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SUMMARY

This dissertation addresses the challenge of spring frost damage in fruit orchards. Frost
events during the growing season can cause significant damage to blossoms and young
fruit, leading to substantial yield losses. The study evaluates two protective strategies to
mitigate such damage: 1) the use of wind machines and 2) the manipulation of surface
vegetation. Both approaches are investigated through experimental observations and
conceptual modelling.

During a frost night, the surface cools radiatively, creating a stable stratified layer of
cold air between the fruit trees. In Chapter 2 , we investigate how wind machines break
down this stratification. Wind machines generate a jet that mixes warm overlying air
down to the vegetation and erodes the leaf boundary layer.

Using a grid of fibre optic cables, we demonstrated that the foliage reduces the jet
penetration to the ground. Multiple rotations (~ 15) were needed to reach optimal mixing,
and only the upper 30% — 60% of the canopy layer was well-mixed, depending on the
distance to the wind machine. As the foliage becomes denser throughout the season,
these effects become stronger.

Over every rotation cycle, leaves that radiatively cooled below air temperature are
warmed up to air temperature, as strong convective warming repeatedly dominates over
radiative cooling. Thinner flower petals closely follow air temperature, in contrast to
thicker shoots that show a strongly dampened response, as they act as heat reservoirs and
retain warmth from daytime heating.

However, below-zero plant temperatures are not per se lethal to plant organs. Frost
damage results from extracellular ice formation, which increases solute concentration
outside the cells and drives water out, causing severe dehydration and potential cell death.
Whether a flower or bud survives depends on the extent of damage to vital tissues and the
regenerative capacity of remaining cells.

In Chapter 3, we explore the potential of using thermal cameras to detect freezing
events for field applications, by measuring the exotherm released as ice crystals form.
The temperatures at which damage occurs are currently determined under controlled
conditions in cold chambers. These chambers are not always representative of the outside
conditions. We show that thermal cameras have a high potential for in situ monitoring
and can thus be applied to study frost formation during actual frost conditions in the
field.

Since the cooling originates at the surface, another frost mitigation technique is to
suppress the surface cooling. An airy cover crop works as an isolator, limiting energy
exchange between air and soil. Growers therefore often keep the grass short to enhance
energy release at night. To understand the effect of grass height in an orchard setting,
we must first understand the effect of grass height in an open field. This is the topic of
Chapter 4.

ix



X SUMMARY

Using distributed temperature sensing (DTS) cables, we record temperature gradients
within and above the grass layer, revealing a transition from classical logarithmic profiles
to near-linear behaviour within the lowest 1 — 2 m above the surface. Inspired by the Van
Driest formulation for velocity gradients over smooth surfaces, we derive an analogous
temperature-gradient model that introduces a length scale tied directly to vegetation
dimensions. The model provides an improved, more robust description of near-surface
temperature profiles above the vegetation canopy.

An accurate description of the conditions near the surface is not only important for
surface sensible heat fluxes, but also for predictions of the surface latent heat fluxes. In
Chapter 5 the Penman-Monteith (PM) model, widely used for estimating evaporation, is
evaluated against long-term eddy covariance (EC) data from grassland and forest sites.

PM tends to overestimate evaporation under high radiation, temperature, and low
humidity. Possible explanations include EC underestimation of high fluxes, inadequate
representation of leaf-level processes (e.g., stomatal behaviour and leaf boundary layer
conductance), and the model’s omission of canopy-atmosphere decoupling.

The findings of this thesis highlight the importance of considering air-vegetation
interactions for both applied and fundamental research. In ’complex’ fruit orchards,
cover crops alter ground-atmosphere energy exchange, while tree rows can block air flow
and create thick leaf boundary layers. Varying leaf shape, organ thickness, and water
content determine variations in thermal inertia, while freeze tolerance changes through
the seasons, leading to spatially and temporally changing frost risk. Above 'simple’ grass
canopies, surface energy transport is often modelled too simplistically. Grass too, disrupts
and blocks air flow, and has strong thermal insulation effects. Neglecting to consider this
results in erroneous surface temperature estimates, and can translate into disagreement
between evapotranspiration models and measurements.

These insights emphasise that vegetation is far from a passive backdrop, but actively
governs microclimate and surface processes. Recognising this may improve crop protec-
tion from both abiotic and biotic stresses, support more sustainable agriculture, and help
to meet the rising food demand in a changing world.



SAMENVATTING

Dit proefschrift gaat over vorstschade in fruitboomgaarden. Nachtvorst tijdens het groei-
seizoen kan leiden tot aanzienlijke schade aan bloemknoppen en jonge vruchten, wat een
directe impact heeft op de opbrengst en kwaliteit van het fruit. In dit onderzoek richten
we ons op twee methoden om deze schade te beperken: 1) het gebruik van windmachines
en 2) het "manipuleren"van de bodembedekkers. Daarbij maken we gebruik van zowel
veldexperimenten als conceptuele modellen.

Tijdens een vorstnacht koelt het oppervlak af door uitgaande langgolvige straling. Dit
creéert een stabiele koude luchtlaag die tussen de bomen blijft hangen. In hoofdstuk
2 onderzoeken we hoe windmachines deze stabiele laag afbreken. Een windmachine
genereert een sterke luchtstroming, een zogenoemde jet, die ervoor zorgt dat de relatieve
warme lucht die boven de bomen hangt, wordt gemengd met de koude lucht tussen de
bomen. Hierdoor warmt de lucht rondom de kwetsbare bloesem dus op. Daarnaast zorgt
deze jet ervoor dat de grenslaag rondom de bloemen en bladeren wordt weg geérodeerd.

Met een raster van temperatuurmetingen langs glasvezelkabels hebben we laten zien
dat het gebladerte de jet blokkeert. Meerdere rotaties van de windmachine waren nodig
om de lucht maximaal te mengen, en slechts de bovenste 30-60% van de lucht in de
vegetatie werd goed gemