campaign, showing the location of the measurement profile
pole (blue arrow), the Picarro isotope analyzer (orange arrow, under blue tarp) and the eddy covariance
station (green arrow).

2.5.5 Sap Flow Measurements

In order to have a control for Ft calculated using the stable isotope method and eddy covariance device,
the sap flow of ten maize plants was measured and then upscaled. The sap flow was measured using
EMS 62 (EMS Brno) sensors based on the stem heat balance method with external heating and internal

20



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

temperature sensing (Lindroth et al., 1995; Cermak et al., 2004). Two thermocouples were inserted into
the stem in the radial direction 15 cm apart and a system of linear heating elements were installed just
below the upper thermocouple to supply heat to the water travelling up the stem (Figure 2.2). The
temperature difference between the heated and non-heated thermocouples was then maintained at 4 K
using the feedback loop of the EMS 62 module. This resulted in the input power supplied being directly
proportional to the amount of water passing the sensor. The sap flow rate was then calculated using

P = QdTc, + dTz (2.6)

where P is the supplied power (W), Q is the sap flow rate (kg / s), dT is the temperature difference, cw
is the specific heat of water (J/ kgK) and z is a coefficient representing heat losses from the sensor (W/
K). The heat losses were calculated and removed by analysing the base line measurement of the device
during periods where there was no sap flow, e.g., a precipitation event or at night and subtracting this
from the measurement. Measurements were made every minute and ten minute averages were saved by
the datalogger. The sap flow rates were then upscaled to transpiration values. The upscaling method is
based on discussion with Jiri Kucera (private communication). By sampling the plants in the field, we
can estimate the representative plant stem diameter for the field, and then calculate the representative
plant transpiration rate. The upscaled field transpiration is then calculated by multiplying the rep. plant
transpiration by the plant density. Owing to the rapid growth of the plants during this period some of
the thermocouples became dislodged affecting the quality of the measurements, therefore these sensors
were not included leaving 4 sensors for the final analysis.

Figure 2.2: Example of sap flow system EMS 62. The thermocouples are inserted 15c¢m apart, with the
heating elements installed at the upper section.

2.6 Results

2.6.1 Environmental Conditions

The experiment was performed over a 9-day period at the beginning of the summer season. Figure 2.3
and Figure 2.4 show the environmental conditions over the course of the experiment. Wind speeds were
generally low ranging from close to zero at night to a maximum of 3.6 ms-!. Precipitation was recorded
on 4 days of the experiment. A significant event (9.7 mm) occurred on the afternoon of the 25th
followed by a drying period until the 30th. During this dry period the vapor pressure deficit (VPD)
increased to a maximum of 2400 Pa on the 28th June. The precipitation event on the 30th (14.3 mm)
was preceded by a change in air mass resulting in a significant decrease in temperature and VPD. After
the event the temperature and VPD increased again resulting in similar conditions to the previous days.
The event on the 30th lead to an increase in soil moisture at 5 cm depth from 17.2 % to 22.6 %, while
the event on the 25th resulted in an increase from 17.9 % to 19.0 %. Mean daily air temperatures during
the experiment varied between 14.2 — 20.0 °C. Average mean daily air temperature for this growing
period for maize (14th June - 14th July) at the catchmentis 18.9°C. Daily totals of £7, converted from
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the latent heat flux, ranged from 1.6 to 3.4 mm with a total amount of 23.2 mm measured during the
experimental period.

Daily values of ET are closely related to solar radiation (Rs) and VPD, with the largest values of ET

corresponding to the days with the greatest amounts of Ry and highest VPD.
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Figure 2.3: Half hourly plots of (a) solar radiation (b) wind speed, (c) vapor pressure deficit and (d)
latent heat flux for June 24th - July 2nd, 2014.

(a)

Cum. precip (mm)

24/6

26/6

28/6

30/6

217

28

Soil moisture 5¢m (vol/vol %)

16

[¥]
B
T

[¥]
~n
T

X
o
T

-
o
T

24/6

26/6

28/6

306

Figure 2.4: (a) cumulative precipitation and (b) half hourly soil moisture at Scm depth for the period
June 24th - July 2nd 2014.
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2.6.2 Isotope Results

The 6/80 composition (black line) as well as the concentration of the water vapor (blue line) over the
whole experimental period is shown in Figure 2.5. Distinct differences in average daily isotopic
composition can be seen between dr and Jr with Jg being substantially more depleted in heavy isotopes
compared to Jr (Figure 2.6). or showed little change during the experimental period, varying between -
9.1 and -10.3 %o. The precipitation events on the 25th and 30th had 6’80 values of -11.1 and -13.7 %o
respectively and may be responsible for a slight decrease of approximately 1 %o in o7 for the following
day. The average daily value of drr decreased to -18.7 %o following the precipitation event on the 25th
due to the addition of the rainwater and then steadily increased over the next days to -13.2 %o on the
29th. Large values of the standard deviation are observed on the 25th and 2nd where a rain shower
occurred during the afternoon measuring period. Measurements from, and directly after precipitation
events were excluded from the analysis to exclude the effects of interception evaporation. One the
afternoon of the 29th there is a large decrease in the value of 0’50 resulting from the movement of an
atmospheric air mass. As the Keeling Plot requires any changes in isotopic ratio to be caused by sources
within the system, data from this time period may not be used. The large gradients in the profiles of
atmospheric water vapor concentration and isotope ratio allow the application of the Keeling Plot
method on each day of the experimental period, with the exception of the 30th, because of the sustained
precipitation event.
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Figure 2.5: Time series (~4minute interval) of the 640 composition (black line) and the concentration
(blue line) of the water vapour of the air at 2.4m in height.

23



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

T T ¥ T T
_0f e o, et . ¢
2 - X _ i
i) 4 11 X
3 | I 1 o T
e L e E 4
k=] 2 ‘ A ET
% 20 ) X rain
8 i
g : i
[=]
[&]
L
- ¢
5 301 ¢ . f
2 s | L e }
L 1 i L i 1 L 1 " 1 L
23/6 25/8 27/6 29/6 17 317 5/7

Figure 2.6: Daily averages of the isotopic composition of the precipitation (black cross)
evapotranspiration flux, dzr (red triangles), soil evaporation flux, Je (blue circles), and transpiration flux
or (green diamonds). Error bars depict one standard deviation of measurement.

Twenty-minute values of Ft were calculated for late morning (to allow the plant to reach ISS) -
afternoon times periods (Figure 2.7). Ft values follow a trend of decreasing to a minimum value
following a precipitation event, followed by an increase in Ft over the following days. The daily average
value of Ft was 67.5 % for this period. It is possible to split the experiment into two periods showing a
similar pattern of increasing F¢, demarcated by the two large precipitation events on the 25th and 30th.
During these periods, Ft follows an inverse relationship with the soil moisture measured at 5 cm in
depth, as the soil moisture increases Ft decreases and vice versa, as the amount of water available to be
evaporated in the soil decreases.

T T T T Gcg

E

- 40 g
Q

= 20 £
_—‘r_'l | | | 'Og
t 1 T T T o

Ft (%)

20:— [

1 " 1 i 1 1

2416 26/6 28/6 30/6 217

Figure 2.7: Twenty-minute values of F7 using the isotope method for the entire experimental period
(bottom) and cumulative precipitation (top).

2.6.3 Technique comparison and environmental controls

Owing to theneed for at least 30 cm of stem to install the sap flow sensors, the devices were installed
close to the ground leading to an overestimation in the measured sap flow because of the presence of a
strong temperature gradient near the surface on certain days. By comparing near surface temperature
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measurements of the soil (2cm depth) made as part of the soil moisture measurement and an air
temperature reading inside the canopy as part of the sap flow system (~30cms), differences of up to
10°C (versus 6°C on the 'acceptable' days) were found on the days where the sap flow transpiration also
appeared to be overestimated. As thisleads to an overestimation in calculated transpiration, two days,
the 26th June and 2nd July where this effect was not noticed were chosen for a comparison with the
stable isotope data. The uncertainty on the Tis, estimates was calculated using the single isotope, two
source mixing model of (Philips and Gregg, 2001), an estimate for the uncertainty of the eddy
covariance measurement based on the net radiation (Hollinger and Richardson, 2005) and Eq. (2.2),
while the uncertainty of 7, is the standard error of the devices. The results show that the two methods
compare favourably, with both Tis, and Ty,p showing a similar pattern on both days (Figure 2.8) and R?
values of 0.80 for the 26th and 0.72 for the 2nd.
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Figure 2.8: Comparison of isotope and sap flow estimates of T for (a) 26th June and (b) 2nd July. Error
bars depict standard error.

On the 26th, the value of T, increased steadily during the late morning period with F? increasing from
29 % to an almost constant value of 70% in the later afternoon. Both Tis, and Eiso were driven by Rs
(Figure 2.9a) with T, showing little influence from VPD (Figure 2.9b). On the 2nd temperatures were
in the range of 12.0 - 22.9 °C. The incoming Ry was heavily affected by the presence of clouds in the
late afternoon, with a peak value of 973 Wm-2 measured around 10:30 before reducingto 50 - 100 Wm-
2 after 15:00. Tiso follows a similar pattern on the late morning and early afternoon of the 2nd, however
in the late afternoon it starts to decrease because of the effect of a small rain shower increasing the
amount of water available for soil evaporation and a decrease in solar energy due to clouding, with Ftiso
decreasing from 92.9 - 17.1 % during this period.
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Figure 2.9: Half hourly plots of soil evaporation (E), transpiration (7), and (a) incoming solar radiation
(Rs) and (b) vapor pressure deficit (¥PD) on 26th June.
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Figure 2.10 shows the comparison between £ and T calculated from the isotope method versus Rs and
VPD for the entire experimental period. 7'shows a moderate correlation with Rsand ¥PD while E shows
a moderate correlation only with Rs and no correlation with VPD.
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Figure 2.10: Scatterplots of half-hourly values for the entire experimental period (10:00 - 17:30). Top
two figures show the comparison between soil evaporation (£) and (a) solar radiation (Ry) and (b) vapor
pressure deficit (VPD), while the bottom figures compare transpiration (7) with (c) solar radiation and
(d) vapor pressure deficit.

2.7 Discussion

Using high frequency isotope measurements and sap flow devices we were able to test the ability of the
stable isotope method to partition the field scale evapotranspiration measured from a maize crop by the
eddy covariance method. In general, the results shown here indicate that the method can be applied to
maize crops, with similar estimates of F# being made by the stable isotope method in comparison with
the sap flow method. Due to the higher time resolution afforded by the use of high frequency
measurements we are able to see the change in /¢ throughout the day and the response of Ft to the
environmental conditions. This also allows for a more detailed comparison between the two methods
as compared to the previous sap flow comparison made by Williams (2004) for an olive orchard where
it was only possible to get two values for Ft per day. While the results showed good agreement between
the methods, the sap flow method suffered from a number of limitations because of the growth of the
maize. Many sensors were disturbed as the rapid growth of the maize plants proved an issue with these
particular sensors, as the lower part of the stem stretched disrupting the installation of the thermocouple
needles. This reduced the amount of good quality data and leads to a larger uncertainty in Tyqp. In
addition, the amount of stem required for installation means that the sensors cannot be installed for the
full growing period of the crop.
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The main assumptions of the stable isotope technique, that the plant’s water is being transpired at
isotopic steady state, that there is no loss of water due to condensation and that there are only two
sources for the water vapor in the ecosystem mean that it is not possible to analyse Ff over the entire
diurnal cycle as condensation was present every morning during the experimental period (Yakir and
Sternberg, 2000). However, it can be seen from the eddy covariance and sap flow data that transpiration
is minimal during the night and early morning. In Figure 2.8 we see quite good agreement on the 26th
between the two methods throughout the day, while on the 2nd there are greater differences in 7,
particularly during the later parts of the morning. This might suggest that there was some fractionation
occurring and the ISS assumption did not hold during this period. In future experiments direct
measurements of drand de should be made using chamber methods to reduce the uncertainty and extend
the available data period to the morning and evening. Interception is also neglected as it is difficult to
estimate, which may affect the values of #7 on the 25th and the 2nd directly following the precipitation.
As the canopy was observed to be effectively dry within one hour ofthe end of the intense rainfall event
on the 25th, attributing all the measured evaporated water within this time period to interception would
lead to a maximum estimate of 0.25 mm or 12.5 % of the daily sum of E7. For the other event the
interception loss may be greater, due to the lower rainfall intensity. The method cannot be applied
successfully during periods of precipitation as the presence of the rain drops results in large measured
values of desr leading to values of Ft exceeding 1, also seen by Wei (2015) for a rice paddy field during
periods of irrigation. By expanding the experimental set-up to include an additional intake port for
sampling of precipitation it would be possible to directly determine the time periods where interception
water is present and evaporating and exclude them from the full analysis to reduce the uncertainty in
Ft. This would also be necessary for detecting the presence of dew or fog if the measuring period is
extended beyond the late morning and afternoon using chamber devices. As the Keeling plot requires
distinct differences in the isotopic signals of transpiration and soil evaporation, the applicability of the
technique can be affected by the depth of root water uptake, if the plants have short root systems such
as shrubs or herbs and/or the soil becomes very dry the difference in the signals may decrease, leading
to regression plot slopes that are not significant (Yakir and Sternberg, 2000). As maize does not uptake
water among all rooting depths equally but extracts a larger percentage of water from shallower roots,
theuse of the method may be limited during the early stages of growth. The sampled values of dr were
however at least 2 %o more depleted than samples of the soil water, indicating the majority of the roots
were accessing water below the soil evaporation front. As the air is sampled at different heights within
the canopy, the Keeling Plot method spatially integrates the flux over different footprints. In canopies
such as trees (Yepez et al., 2003) or grassland (Yepez et al., 2005) this allows the comparison of the
point samples of plant and soil isotopic composition, to that of the evapotranspiration signal. Within a
canopy with a regimented architecture such as maize, however, this may not be sufficient to allow, as
Hupet and Vanclooster (2005) showed that the amount of rainfall that reaches the surface in maize is
highly variable. During the experiment the average height ofthe crop increased from 0.95 mto 1.40 m,
while the average leaf area index increased from 1.2 to 2.4. In a paper on the canopy architecture of
maize Huang (2007) measured canopy openness in a field with a similar plant density as ~50% at the
upper layer of the canopy at the silking stage, which is a later stage of development than when our
experiment took place (15-20 days later) where the plants will have a height over 2 metres and a LAI
greater than 4. The good level of agreement between the sap flow and isotope results though here
indicates that the isotope method was successfully applied to maize.

The transpiration rate of maize has up until now been investigated using point measurement instruments
that require upscaling to the field scale. Using lysimeters (Liu et al., 2002) and (Kang et al., 2003)
reported values of 71 and 75 % for Ft for the entirety of the growing stage. The average value of F* for
this experimental period was 67.5%. As the experiment took place during a short time period within the
vegetative stage (length of approximately 25 - 40 days) these differences will be partly due to the
changing LAI and soil cover during this period, as well as differences in irrigation/precipitation. Our
study provides information for when the soil in a maize crop field has been wetted and begins to dry
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out; while we only have 9 days there was a soil moisture cycle of dry — wet — dry — wet. Ft followed a
pattern of decreasing following a rain event and then increasing over the following days as the top layer
of the soil dries out reducing the amount of water available for further soil evaporation, consistent with
the findings of (Yepez et al., 2003) and Jara et al., (1998) for mesquite and maize. Daily average values
of Ft varied between 43.0 and 88.5% (Figure 2.7) indicating that there was a considerable effect due to
the precipitation events. One of the main points of this experiment is to focus on the rapid-growth phase
of maize, where the maize is rapidly changing. While the meteorological conditions remain
representative, the transpiration dynamics at this distinct growth phase of the maize were captured for
the case of wetted soil. During periods where meteorological conditions lead to high rates of £7 without
a wetting of the soil, transpiration can be expected to approach 90% and greater and care must be taken
when using average values for £ calculated over longer periods during the growing season.

Transpiration was correlated with solar radiation and vapour pressure deficit over the examined period,
with correlation coefficients of 0.68 and 0.59 (Figure 2.10), respectively, however KlimeSova et al.
(2014) reported amuch higher correlation of 0.88 with R; for a potted maize experiment during a slightly
later growing stage. This may be due to the relatively frequent precipitation events and lower amount
of soil evaporation expected from a potted experiment, leading to more energy being available for
transpiration and a higher correlation. During a 3-day intensive sampling period during that experiment,
with soil moisture close to field capacity, the correlation with Ry was significantly lower and closer to
the values measured here at 0.65. Other long-term studies on the sap flow rate of maize found for the
entire growing season also ranked R; as the most important meteorological variable affecting the rate
of transpiration of maize (Zhao et al., 2016; Gao et al., 2010). The lack of a strong correlation of soil
evaporation with VPD was unexpected, as a high correlation has been previously reported for both trees
(Williams et al., 2004) and grassland (Hu et al., 2014) using stable isotope methods. However, for maize
a lack of correlation has been observed before on certain days using lysimeters (Herbst et al., 1996). An
explanation may be attributable to the spaced row structure of maize crops, which results in the fraction
of radiation intercepted by the canopy havinga 'U' shaped diurnal pattern with the minimum occurring
around midday (Hossain et al., 2014). This will lead to the soil receiving more energy at this time
resulting in higher values of soil evaporation than later in the afternoon, when VPD is highest.

2.8 Conclusions

In this experiment, we tested the application of the stable isotope method to a maize crop during the
vegetative stage, using sap flow sensors as a comparison technique. Field scale £7 was measured using
an eddy covariance device and then partitioned using high frequency in-situ measurements of the
isotopic signal of the canopy water vapor. Keeling plots were used to generate values of der and
combined with estimates of dr obtained from plant samples assuming ISS and estimates of dr using soil
samples and the Craig-Gordon equation. High correlation coefficient values were generally found
between the two techniques, indicating the stable isotope method can successfully be applied in maize.
While the method has previously been shown to work well for crops with simpler canopy structures
such as rice and wheat, it appears that the more complex canopy structure of maize does not limit the
accuracy of the method. During the experiment the amount of soil evaporation and transpiration was
dependent on the availability of soil water in the upper layer of the soil, with a general pattern ofa large
decrease following a precipitation event followed by a period of increasing, due to the drying out of the
upper layer of the soil. Daily average values of £t varied between 43.0 and 88.5 % indicating that there
was a considerable effect due to the precipitation events. The diurnals patterns of both soil evaporation
and transpiration are much better correlated with solar radiation than with vapor pressure deficit.

With the extension of the measurement period, the stable isotope method can be used to test irrigation
and soil management practices at the field scale over the entire growing season in maize and similar
crops, leading to more efficient agricultural water use and water availability.

28



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

3. Partitioning evapotranspiration using stable isotopes and Lagrangian dispersion analysis in a
small agricultural catchment

3.1 General

This chapter compares the different methods of Lagrangian dispersion analysis (Lagrangian near field
theory) and stable isotopes analysis and investigates how the evaporation partitioning changes in
response to precipitation events. While most partitioning methods require some sampling of the soil or
plants, and are therefore less reliable in heterogenous conditions, the Lagrangian dispersion analysis
method offers the possibility of partitioning evaporation using just sampling of the water vapour within
the canopy.

The present chapter is based on the following scientific publication:

Hogan, P., Parajka, J., Heng, L., Strauss, P., & Bloschl, G. (2020). Partitioning evapotranspiration using
stable isotopes and Lagrangian dispersion analysis in a small agricultural catchment. Journal of
Hydrology and Hydromechanics, 68, 134-143.

In the original publication the term evapotranspiration was used instead of evaporation, as the emphasis
of thisresearch was on partitioning.

3.2 Key points
The two methods give similar results, with the Lagrangian method giving a higher average and
maximum estimate of transpiration.

The stable isotope method was found to return a much larger amount ofuseable data, as well as having
a lower variance. This is offset by the need for more additional measurements and analysis.

Different levels of precipitation intensity give different soil evaporation responses, due to the changes
in soil moisture.

3.3 Abstract

Measuring soil evaporation and transpiration at the field scale is complicated due to the heterogenity of
the environment, with point measurements requiring upscaling and field measurements such as eddy
covariance measuring only the evapotranspiration. During the summer of 2014 an eddy covariance
device was used to measure the evapotranspiration of a growing maize field at the HOAL catchment.
The stable isotope technique and a Lagrangian near field theory (LNF) were then utilized to partition
the evapotranspiration into soil evaporation and transpiration, using the concentration and isotopic ratio
of water vapour within the canopy. The stable isotope estimates of the daily averages of the fraction of
evapotranspiration (F7) ranged from 43.0 — 88.5 %, with an average value of 67.5 %, where slightly
lower than the LNF method, where £t was found to range from 52.3 —91.5 % with an average value of
73.5 %. Two different parameterizations for the turbulent statistics were used, with both giving similar
R? values, 0.65 and 0.63 for the Raupach and Leuning parameterizations, with the Raupach version
performing slightly better. The stable isotope method demonstrated itself to be a more robust method,
returning larger amounts of useable data, however this is limited by the requirement of much more
additional data.
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3.4 Introduction

Evapotranspiration (£7) forms an important part of the water balance across all spatial and temporal
scales. For many applications however, further information on the partitioning of evapotranspiration
into its constituent components of soil evaporation and transpiration is required, e.g., for irrigation
management (Tong et al., 2009) and climate modelling (Lian et al., 2018).

At different spatial scales ET can be estimated using different methods and techniques such as water
balance, remote sensing and energy balance modelling at global and regional scales (Vinukollu et al.,
2011), or measured using eddy covariance or scintillometry at field scales. However, these methods
provide little or no information on how the ET is partitioned into its components of soil evaporation (£)
and transpiration (7). Other direct measurement techniques at the point scale, such as lysimeters for
measuring soil evaporation (Heinlein et al., 2017; Rafi et al., 2019) or sap flow sensors for transpiration
(Agam et al., 2012; Zhao et al., 2016) can be used to directly measure the individual components,
however they have a very small footprint which requires upscaling to the field scale, which is strongly
influenced by the heterogeneity of the surrounding area. For trees in the riparian zone, transpiration can
be estimated from shallow groundwater diurnal fluctuations (Gribovszki et al., 2008), however this is
not applicable for crops with their shallower root systems. Assumptions can be made in order to estimate
Ft, such aswhen E or T could be assumed to be negligible, however these assumptions have been shown
to not be applicable to every ecosystem (Stoy et al., 2019). An alternative approach is to partition the
measured field scale E7 using methods such as Lagrangian dispersion analysis (Raupach, 1989a;
Warland and Thurtell 2000) or stable isotopes (Ma et al., 2018; Williams et al., 2004; Wang et al., 2013;
Xiao et al., 2018; Yepez et al., 2003).

The Lagrangian dispersion analysis method an inverse modelling approach, where the source/sink
distribution of a scalar is related to a concentration profile of the scalar within a canopy ecosystem
through a turbulent dispersion field (Raupach 1989a; Santoset al., 2011; Warland and Thurtell, 2000).
Within a plant canopy, the gradient - diffusion relationship cannot be used to calculate the flux of a
trace gas due to the role of large turbulenteddies in the vertical transport of the scalar, resulting in the
observation of counter-gradient fluxes (Denmead and Bradley, 1985). Instead Raupach (1989a, 1989b)
developed a model in a Lagrangian framework where the trajectory of fluid particles released from a
source is followed, thereby taking into account the history of the particles. Then the resulting
concentration profile can be broken up into two regions, a near field region where the particles disperse
linearly in time due to the persistence of the turbulent eddies, and a far field region where the particles
disperse with the square root of time diffusively. The method has been used to calculate the flux of CO:,
H>0 and heat within coniferous (Styles et al., 2002) and eucalyptus forest canopies (Haverd et al., 2011).
In addition, Haverd et al. (2009) applied the method in a eucalyptus forest along with a Soil-Vegetation-
Atmospheric-Transfer model (SVAT) to improve the estimation of turbulent statistics in a forest
canopy.

The Keeling Plot (Keeling, 1958) mass balance can be applied within a field ecosystem, to the isotopes
of water evaporated from within the canopy. As water evaporated from the soil has a different ratio of
light to heavy isotopes compared to water vapour evaporated from plant stomata, this difference in
isotopic ratio allows for the estimation of the soil evaporation- transpiration ratio within the ecosystem.
This method has been tested in a number of different vegetation and crop types such as an olive orchard
(Williams et al., 2004), woodland (Dubbert et al., 2013), beets (Quade et al., 2019) and maize (Wu et
al., 2016). Applying the method to determine the temporal variability of root water uptake depth of
wheat plants, Zhang et al. (2011) estimated that up to 30% of water consumption during the irrigation
season can be soil evaporation. Using deuterium isotopes in grassland over a short time period, Good
et al. (2014) investigated the evolution of the soil evaporation/transpiration ratio during the growing
phase of the grass crop. Wei et al. (2015) measured Ft over a rice field over the course of an entire
growing season, with the estimated F¢ ranging from 0.2 at the start of the growing season up to a near
constant value between 0.8 - 1.0.
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The objective of this study is to estimate the components of evapotranspiration in a vegetative maize
field and its response to precipitation events at a high temporal resolution. In this paper we use the stable
isotope method and the localised near field theory of Lagrangian dispersion analysis. Both methods use
measurements of water vapour concentration within the canopy and a mass balance approach as their
basis, while the isotope method requires extra measurements and assumptions, this allows for an
additional study of the robustness and effectiveness of the two methods.

3.5 Theory and methods

3.5.1 Lagrangian dispersion analysis

In order to partition the evapotranspiration inside a crop ecosystem between £ and 7 using an inverse
method we first divide the source distribution into m vertical layers, where the first layer is just above
the surface to account for soil evaporation, and the subsequent layers extend from just above this layer
to the top of the canopy for transpiration. The water vapour released from these layers results in a
concentration profile, which can be measured at n different heights. The relationship between scalar
source density ¢(z) and concentration C(z) under steady conditions in a horizontally homogenous
canopy can be written as

Ci—C. = X121 DijpjAz; (3.1

Where Ciis the concentration at height z;, C; is the concentration at a reference height above the canopy
zr, Djj is the dispersion matrix, with i rows for 1.. n measurement heights, and j columns for 1..m source
layers , ¢; is the source strength in layer j, and 4z; is the thickness of layer j. The inversion of this
equation then allows for the estimation of the source strengths, in this case £ and 7. To calculate the
dispersion matrix, the source strength in one layer j is set to be a steady unit source, S; and set to zero
in all other layers. This gives a partial concentration profile C;, which defines the elements of Dj for
dispersion from layer j to the concentration at height z;

_ Ci_cr
D; = —s,- "z, (3.2)
In a Lagrangian analysis of particle dispersion within a canopy, the trajectory of a particle is followed
from its release from a source. The resulting concentration C; is due to the influence of two different
regions on this path, a near field and a far field region.

In the Localised Near Field (LNF) theory of Raupach (1989a, 1989b), the two regions are treated
separately, with C; equal to the sum of both regions

Ci=Cy+C (3.3)

In the near field, local effects dominate the dispersion ofthe particles while in the far field, it is assumed
that particles diffuse in accordance with gradient-diffusion theory. The near and far field components
can be described using the turbulent statistics for the canopy, the vertical profile of the standard
deviation of the vertical velocity (ow) and the Lagrangian time scale (77) according to Raupach (1989a)
as

_ (% S(zs) z—-2zg z+zg
@ =5 1,05 {len [aw(zs)n(zs)] ke [aw(zs)n(zs)]}dzs (-4)
re F( ’) !
Cf (z) = C(Zref) -Gy (Zref) + fzz IWZZ,)dZ (3.5)

where z' is the discrete height, zsis the source height, &, is a near field ‘kernel’, F(z) is the flux density,
and Ky is the far field diffusivity.
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k,(Q) = —0.39891In(1 — exp(—|{|)) — 0.1562exp (—|{]) (3.6)

F(z) = —K/(2) %L (3.7)
K; =05 (2)T(2) (3.8)

Where (= (z-z9)/ (owo Tro). As Ti cannot be directly measured by fixed sensors as it is a Lagrangian
quantity and due to the difficulty of making vertical wind measurements inside a canopy, the profiles
of ow and 7. needed for the calculation of Dj are normally calculated using turbulent statistical
parameterisations. Based on the results of Santos et al (2011) the parameterisations suggested by
Raupach (1989a) and Leuning (2000) were used in this study (Figure 3.1). Raupach (1989a) proposed
that owand T} profiles could be approximated by the piecewise linear profiles

z
o ay +(ay —ag) X=, z<h
W= fx) = { h 3.9
u* f al, z 2 h ( )
Tu" k(z—d)
—, = max [co, aih (3.10)

where a; = 1.25, ap = 0.25, co = 0.3, d = 2/3*h is the displacement height, / is the canopy height, u* is
the friction velocity and £ = 0.41 is the von Karman constant.

The parameterisations of Leuning are based on exponential and non- rectangular functions within and
above the canopy

y = c,e2z/h for z < 0.8h

J(ax+b)2—40abx
y = @xtblrdy/(ax+b)®-40abx ¢\ ) > 0.8h (3.11)

20
where ¢; = 0.2 and the other coefficients can be found in Table 3.1

These parameterisations were originally derived for near-neutral conditions and corrections functions
have been suggested for use in non-neutral conditions (Leuning 2000). However, the performance of
these corrections has been mixed, with Santos et al (2011) reporting an increase in the overestimation
of the latent heat flux when the corrections were used.

Table 3.1: A list of the variables and parameters used for the determination of normalised profiles of
the standard deviation of the vertical velocity, ow and the Lagrangian timescale, 7%. (Leuning 2000)

z/h X y 0 a b d

>0.8 z/h ow/u* 0.98 0.850 1.25 -1
>0.25 z/h-0.8 Tru*/h 0.98 0.256 0.40 +1
<0.25 4z/h Tru*/h 0.98 0.850 0.41 -1
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Figure 3.1: Normalised profiles of the standard deviation of (a) the vertical velocity, o and (b) the
Lagrangian time scale, 7., according to Raupach (1989a) and Leuning (2000).

3.5.2 Study area

The experiment was performed from the 24th June — 2nd July 2014 at the Hydrological Open Air
Laboratory (HOAL) at Petzenkirchen, Austria (48°9° N, 15°9” E) (Bloschl et al., 2016) (Figure 3.2).
The catchment has an area of 66 ha, elevation ranges from 268 — 323 m above sea level, with a mean
slope of 8%. Land use comprises of 87 % agricultural crops, 5 % grassland pasture, 6 % forest and 2 %
paved surfaces. The local climate can be described as humid, with a mean annual precipitation of 823

15°8'|30"E 13°90"E

48°9'30" N~

—— Stream

e aNA |
HOUH D Catchment boundary

Experiment

Weather station

Rain gauge

Elevation contour

Figure 3.2: The experimental catchment showing the location of the measurement devices and the study
field (green arrow).
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mm/yr, with larger amounts of precipitation in summer than in winter. The mean annual temperature is
9.5 °C. Evapotranspiration in the years from 2013 — 2017 ranged from 442 — 518 mm/yr. As the
experiment was planned for early summer and a limited time period, a 4.8 ha maize field was selected
as the early growing stage and wider spacing between crops would allow for assumptions of turbulent
mixing within the ecosystem to be fulfilled. The average height of the plants increased from 0.95 m to
1.40 m with the Leaf Area Index (LAI) progressing from 1.2 to 2.4 during this period.

3.5.3 Instrumentation

To measure the profiles of water vapour concentration and isotopic ratio (O18/O16) within the canopy a
L2130-i analyser (Picarro) was installed within the maize field (Figure 3.3). Air was sampled within
the canopy and above, usinga 6-port intake valve connected to a pump and sampled using the analyser
at 1 Hz. To achieve a precision of 0.02 %o an averaging time of at least 100 seconds was required for
each individual ports and gave an overall resolution of 20 minutes for der and C across the 6 ports. Jess
and Cer were sampled at 4 heights within the canopy (0.1, 0.2, 0.5 and 1.0 m), and 2 additional sample
intakes were located above the canopy (1.7 and 2.4 m). The ports at heights 0.5 and 1.0 m were later
increased to 0.8 and 1.2 m on the 1st July due to the increase in canopy height. 7 was estimated from
xylem water taken from 4 maize plants, sampled between 11-14 h on each day of the experiment. This
assumes that the xylem water is at isotopic steady state which is normally valid between late morning
and early afternoon. To estimate Jg using Eq. (2.4), soil samples were taken daily at 4 locations near
the air intake, at depths of 0-2, 2-5 and 5-10 cm to correctly identify the evaporation front according to
Rothfusset al. (2010). All soil and plant samples were sealed in glass vials, frozen and then transported
to the laboratory for extraction, according to the guidelines of Mayr et al. (2016).

Figure 3.3: The experimental area, showing the location of the eddy covariance system (orange arrow)
and the picaro device (green arrow).

Evapotranspiration was measured using an open path eddy covariance sensor (IRGASON, Campbell
Scientific). The device was installed in the middle of the maize field at a height of 2.20 m before the
experiment and moved to a height of 2.80 m during the early morning of the 1st to stay above the
minimum height limit described by (Aubinet et al., 2012). The TK3 software was used to calculate the
latent heat flux from the raw measurements of the wind speed and water vapour (Mauder and Foken,
2015). As part of the processing procedure a number of corrections must be applied to the raw data: (i)
a double rotation of the coordinate system, this was used rather than the planar fit method due to the
rapid growth of the maize crop and short time period of the experiment, (ii) the Moore correction for
high frequency loss (Moore, 1986), (iii) a sonic air temperature for the sensible heat flux, and (iv) the
WPL correction to account for density fluctuations (Webb et al., 1980). The TK3 software includes a
quality control analysis and sensible and latent heat flux data of a low quality were removed. Air
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temperature and humidity were measured at the eddy covariance station using a HMP155 probe.
Precipitation was measured across the catchment using 4 weighing balance gauges (OTT Pluvio). For
this experiment the data from the closest rain gauge, located at the nearby weather station was used.
The catchment is instrumented with a network of soil moisture stations utilising Time Domain
Transmission (TDT) probes. A station was located in the maize field to measure the near surface soil
temperature and water content at depths of 0.05 and 0.1 m.

3.6 Results

3.6.1 Environmental conditions

Figure 3.4 shows the environmental conditions over the time period of the experiment. Weather
conditions were mixed over the course of the experiment, with most days experiencing periods of
sunshine and cloud, except for the 30th where the passage of a frontal system resulted in overcast
conditions and persistent rain until late afternoon. In total four precipitation events were recorded, with
three of them having a major effect on the near surface soil moisture level. The duration of the event on
the 30th meant that it was not possible to use the data from this day, however the shorter nature of the
other events meant less loss of data on those days. The average daily mean temperatures ranged from
14.2 —20.0 °C with maximum daily temperatures between 17.8 -27.5 °C. Daily evapotranspiration was
strongly related to temperature, VPD and net radiation, with a total of 23.2 mm recorded over the
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Figure 3.4: Half hourly plots of (a) precipitation, (b) soil moistureat 5 and 10 cm, (c) air temperature
and (d) daily values of evapotranspiration measured using the eddy covariance system for the period
June 24th - July 2nd, 2014.

experiment, with the highest daily values occurring during the dry period from the 26th — 28th. Figure
3.5 shows the friction velocity and the virtual stability measured using the eddy covariance system. The
friction velocity was in general quite low at this site, following a diurnal pattern during the period of
high solar radiation from the 26th — 29th. The atmospheric stability was generally unstable during the
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daytimes except for the period during the passage of the frontal system, where the stability was very
close to neutral.

3.6.2 Evapotranspiration partitioning

The steady state assumption for the stable isotope analysis does not hold in the morning, however it is
usually met in the afternoon (Yepez et al., 2005). The analysis in this paper is hence limited to the time
from 10:00 — 17:00, as this corresponds to the time periods with the largest amounts of solar
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Figure 3.5: Half hourly plots of (a) u* and (b) virtual stability over the period June 25th - July 2nd,
2014.

radiation and hence evapotranspiration, there will only be a limited effect on the results. Data from the
30th and during and directly after precipitation events are also excluded, due to the strong neutral
stability and change in the atmospheric water vapor resulting from the passage of the frontal system or
interception, resulting in values of F7 in excess of 100%. However, due to the very strong concentration
gradients near the surface when soil evaporation is very close to zero, the inversion matrix can become
ill-conditioned resulting in values over 100% for the LNF method. Therefore, in general values of Ft
higherthan 110 % and lower than —20 % were excluded from the results, allowing for some uncertainty
(Wei et al., 2015). For purposes of averaging F't was capped at 100 %.
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Figure 3.6: Twenty-minute values of F# using the LNF (red circles) and isotope (black squares)
methods over the entire experimental period.

Using the stable isotope method, the daily averages of Ftiso ranged from 43.0 — 88.5 %, with an average
value of 67.5 % following a pattern of decreasing after precipitation events and steadily increasing over
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the following days. Using the LNF method, Ft (Fzzvr) was found to range from 52.3 — 91.5 % with an
average value of 73.5 %. Figure 3.6 shows a comparison of the two methods for the entire experimental
period. While the two methods show a high level of agreement on average, on the 29th and 1st July the
LNF method estimates much higher values of /¢, on the 29th 91.5 % versus 81.7 % and on the 1st 52.3
% versus 44.5 %. Ftne however shows much greater variance on these days than Ftiso, with Ftonr also
estimating values of F over 100 % on the 28th.

Daily ET is strongly dependent on solar radiation and temperature, with the highest values of ET
measured from the 26th — afternoon of the 29th. Both Fziyrand Ftiso show a similar pattern, with
increasing values estimated during this time period. Conversely the soil moisture content in the upper
level of thesoil at 5 cm was measured decreasing from 19.0 % to 17.2 %. Following the precipitation
event on the 29th - 30th the soil moisture content was recharged up to 22.6 %, leading to a marked
decrease in Ftryr from 92.0 % to 52.3 %.

3.6.3 Method comparison

Figure 3.7 shows a comparison of the two methods on the 26th of June during the daytime period. The
uncertainty on the Fti, estimates was calculated using the single isotope, two source mixing model of
Phillips and Gregg (2001). In the late morning period, Fz.nyr consistently makes higher estimates of Fz,
with a difference of up to 25.8 % at 11:00, although closer agreement is noted during the afternoon
period, following a gap in theresults of Ftinr from 12:00 — 13:30 due to overestimation of Fz. During
this period Ftiso continued to give realistic estimates of Fz. Throughout the early afternoon Ftiso and
Ftnrsteadily increase with ET, with Fryr increasing at a much faster rate to 80 — 90 % by 15:00 while
Ftiso exhibits a slower rate of increase, reaching a maximum of 80 %.
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Figure 3.7: Comparison of the two methods on the 26th of June during the daytime period.

Ft was also estimated using the Leuning set of parameterizations for u* and 7%. In this case Ft.nr varied
from 50.1 — 91.4 % with an average of 75.0 %. Figure 3.8 shows a scatterplot of 20 minute values of Ft
using the isotope and (a) LNF Raupach and (b) LNF Leuning methods. Both methods give similar R?2
values, 0.65 and 0.63 respectively with the Raupach parameterisations performing slightly better.
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Figure 3.8: Scatterplots of 20 minute values of Ff using the isotope and (a) LNF Raupach and (b) LNF
Leuning methods for the entire experimental period.

3.7 Discussion

In this study we utilize the LNF and ISO methods to partition evapotranspiration. Both methods use
water vapor concentration measurements from inside the plant canopy, however the stable isotope
method requires much more additional data as well as equipment and labour for measuring and
analysing the isotope samples.

The average Ft estimated by the LNF method was 74.0 % and using the stable isotopes 67.5 %. The
correlation between the two methods was 0.65. These compare well with measurements using
lysimeters which gave a range of 71 — 75 % (Liu et al., 2002, Kang et al., 2003) for maize, 69 — 87 %
for olive trees (Williams et al.,2004), and 20 — 100% over the course of the entire season for rice (Wei
et al., 2015). Using chamber-based measurements to directly measure the isotopic values, Wu et al.
(2016) estimated Ft for the entire vegetative growing section to be ~55 %, and ~70 % using the Craig-
Gordon based model approach, with the difference attributed to deviation in measuring JF using the
chamber method. Using isotope tracers Ma et al. (2018) found that for a winter wheat field the value of
Ft over the entire crop season did not vary significantly with the type of irrigation treatment, however
the value of Ft for each stage of the growing season did. While an average value for Ft of 65 % in line
with similar experiments using 5 different irrigation methods was found, between these methods a
difference of up 25 % in Ft was noted. In non-irrigated catchments the precipitation amounts and
intervals must be analyzed in order to apply the results from year to year. During the course of this
experiment, both a short but intense (~10 mm/hr) and a less intense but longer duration (~1 mm/hr)
precipitation event were recorded, allowing for the changes in F* to be seen. The response of the soil
moisture at 5 cm to the intense event was much less than for the longer event, with a large amount of
runoffrecorded. This results in a much smaller decrease in Ft on the following day, 73.4 % versus 52.3
%.

Over the course of the experiment the LNF method shows a pattern of slightly larger estimates of Fz,
particularly on the 29th and 1st of July. On the 1st this exceptionally large difference is possibly due to
the higher levels of soil evaporation after the large precipitation event on the previous day, resulting in
reduced water vapor concentration gradients near the surface, which will have a greater effect on the
LNF method as it uses less additional data. On the 29th Ft;nyr estimated Ff to be over 100 %, however
this can be explained due to measurement errors as Ft approached 100 %, with Wei et al. (2015)
reporting similar values while using the stable isotope method. The only slight change in the
performance of the LNF method depending on the parameterisation for the turbulent statistics, would
suggest either parameterisation can be used. Comparing LNF modelled and eddy covariance measured
latent heat flux estimates, Santos ett al. (2011) also noted only slight changes to the results.
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Over the course of the experiment the isotope method proved to be less affected by the environmental
conditions, excepting the steady state condition that limits the method to the daytime periods. During
these periods the LNF method gives 45.2 % less data than the isotope method, with a lot less useable
data on days where there is less coupling between the canopy and the atmosphere (25th and 29th) due
to the changing conditions and precipitation. This reduction in results is offset however by the lower
requirements of additional data, with the isotope method needing isotope measurements of the air, plants
and soil. An advantage of using the LNF method which gives a high temporal resolution is that the
response of the fraction of transpiration to rain events can be seen in Figures 3.6 and 3.8 and used for
adjusting transpiration estimates measured using the eddy covariance method. Isotope methods that use
only weekly sampling of the soil water (Santos et al., 2012) will not be able to capture changes in Jk,
however even the daily sampling of the soil and plant isotopes in this experiment is limited due to
sudden short precipitation events and the isotopic steady state assumption. While the air sampling can
be performed at a high resolution using the Picarro device, the sampling of the plants and soil had to be
done manually in this experiment, resulting in a much higher workload and limiting the overall length
of the measurement campaign. Measurement devices such as leaf and soil flux chambers which allow
for automatic sampling of soil and plant isotope values have been developed in recent years (Wu et al.,
2016), however they are still limited by the heterogeneity of field conditions, requiring a number of
different devices of considerable expense.

With an estimate for F# during the growing season, where £7 and Ft change in response to not only the
environmental conditions but due to the changing physical properties of the plant, compared to the more
stable initial and mid-season stages of plant development (FAO-56). As it is difficult and expensive to
make full season measurements at a high temporal resolution,

An alternative approach is to use our estimate for Ft and an evapotranspiration model. Using a modified
version of the FAO-56 method, where the crop coefficient is separated into a crop basal coefficient and
an evaporation coefficient, Ding et al. (2013) was able to partition the £7" by modifying the crop basal
coefficient according to crop leaf cover. The model was then validated using soil heat flux and lysimeter
measurements. During the vegetative season however the heterogenous canopy cover and rapid growth
of the maize plants can lead to errors when upscaling the individual measurements to the field scale, to
avoid this the LNF method which is based on vapor measurements allowing for an averaging through
the canopy could be used.

3.8 Conclusions

In this experiment the fraction of evapotranspiration that was due to transpiration was estimated for a
maize field using two methods, the isotope measurement based stable isotope method, and the Localised
Near Field theory of Raupach based on an inverse Lagrangian modelling approach. Both methods are
based on measurements of the water vapour concentration within a plant canopy, however they vary
greatly in experimental procedure, required assumptions, and data analysis. The two methods overall
gave similar results, with the fraction of transpiration ranging from 43.0 — 88.5 %, with an average of
67.5 % for theisotope method, while the fraction of evaporation was found to range from 52.3 — 91.9
% with an average value of 74.8 % for the Localised Near Field method. These values were found to
be in line with results from similar experiments for this stage of maize development. However, the
stable isotope method was found to return a much larger amount of useable data, as well as having a
lower variance. This is offset by the need for more additional measurements and analysis, as well the
uncertainty due to the need for the Isotopic Steady State assumption. Future experiments should be
conducted using chamber methods when possible to account for this. The parameterizations used for
the turbulent wind statistics for the Localised Near Field method were found to vary only slightly. Care
must also be taken when applying the results over larger time periods or year to year, to account for
different precipitation regimes if the field is not irrigated, with different precipitation events giving
different soil moisture and hence soil evaporation responses.
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4. Spatial patterns of evaporation in a small catchment

4.1 General

The objective of this study is to obtain long term spatial measurements of the evaporation in a small
agricultural catchment and to analyse the distribution and the controls of the patterns of evaporation.
To capture the spatial variability of the entire catchment, this project will use a number of mobile eddy
covariance devices including a fixed tower located in the centre of the catchment, as well the catchment
and subcatchment water balances.

The present chapter is based on the following scientific publication:

Hogan, P., Szeles, B., Rab, G., Oismueller, M., Pavlin, L., Parajka, J., Strauss, P., & Bloschl, G. (2022).
Hydrological Sciences Journal. Under review

4.2 Key Points

Spatial differences can be seen between subcatchments at different timescales. Seasonal patterns can be
seen between the eddy covariance stations due to changes in land cover resulting from the agricultural
land use cycle due to the variations in leaf and root area density during the growing season. At the
subcatchments, annual differences in evaporation connected to the presence of vegetation with roots
connected to the groundwater result in higher evaporation estimates than at wetland subcatchments,
which tended to dry out in drier years.

Year to year variability in monthly evaporation measured by the eddy covariance stations was driven
primarily by net radiation and temperature. Precipitation was the main driver of annual water balance-
based evaporation estimate, versus net radiation for the annual eddy covariance-based estimate method.

Year to year variability of the catchment evaporation methods is consistent when storage and leakage
are estimated during years with above average precipitation.

4.3 Abstract
The measurement and modelling of evaporation (£) poses several challenges at all scales due to the
heterogeneity of surface and atmospheric conditions. At the small catchment scale E is usually
estimated by modelling or upscaling measurements made at a single point which may not be
representative for the entire catchment, because the spatial patterns of evaporation and their drivers are
rarely known.

In this study distributed evaporation measurements are made and combined with solar radiation,
precipitation, discharge and soil moisture data to study the patterns of £ in the 66 ha Hydrological Open
Air Laboratory (HOAL) in Petzenkirchen, Austria. A network of three meteorological stations equipped
with eddy covariance devices, consisting of two semi-mobile tripods and a fixed tower, are used to
measure £ at a number of different locations within the catchment for 8 years. Discharge measurements
at the tributaries and outlet of the main catchment allow for £ to be estimated for 6 subcatchments using
the water balance method.

Year to year variability in monthly £ measured by the eddy covariance stations is found to be driven
primarily by net radiation (R? = 0.91 and 0.85 for the central weather station and mobile stations
respectively) and temperature (R2= 0.77 and 0.74) and annual E by net radiation (R2 = 0.50). Year to
year variability in water balance-based E estimate (R = 0.81) was driven by precipitation. The two
methods are found to be consistent when the storage and leakage are accounted for with R2 = 0.80,
while R2 = (0.37 if storage and leakage are not considered.

Spatial differences can be seen between subcatchments at different timescales and are consistent
between the methods. The largest differences (up to 50 mm/3 months between the eddy correlation
stations) occur during the adult stages of crop development and during periods of low soil cover due to

40



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

agricultural land use. In the agricultural and forested subcatchments £ is higher than in wetland
subcatchments because of the presence of vegetation with roots connected to the groundwater resulting
in higher £ estimates while the top soil layer of the wetlands tends to dry out more quickly in dry years
and becomes disconnected from the atmosphere.
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4.4 Introduction

Evaporation (F) is one of the most important processes in describing the land surface- atmosphere
interactions as it connects the energy and water balances. Knowledge of the spatial variations in E is
important for agricultural water use and conservation at a local level and for improving estimates of
regional water balances at larger scales (Bastiaanssen et al., 2005).

Research on E can be roughly divided into five spatial scales of study: global and continental scales,
regional scales, meso-scale (~20-500km?), field/canopy scales and leaf scale. Each scale requires
different methodology in order to estimate £, with significant differences in the spatial and temporal
limitations and accuracy between the methods. At the field scale £ can be measured directly providing
increased temporal resolution, however the heterogeneity of the terrain and vegetation imposes a spatial
limitation on the estimates (Shimzu et al., 2015). In order to bridge the gap between the meso-scale and
the field scale this heterogeneity must be accounted for. A combination of ground-based measurement
systems and remote sensing imagery or upscaling has frequently been used. The SMACEX and
BEAREXO08 experiments used eddy covariance towers and remote sensing temperature and vegetation
products to investigate £ in agricultural catchments over short term periods, finding spatial and temporal
differences between the different crop types (Kustas et al. 2005; Anderson et al., 2012). Prueger et al.
(2005) measured spatial and temporal variations due to differences in canopy cover and soil moisture
between maize and soy crops, with the Bowen Ratio of maize being twice that of soy at the start of the
experiment before converging due to increased precipitation (P) and leaf area as the crops approached
maturity. Hssaine et al., (2021) estimated large spatial variations in latent heat flux (LE) using soil
moisture remote sensing products in combination with Landsat imagery, with differences of up to
500 Wm-2 between vegetated and bare fields. Armstronget al. (2019) used thermal and visible images
from an unmanned aerial vehicle and eddy covariance measurements to estimate £ according to net
radiation (Rn) across a mixed wetland/agricultural area for one day, reporting lower rates of mean daily
E where vegetation was less dense and higher rates were associated with densely vegetated areas and
wetland fringes. Long term studies of the spatial differences in £ at the small catchment scale are
however lacking.

The catchment water balance method can also be used to estimate interannual spatial and temporal
variability in E at various scales. While good convergence of the catchment water balance and eddy
covariance methods in smaller catchments has been reported (Wilson et al., 2001; Denager (2020),
considerable variability may be found on a year-to-year basis with Scott et al. (2010) reporting a range
of -10 to 17%. In addition, storage and leakage might become non-negligible in smaller catchments
with Tie et al. (2018) reporting water balance-based estimates of £ over 100 mm higher compared to
eddy covariance-based, which they postulated might be due to subsurface runoff. At this scale the water
balance is evaluated over the entire catchment area, however, the gauging of tributaries could be used
to provide spatial information on the variability of £ on a subcatchment basis.

To utilise information on the spatial patterns of £ the spatial and temporal drivers must also be known.
These can vary between climate and ecosystem. At regional scales in arid and semi-arid areas landuse
(Bouwer et al., 2008) and P (Valayamkunnath et al., 2018) are identified as key spatial and temporal
drivers, while in humid areas the drivers of the variability are more complex, with wind speed, humidity,
precipitation, soil moisture, temperature, solar radiation and landuse (Xu et al., 2006; Zhanget al., 2010;
Jiang et al., 2018) all being variously reported as responsible for variations in evaporation. Less is
known about drivers at the small catchment scale, as intensive measurement campaigns tend to be of
short duration. Hatfield et al. (2011) found that short term spatial variation among different crop fields
could be attributed to variations in solar radiation due to cloud cover, precipitation, and soil water
availability due to soil type and rooting depth.

Most studies investigating the spatial patterns of £ tend to be of limited duration or temporal resolution
due to the high instrumentation requirements or limited to regions with good climatic conditions for
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remote sensing imagery with few long-term studies available. Accordingly, the objectives of this paper
are to investigate (1) the spatial patterns of evaporation and (2) their drivers, in a small agricultural
catchment at monthly to yearly timescales. The work is based on 8 years of eddy covariance and water
balance measurements at the Hydrological Open Air Laboratory (HOAL) in Petzenkirchen in Lower
Austria, Austria.

4.5 Materials and Methods

4.5.1 Experimental Site

The HOAL is located in the western part of Lower Austria (15° 9" E, 48° 8' N) (Bloschl et al., 2016). It
is an agricultural catchment, 66 ha in size with the majority of the land being used for crops (87%), with
a smaller amount being used for forest (6%) and the remainder consisting of meadow (5%) and paved
surfaces (2%). The catchmentaltitude ranges from 268m to 323m with a mean slope of 8%. There is a
large degree of variation in the soil composition throughout the catchment with clay content varying
from 6-39%. The main catchment area, which is drained at the outlet MW, can be divided up into a set
of subcatchments with different runoff generation mechanisms. The stream at the riparian section of the
catchment is fed by the inlet Sys4, which drains the upper part of the catchment. Sys4 receives
contributions from two tile drainage systems, resulting in it displaying similar characteristics to the two
perennial tile drainage subcatchment Sys2. Sys3 has the characteristics of a mixed tile drain/wetland
area while A2 is a perennial system with quick event runoff from wetlands. Sys1 is identified as a deep
aquifer spring located on the east side of the stream bank. Frau2 is a tile drainage system with ephemeral
flow characteristics which drains a part of the agricultural field west of the stream. A part of this network
south of Frau2 stopped functioning in 2014 and is not included in this analysis (Figure 4.1).
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Figure 4.1: Map of the catchment and instrumentation network. The locations of the temporary eddy
covariance stations are numbered 1 - 5 according to Table 4.1, while the central weather station is
marked as WS. Subcatchment areas are displayed as shaded areas, with maximum and minimum areas
shown for each subcatchment. Minimum areas are highlighted as a darker shade. Maximum
subcatchment areas are delineated according to topography, while minimum areas exclude areas which
may be affected by local drainage networks.
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Figure 4.2: Monthly values of the (a) deviation from the average monthly temperature, and (b)
deviation from the average monthly net radiation sum.

The mean annual temperature (7) at the catchment ranged from 9.4 - 10.7 °C over the course of the
experiment with an average of 10.1 °C. Annual Rn varied from 1.01 - 1.23 MW/m? with an average of
1.14 MW/m?2. Figure 4.2 shows the deviation from (a) the average monthly 7and (b) Rn. 2013 and 2014
recorded below average values for the summer months, with 2018 and 2019 having the warmest
growing seasons.

4.5.2 Instrumentation and measurements

The weather station at the centre of the catchment is equipped with three temperature and humidity
sensors (HMP - 155, Vaisala) at 2 m, 5 m, and 10 m heights, three wind sensors (Windsonic 232, Gill)
at2 m, 5 m, and 10 m heights, a4 - component net radiation sensors (CNR-4 Kipp and Zonen) and from
2012-2013 and 2015 - 2020 two soil heat flux plates (HMPO1, Huskeflux). The meteorological data is
measured at 1 -5 second frequency and 1 - and 30-minute averages are calculated and stored on
CR3000 datalogger (Campbell Scientific).

E is measured at the catchment using a network of 3 eddy covariance devices, two open-path systems
(IRGASON, Campbell Scientific) and one closed-path (EC-155, Campbell Scientific), from September
2012 to present. At the weather station an IRGASON (Campbell Scientific) open path eddy covariance
sensor was installed on a 10 m tower at a height of 2.7 m and an orientation of 270° on the 1/8/2012.
This was then replaced on the 26/8/2015 by the closed path eddy covariance sensor. The two other eddy
covariance devices were installed at various locations on tripods (Figure 4.3) within the catchment
according to the agricultural crop rotation (see Table 4.1). In 2014 and the first half of 2015 the soil
heat flux plates were installed alongside the closed path device at locations 2 and 3. The installation
heights of the devices were adjusted in relation to the surrounding vegetation, to control the footprint
size.

Table 4.1: Installation details of eddy covariance sensors (see Figure 4.1 for locations)

From To Location Device type | Installation | Direction
height (m) ©)
1/8/2012 26/8/2015 1 IRGASON | 2.7 270
26/8/2015 ongoing 1 EC155 2.7 270
1/1/2014 1/1/2015 2 EC155 2.7 270
1/1/2015 26/8/2015 3 EC155 2.2 270
26/8/2015 4/8/2016 3 IRGASON | 2.2 270
1/6/2015 ongoing 4 IRGASON | 3.5 270
4/8/2016 ongoing 5 IRGASON | 4.5 180
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Measurements of the three-dimensional wind speed and water vapor density (IRGASON) /water vapor
mixing ratio (EC155) were made at 10 Hz and saved on a CR3000 datalogger (Campbell Scientific).
The raw measurements were then processed to sensible and latent heat fluxes online and the raw data
and fluxes from the weather station are transferred directly to a desktop computer across a fiber optic
network cable.

‘L-Aft-: g7 2y Ty,

Figure 4.3: Eddy covariance system (IRGASON) mountedon a 2.5 m tripod at a mobile station.

From 2013 - September 2015 fluxes were processed offline using the Eddy-Covariance Software TK3
from Bayreuth University (Mauder and Foken, 2011). After September 2015 the fluxes were calculated
online at the dataloggers using the EasyFlux software from Campbell Scientific. This was done to
reduce data loss due to problems with the CF storage cards malfunctioning at the dataloggers; as the
processed fluxes have a much lower storage space requirement than the raw data, they could be stored
locally in the logger memory. Measurements with a low signal strength or spikes as flagged by the
device are removed by the softwares before calculating the covariances. The covariances are calculated
for a 30-minute averaging period. During the processing of the fluxes a number of corrections are
applied to the calculated covariances:

(1) A double rotation of the coordinate system

(2) The Moore correction for low-frequency response (Moore, 1986)

(3) The sonic air temperature correction for the sensible heat flux (H) (Schotanuset. al 1983)
(4) The WPL correction for air density fluctuations (Webb et al. 1980)

The LE data from the closed-path sensor was foundto be unreliable, as the optical lenses of the infra-
red gas sensor are quickly obscured by dust particles not filtered by the device intake, resulting in a
non-linear decrease in signal strength of the water vapor mixing ratio which cannot be later corrected.
The LE at this location is instead calculated from the energy balance using A, Rn, and the soil heat flux
G.

Rn—G=LE+H A.1)

In Eq (4.1) storage of energy in the air and vegetation is neglected on account of the low measuring and
vegetation heights. In addition, lateral advective fluxes are not considered here, as there is no irrigation
taking place in the catchment which could result in large temperature gradients between fields during
dry conditions. To take into account the lack of energy balance closure (see 4.6.1), all components of
the energy balance were measured at thesite in 2013 (Section 3.1) and the measured closure (26%) is
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subtracted from the available energy (Rn - G). The processed fluxes are then controlled for implausible
values ( -30 > LE > 500, -100 > H> 700) and the LE is converted to evaporation rates.

When no data was available due to a failure of the device, 30-minute daytime gaps were filled using Rn
when available. From the last good quality LE value, the LE/Rn ratio was calculated and used to fill LE.
Daily gaps were filled using the FAO-56 Penman Monteith method (Allen, 1998).

The measurements from the individual eddy covariance stations are upscaled to the catchment area
according to the landuse corresponding to each sensor; assuming that local differences in soil moisture
between the different fields were small so that £ measured at one landuse was valid for all similar fields
in the catchment, and that the riparian zone had a E rate of 1.1 times the grassland meadow at the
weather station, due to its predominantly forested vegetation with wet understory cover, estimated from
a modified crop coefficient for tree plantations from Fischer et al. (2011) and the crop coefficient for
small-vegetation-wetland from Allen et al. (1998).

In this study precipitation time series (P) observed by four weighing rain gauges distributed throughout
the catchment for the period 2013 - 2020 were used. For the water balance calculations, the one-minute
observations of the four sensors were averaged and then summed for every hour. As this is a lowland
catchment, relatively small amounts of snowfall occur each year with less than 5 days of snow cover
reported in 2014, 2015, 2016 and 2020. In the remaining years, an average of 15 days snow cover was
observed, with an average snowfall of ~10 cm occurring 2 times per year. As these are relatively small
amounts, a further analysis of snow cover was not considered in this study. Runoff time series were
observed at the catchment outlet and at 6 tributaries (Figure 4.1). Runoff was monitored at the outlet of
the catchment (MW) by a calibrated H-flume with a pressure transducer, while at the inlet (Sys4), the
tile drainage systems (Fraul and Sys2), the deep aquifer tile drain (Sysl1), the tile drain/wetland (Sys3)
and at a wetland (A2) H-flumes and pressure transducers are used to monitor the flow. In 2019 the
flumes at the tributaries were upgraded. Details on the sensors are found in Bloschl et al. (2016), while
the runoff generation mechanisms are described by Exner-Kittridge et al. (2016) and Szeles et al.
(2018). For the water balance calculations, the one-minute observations were averaged for every hour
and scaled by the (sub)catchment area. The subcatchment areas were delineated according to
topography. However, there is some uncertainty regarding the true size of certain subcatchments as the
local drainage networks may divert water from the outer fields out of the subcatchment. For this reason,
minimum and maximum areas, referred to as min and max, have been used in this study for these
subcatchments.

Soil moisture (SM) was measured using a soil moisture sensor (Spade TDT, Jiilich) located at the
weather station with sensors located at 5, 10, 20 and 50 cm depths below the ground surface. The
groundwater level in the riparian zone along the stream is monitored using 19 piezometers, with a
temporal resolution of five minutes. As the groundwater levels in the riparian zone close to the stream
are generally higher compared to the catchment average groundwater levels which might introduce a
bias, 8 piezometers were installed in deep boreholes further away from the stream on the hillslopes and
valley bottom of the catchmentin 2017. A good agreement was found between the dynamics of these
boreholes and the riparian zone piezometers, indicating that any potential bias in previous years would
be small. The storage change at the catchment was estimated by first calculating the mean January
ground water level at each station. The change in level from year to year was then calculated and
multiplied by a specific yield value of 0.025 to get the yearly storage change value. These values were
then interpolated using Thiessen Polygons and the mean change was then calculated over the entire
catchment. Ordinary Kriging was also used delivering similar results for most years, however
since there are very few points on the edges of the catchment area, which might affect the kriging
method, the Thiessen method was preferred for the full analysis.
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4.5.3 Crops and growing seasons
The crops grown are predominantly corn, winter wheat and rapeseed. Figure 4.4 shows the landuse in
each field from 2013-2020 and the locations of the eddy covariance stations. Winter crops are generally
planted in late October/ November and harvested in July. Maize crops are sown in April and harvested
in September/ early October depending on the weather conditions and the resulting moisture content of
the plants. Table 4.2 shows the planting and harvesting dates for fields in the immediate locality of the
eddy covariance stations.

Table 4.2: Planting and harvesting dates for the winter and summer crops at mobile eddy covariance

device locations.

Year Winter crop Surgmer crop | Summer crop harvest
harvest sowing date date

2013 18th Jul. 10th May Ist Oct.

2014 Ist Jul. 4th Apr. 30 Sep.

2015 10th Jul. 15 - 24th Apr. 7 - 15th Sep.

2016 23rd Jul. 25 - 27th Apr. 30th Sep. - 14th Oct.

2017 14th Jul. 22nd Apr. 25th Oct.

2018 - 20th Apr. Ist Oct./25th Sep.

2019 30th Jun. 16th Apr. 27th Sep.

2020 7th Jul. 11th Apr. 24th Sep.
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Figure 4.4: Main crop type for each field from 2013 - 2020. Locations of eddy covariance stations
marked with black diamonds.
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4.6 Results

4.6.1 Energy balance closure

To estimate the reliability of the eddy covariance measurements the energy balance closure is analysed.
By measuring all the components of Eq. (4.1) and performing a linear regression of the fluxes measured
by the eddy covariance device (LE + H) against the available energy (Rn — G) the extent of the closure
of the energy balance can be estimated.

Using the most complete data set the energy balance was calculated at the central tower for the year
2013 and is shown in Figure 4.5. The regression line slope of 0.74 (R2 = 0.93) falls within the commonly
reported range of 10 — 30 % missing energy (Eshonkulov et al., 2019; Leuning et al., 2012; Wilson et
al., 2002). The analysis was performed for one entire year to avoid a seasonal bias, however, the
possibility of differences on an inter-annual scale cannot be excluded. As the soil heat flux plates were
removed in 2014 it was not possible to extend the analysis for longer than one year. Various reasons for
the commonly reported imbalance have been put forward (Foken 2008; Leuning et al., 2012; Mauder
et al., 2020) e.g., errors in the eddy covariance measurements and flux corrections, neglection of the
heat storage in the air, underestimation of the soil heat flux as the storage in the final centimetres cannot
be accurately measured, or secondary circulations. Imukova (2016) found for an agricultural catchment
at a similar latitude and climatological conditions (Mean annual temperature between 9 and

10 °C and precipitation between 730 and 830 mm) that the latent heat flux is not a major component of
the energy balance gap. It is possible to force the energy balance closed by attributing the missing
energy to the sensible and latent heat fluxes; however considerable uncertainty remains as to the
suitability of the various closure models. As it is not possible to attribute the lack of closure at the
catchment to any definite cause and considering the results of Imukova, the latent and sensible heat
fluxes were not corrected to close the energy balance in this study, as in other similar studies (Tie et al.,
2018; Zhang et al., 2014).
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Figure 4.5: The sum of the turbulent fluxes (i.e., the sum of the latent heat flux and the sensible heat
flux, LE + H) versus the available energy (net radiation minus the soil heat flux, Rn - G) for the year
2013.
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To check the appropriateness of using the energy balance to calculate LE using H and a closure factor,
the LE measured at the eddy covariance device installed at the central tower was compared with the LE
calculated using H measured at the same device for 2013. The two methods compare well with yearly
totals of £ of 391 mm and 374 mm for the measured and calculated LE respectively. The difference
between the monthly totals of £ varied between -13.2 and 13.4 %, and -8.6 and 9.1 mm for the period
April - September. To determine differences between the different types of eddy covariance device, an
open-path and the closed-path device were installed together at the tower for one week in March 2015
and the calculated sensible heat fluxes compared. Minimal difference was found between the two
devices, with a scatterplot comparison giving a R2 coefficient of 0.97 and a slope of 0.974.

4.6.2 Evaporation

Annual £ at the weather station ranged from 575.3 — 380.3 mm/year with an average of
505.5 mm/year. Maximum daily rates of £ varied from 3.1 mm/day in 2014 to 5.6 mm/day in 2015.
The relationships between monthly E and the environmental conditions at the catchment are shown in
Figure 4.6. Excluding months with a large percentage of gap-filled values, net Rn (R? = 0.91) and air
temperature (7a) (R? = 0.77) are the best correlated with monthly £ measured by the eddy covariance
station, with almost no correlation with P (R? = 0.08) and a limited correlation with SM (R? =0.34). At
the annual timescale, the highest correlation was found for Rn (Rz= 0.50, not shown in figures).
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Figure 4.6: Scatterplots of (a) monthly sum of precipitation, (b) monthly mean temperature (c) monthly
sum of net radiation and (d) monthly mean soil moisture versus the monthly sum of evaporation at the
weather station.
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Figure 4.7 shows the daily F rates at each eddy covariance station for the years 2014 - 2020. From
January - March E rates are low with only small differences between the stations. From April onwards
the station located at the winter wheat field starts to measure much higher E rates as the crop starts to
grow, while the grassland weather station also shows an increase in £. From April to May the maize
field is bare, resulting in low levels of £ as soil moisture decreases with only a small increase in response
to a precipitation event in the middle of April. £ rates continue to increase at all stations from May
onwards with the highest rates being measured at the maize field until the winter wheat crop is harvested
at the beginning of July. From July - September the highest rates are measured at the fully grown maize
field until it is harvested at the beginning of October, with much reduced rates measured at the bare
winter wheat field. From October onwards a catch crop is grown at the winter wheat field to provide
soil cover and fertiliser, resulting in slightly higher £ values than at the other locations.

Seasonal differences can be seen between the different measurement locations in most years. In 2015
and from 2017 - 2020 daily differences of up to 2 mm/day of £ were measured between locations
adjacent to fields containing winter season crops and grassland and bare soil locations, while in 2017,
2018 and 2019 differences of up to 3.1 mm/ day were recorded between fields containing summer crops.
In 2014 and 2016 much smaller or no significant differences were seen between the locations, due to
the low evaporative demand in 2014 and the high soil moisture during the summer months in 2016.
Comparing the tripod stations locations to the grassland weather station, Rn (R? = 0.85) and 7a (R? =
0.74) are again the environmental variables best correlated with monthly £, however, SM now shows a
much stronger correlation with E, Rz = 0.47 compared to 0.33 at the weather station while P also shows
increased correlation, it still remains much weaker than the other variables (R2=0.15).
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Figure 4.7: Daily sums of evaporation at each eddy covariance station (WS indicates weather station,
the other locations are indicated by the predominant crop type), precipitation (blue bars) and soil
moisture (black line) for the years 2014 - 2020.
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Figure 4.8: Tri-monthly maps of evaporation upscaled from each eddy covariance sensor by landuse
(mm /3 months) for the year 2020.

Based on this analysis the measurements from the eddy covariance network were then upscaled to the
entire catchment as outlined in section 4.5.2. Figure 4.8 shows tri-monthly maps of £ at the catchment
for the year 2020. The winter months show little variation across the catchment, with the largest
differences of ~50 mm measured in the July - September period.
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Figure 4.9: (a) Cumulative evaporation (mm) and (b) daily values of eddy covariance based catchment
averaged evaporation (mm /day) from 2013 - 2020
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The upscaled E values were then averaged over the entire catchment. Figure 4.9 shows the cumulative
and the daily values of upscaled £ (Eeis,) over the course of the study. Annual values of Eeds ranged
from 586.2 —420.0 mm/ year with an average of 514.5 mm/ year.

4.6.3 Catchment Water Balance
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Figure 4.10: The components of the catchment water balance displayed over the monthly distribution
of precipitation for the years 2012 - 2020. The red vertical bars show the monthly distribution of P for
each year. On the right axis the yearly sums of: eddy covariance evaporation Fessy (dark green line),
water balance evaporation Ews (light green line), outlet discharge Q (light blue line) and P (dark blue
line) for the entire catchment area are displayed for each year.

Figure 4.10 shows the yearly values of Eeisy and the components of the catchment water balance from
2012 - 2020, with water balance evaporation, Ews, calculated as the difference between precipitation
and discharge. Discharge was relatively constant throughout this period except for a very large increase
in 2013 resulting from a series of large P events in May and June, and a slight decrease in 2018 and
2019 due to lower P amounts. It can be seen that in years with low P amounts there is good agreement
between the two estimates, while in years with high P amounts thereis a clear difference between the
Ew» and Eeday. To investigate the possible causes for this difference the groundwater level and storage
in the catchment were studied. First the water balance was also calculated according to the hydrologic
year (1st Oct. - 30th Sep.) to minimise the storage changes. While this leads to improvements in the
closure from ~16 - 50 mm in 2014, 2017 and 2019, in the remaining years the closure is decreased by
similar amounts. Figure 4.11 shows the Ews - Eeday difference between the evaporation estimates against
the depth to groundwater level during the summer months. In the years with the smallest Ewp - Eeday
values the depth to the groundwater level was deepest, while in the years with the largest values of Ews
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- Feday the groundwater level was highest, indicating that some of the water was being stored in the
groundwater. The storage change was estimated and plotted against Ews - Eedsy in Figure 4.12. The
results suggest that in 2015, 2018, 2019 and 2020 the change in storage can account for the difference
between the E estimates. With the exception of 2020, this corresponds to the years with lower P
amounts. In the years 2017, 2016 and 2014 however, where higher P amounts were measured, the
storage change can account for only 41 %, 19 % and 13 % of the discrepancy, while in 2013 the storage
change is positive.
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Figure 4.11: The yearly gap between the water balance based and the eddy covariance based
evaporation estimates plotted against the summer/ early autumn average (June - September) depth to
groundwater level measured at a deeper riparian piezometer (HO1).
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Figure 4.12: The yearly gap between the water balance based and the eddy covariance based
evaporation estimates plotted against the yearly catchment averaged storage change.
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4.6.4 Subcatchment Water Balances

The evaporation was also estimated for each subcatchment using the water balance method. Figure 4.13
shows the average E for each subcatchment from 2014 - 2019. Due to the change in measurement flume
in 2019, most of the subcatchments did not give plausible £ estimates in 2020 and are not included in
the calculation. The largest estimates are from the subcatchments corresponding to agricultural (Sys4-
Max, Frau2) and mixed forest-agriculture (Sys3-Max) landuse.

The yearly values of E estimated using the subcatchments/ water balance (Esus), and by the eddy
covariance measurements/ landuse (Er) are compared in Figure 4.14. With the exception of Sys4-Max
which gives consistently higher estimates of F, the two methods give reasonably similar results. The
spatial distribution of Ews is quite homogenous in the eastern side of the catchment along the riparian
zone, with only small differences between the subcatchments (A2, Sys2, Sys3-Max) in most years. £
ranges between 509 - 521 mm in 2017 and 505 - 536 mm in 2018, while in 2015 the A2 catchment dried
out over the course of the summer due to the low amounts of P resulting in a lower £ estimate of
450 mm compared to 526 and 506 mm for the Sys2 and Sys3-Max catchments.
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Figure 4.13: Average yearly precipitation and evaporation E (2014 - 2019), calculated from the
catchment water balance for the entire catchment (Ewb), for each subcatchment, and the catchment
averaged eddy covariance based estimate (Ecddy).
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Figure 4.14: Yearly maps of (left) evaporation upscaled from each eddy covariance sensor by landuse
and (right) subcatchment water balance method-based evaporation for each tributary, for years where
the catchment water balance residual < 100 mm.
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Figure 4.15: Scatterplots of subcatchment water balance ET versus (a) precipitation and (b-g)
evaporation £ measured at the most representative eddy covariance station. Squares represent maximum
catchment area estimates and triangles minimum catchment area estimates, with individual years
coloured according to: 2013 (black, for the catchment outlet MW only), 2014 (yellow), 2015 (red), 2016
(green), blue (2017), grey (2018), 2019 (brown, MW only), 2020 (purple, MW and Sysl1 only).
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Each subcatchment is compared with the most representative eddy covariance landuse estimate in
Figure 4.15. A2 shows a slight correlation with measured E from the grassland area (R2=0.27). In 2016
and 2017 only very small amounts of runoff were measured. Sys 1 shows no correlation with measured
E. There is also a gradual decrease in the ratio of precipitation to runoff from 2013 - 2018. Sys3-Min
showed a much higher correlation with measured E than Sys2 and Sys3-Max (R? = 0.35 versus R? =
0.19 and R2=0.03). Sys3-Min also estimates similar levels of £ on a yearly basis compared to the
catchment average £, with Sys2 and Sys3-Max only providing similar estimates for 2015, 2017 and
2018. There is a large uncertainty in the catchment area for Sys4. The maximum catchment area was
more strongly correlated with E measured over the crop fields compared to the minimum area (R? =
0.32 versus R2 = 0.18), however Sys4-Min shows much better agreement in yearly E. This might
indicate that the minimum catchment area is more representative for the subcatchment than the
maximum area, with the higher £ estimates being a product of the larger surface area. Frau 2 is a tile
drainage system within a crop field. As it is mainly activated during rainfall events with only a small
base flow, it results in low amounts of measured runoff and hence high £ estimates.

4.7 Discussion

At the daily and monthly timescales, spatial patterns can be seen between the eddy covariance stations.
These are due to changes in land cover resulting from the agricultural land use cycle, and resulting
variations in leaf and root area density. The largest differences, up to 3 mm/ day (Figure 4.7), are seen
between bare fields and fully grown crops during dry summer months (July- September). This is
consistent with other studies conducted over shorter time periods, with Hsseine (2021) reporting
differences of greater than 4 mm/day between harvested and irrigated fields in a semi-arid climate.
From late autumn to early spring, E rates tend to be low due to the reduced temperature and incoming
solar radiation and only small spatial differences are measured between the stations, as the low amounts
of evaporation results in a homogeneous soil moisture distribution across the catchment. Zhang et al.
(2010) reported similar differences between seasons in reference evapotranspiration when modelled at
the basin scale, with low variation from Dec - February and highest from May - August. At the annual
scale, reduced patterns of E are found between fields, as the higher E rates during the vegetated periods
tend to be balanced out by the reduced rates during the non-vegetated periods.

At the subcatchments located primarily within the riparian zone (Sys2, Sys3 and A2) annual differences
in E connected to the presence of permanent vegetation with roots able to access the groundwater result
in higher E estimates than at the grassland-wetland subcatchment (A2), which tended to dry out in drier
years, as in 2015. In the following years the larger precipitations amount of 2016, 2017 and 2018
gradually recharged the subsurface aquifers, resulting in runoff occurring here again in 2018. Sys 1
shows no correlation with measured ET. There is also a gradual decrease in the ratio of P to runoff from
2013 - 2018. Following this and the findings of Exner-Kittridge et al., (2016) and the chemical
composition analysis Sys1 can be characterised as a deep aquifer system. There is a large groundwater
component to the runoff which is independent of the dryness of the unsaturated zone, resulting in Sys1
being unaffected by the meteorological drivers of evaporation. This is in contrast to the nearby A2
where the contributing flowpaths run closer to the surface. The large level of disagreement between the
two catchmentareas for Sys3, with Sys3-Min providing a more similar £ estimate to eddy covariance
E in certain years and Sys3-Max in others, would suggest that the catchment area is changing from year
to year. Szeles et al. (2018) found that the vegetation influence on streamflow during rainless periods
is higher at Sys3 compared to Sys2. This was explained by the difference in soil types and dominant
trees species; at Sys3 the soil is well watered, and the roots of the trees are well connected to the
groundwater levels. Sys4 runs through the entire year with a comparatively high base flow component,
while the catchmentarea is covered predominantly by crop fields. Sys4-Max gives considerably higher
estimates of £ than Sys4-Min. As the crop fields have a larger influence on the subcatchment water
balance than at the other subcatchments, there is good agreement between the catchment average and
water balance estimates for years with relatively low P and high £ (2015, 2017, 2018 and 2019).
Combined with the large groundwater component, this results in this tributary behaving similarly to the
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main catchment. Due to the low but permanent runoff during the entire year, Frau?2 is partly influenced
by evapotranspiration from the crops, which are the dominant landuse type for this subcatchment,
showing a lower correlation to measured £ compared to Sys4.

Interannual differences of -13 — 27% were measured between the upscaled eddy covariance and water
balance methods, which falls outside the -10 to 17% range reported by Scott (2010) over a 5-year period
and -7 — 11% estimated by Denager et al. (2020) over a 3-year period. In these catchments however no
significant groundwater flow or storage was reported. Tie et al. (2018) found differences 20% which
were attributed to groundwater flow. When storage and leakage are estimated during years with above
average P, year to year variability of the catchment evaporation methods is consistent (RZ= 0.80 when
accounted for versus R = 0.37 when not).

In this study E was upscaled according to landuse and crop type, assuming that the £ measured at an
eddy covariance station in a certain crop type is valid for other fields within the catchment with the
same crop. Net radiation and temperature were found to be the main drivers of monthly £ measured by
the weather station and mobile eddy covariance stations, with almost no correlation with P. The biggest
difference between the stations was found to be due to soil moisture, with the mobile stations showing
a larger correlation than the weather station. The landuse at the weather station is meadow which is
subjected to minimal management. This results in a lower dependency on soil moisture for evaporation
compared to the mobile stations where the crops are regularly harvested, resulting in bare surfaces
where the evaporation is limited by the soil moisture near the surface. At the field scale global radiation
was also found to be the main environmental driver of crop transpiration by Gao et al. (2010) and Zhao
(2016). At the annual timescale, Rn was also the main driver for the eddy covariance-based estimate
method (R2= 0.50), however P was the main driver of the water balance-based E estimate (RZ= 0.81).
At the field scale Mo et al. (2004) and Hatfield et al. (2007) observed that spatial variation in Rn and P
due to cumulus clouds and the resulting variation in energy and soil moisture lead to patterns in £
between fields of the same crop type across a small watershed. Due to the much smaller size of our
catchment (66 vs 5,400 Ha) and with cumulus clouds having a typical linear dimension of 3-10 km
(Weisman and Klemp, 1986), it is unlikely that such variation could affect the upscaling. This
assumption also assumes that there is only minimal variation in soil moisture within each field. While
a soil moisture network is installed within the catchment the number of stations located within the
agricultural fields is limited, and in addition these sensors must be removed and reinstalled before and
after land management practices.

4.8 Conclusions

In this study the spatial patterns of evaporation and their drivers in a small agricultural catchment were
investigated at monthly to yearly timescales. Spatial differences can be seen between subcatchments at
different timescales and are consistent between the methods. Seasonal patterns can be seen between the
eddy covariance stations due to changes in land cover resulting from the agricultural land use cycle due
to the variations in leaf and root area density during the growing season. At the subcatchments annual
differences in E connected to the presence of vegetation with roots connected to the groundwater result
in higher E estimates than at wetland subcatchments, which tended to dry out in drier years.

Year to year variability in monthly E measured by the eddy covariance stations was driven primarily
by net radiation and temperature. Precipitation was the main driver of annual water balance-based E
estimate, versus net radiation for the annual eddy covariance-based estimate method. Year to year
variability of the catchment evaporation methods is consistent when storage and leakage are estimated
during years with above average precipitation.

The results indicate that at daily and monthly timescales information on land cover and soil moisture is
important in order to correctly estimate E in catchments with agricultural vegetation, particularly when
E is sampled infrequently such as during satellite overpasses, as changes in landuse result in large
variations in E.
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5. Summary and conclusions

The objective of this thesis was to investigate the spatial patterns of evaporation in a small agricultural
catchment, focusing on how these patterns are formed and what their environmental drivers are, how
they change in time, and if we can further our understanding of these patterns by partitioning the
evaporation into transpiration and soil evaporation.

Chapter 2 tested if the stable isotope method can be used to partition evaporation in a maize field and
how the ratio of evaporation to transpiration changes in response to the environmental conditions on a
daily time scale. While the method had previously been shown to work well for crops with simpler
canopy structures such as rice and wheat, this experiment was the first to focus on using the stable
isotope for the more complex canopy structure of maize during the growth stage between seedling and
adult, where the canopy closes as the plant grows. Using sap flow sensors installed concurrently in the
field as a control, the method was shown to also be appropriate for maize. This study also provides
information for when the soil in a maize crop field has been wetted, which is the case for irrigated fields,
particularly as while the experiment was only of a short duration (nine days) there was a change in
conditions from dry to wetted followed by a drying out period. The amount of soil evaporation and
transpiration was dependent on the availability of soil water in the upper layer of the soil, with a general
pattern of a large decrease in the transpiration fraction following a precipitation event followed by a
period of increase, due to the drying out of the upper layer of the soil. Daily average values of
transpiration fraction varied considerably indicating that there was a large effect due to the precipitation
events. The temporal patterns of both evaporation and transpiration were much better correlated with
solar radiation than with vapor pressure deficit over the course of the experiment for the analysed sub-
daily time period (~10:00 - 17:30).

Chapter 3 went further into evaporation partitioning, comparing the different methods of Lagrangian
dispersion analysis and stable isotopes. While most partitioning methods require some sampling of the
soil or plants, and are therefore less reliable in heterogenous conditions, the Lagrangian dispersion
analysis method offers the possibility of partitioning evaporation using just sampling of the water
vapour within the canopy. The study showed that the two methods gave similar results, however, the
stable isotope method was found to return a much larger amount of usable data, as well as having a
lower variance. Thisis offset by the need for more additional measurements and analysis, as well as the
uncertainty due to the need for the Isotopic Steady State assumption. Different levels of precipitation
intensity give different soil evaporation responses, due to the different runoff levels and resulting
changes in soil moisture.

In Chapter 4 the spatial patterns of evaporation in the Hydrological Open Air Laboratory (HOAL) were
studied using spatially distributed eddy covariance evaporation measurements and subcatchment water
balances. Previous research has tended to be of a short duration, this study however was conducted over
eight years. The results show that the daily and seasonal patterns of evaporation in the agricultural area
of the catchment are strongly linked to the crop cycle, while at the yearly timescale the patterns of
evaporation tend to be averaged out, as each field goes through a complete cycle from fallow to crop
and back. However, when theriparian zone is included the influence of permanent vegetation results in
yearly patterns between the hydrological subcatchments in dry years (2015 and 2018). The
meteorological drivers of evaporation were also investigated, showing that year to year variability in
monthly evaporation measured by the eddy covariance stations was driven primarily by net radiation
and temperature. At the annual timescale, precipitation was the main driver of evaporation for the water
balance method, while net radiation was best correlated with the eddy covariance method. Year to year
variability of the catchment evaporation methods was found to be consistent during years with above
average precipitation, only when storage and leakage were included.

This thesis has advanced our knowledge of evaporation, its role in the water cycle, its spatial pattems
and its components, in small agricultural catchments. This work has provided an analysis of spatial
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evaporation using a unique long-term dataset, showing the importance of detailed landuse information
when small catchments are to be studied or modelled, with evaporation patterns forming according to
the crop cycle in the agricultural areas and the vegetation in the riparian zone. The results also show the
importance of, and provide a method for testing the water balance method for non-closure and leakage,
by measuring and upscaling the evaporation using the eddy covariance method and vegetation. Two
different methods of evaporation partitioning have been evaluated, providing direct insight into how the
transpiration ratio changes in a response to the environmental conditions and how detailed knowledge
of the crop growing stage, soil moisture and precipitation intensities are needed when estimating the
transpiration through modelling in order to correctly capture its dynamics. These studies provide a basis
for how the spatial patterns of transpiration and soil evaporation could be measured in a future study.

The findings of this study have many implications for hydrological and atmospheric modelling of
evaporation. At daily to seasonal timescales, singular measurements made over non-permanent
vegetation should be combined with model estimates of actual evaporation (e.g., calibrated Penman-
Monteith equation) and upscaled to the catchment scale in order to be representative. The importance
of detailed and updated landuse information is emphasised; outside of dedicated research areas landuse
data tends to be static, which in patchwork agricultural landscapes can result in incorrect evaporation
model estimates. Particularly in the case where the spatial landuse patterns combine with temporal
patterns of the main meteorological drivers, suggested from the results of this study as: net radiation,
temperature and precipitation. In the case of atmospheric simulations, particularly those with a spatial
scale appropriate for small catchments such as Large Eddy Simulation (LES), although the atmosphere
tends to smooth out surface properties, at the small catchment scale without detailed landuse
information the surface energy balance will be incorrectly partitioned leading to the generation of
different local atmospheric conditions. The results of Chapter 2 confirm the importance of global
radiation in controlling transpiration, while the Chapter 3 results suggest when modelling soil
evaporation and transpiration over short time periods, not only the total precipitation but also the
precipitation intensity or runoff data should be used to give the correct soil moisture and hence soil
evaporation response.

The findings also have implications from a practical viewpoint for evaporation measurement. At long-
term observation sites, measurement devices are frequently located at areas of permanent vegetation so
to ensure a continuous measurement record and so they may be easily maintained. When planning short-
term to seasonal length experiments however, the influence of patterns generated by the landuse cycle,
particularly non-permanent vegetation such as crops, needs to be taken into account when choosing an
installation site for the devices. For long-term observations in catchments consisting of different types
of permanent vegetation and/ or different runoff generation mechanism, singular measurements of
evaporation with a limited footprint, such as eddy covariance, should be used to support distributed
measurements, such as subcatchment gauging, by providing a control for evaporation for subcatchments
where the surface vegetation tends to become disconnected from the groundwater. Additionally,
evaporation estimated using water balance measurements should be controlled with alternative
evaporation measurements or model estimates in years with high amounts of precipitation. In areas with
pronounced topographical or soil texture differences, differences in the soil moisture content may result
in short term evaporation patterns following precipitation events when leaf area is low, either during
the early growing stages of densely planted crops or for crops with a wide row spacing. This could best
be measured at the seasonal time scale using Lagrangian dispersion analysis to investigate long term
patterns due to the lower sampling and technical requirements of the method, while for investigating
specific conditions at shorter timescales the stable isotope method is preferable.

The results of this study could be furthered by performing a similar measurement campaign in a non-
agricultural catchment with permanent vegetation, as the results of the subcatchment water balances
indicate that yearly patterns of evaporation can be seen between the subcatchments surrounding the
riparian zone. In agricultural catchments, further research could focus on sub-field scale pattern analysis
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using evaporation partitioning methods combined with a spatial analysis of soil moisture. By expanding
the experimental set-up of the stable isotope measurement system with additional intake ports and a
rainwater sampler the interception could be also estimated. Interception is highly variable within
complex canopies and difficult to measure. The integrated measurement footprint of the stable isotope
method would allow for more accurate quantification of the interception, enabling rigorous testing of
complex soil-vegetation-atmosphere models as well as improving the accuracy of the other partitioning
components. In both agricultural and non-agricultural catchments lysimeters could be included as part
of the measurement campaign as a complementary method for measuring evaporation. As lysimeters
have a small footprint in comparison to the eddy covariance method and have been shown to have good
agreement with catchment scale water balance estimates in small homogenous catchments, they could
be used for measuring evaporation in subcatchments where the eddy covariance method cannot be easily
applied, for example areas of high vegetation or where the eddy covariance footprint will not match the
subcatchment area due to wind direction or different composite landuse types.
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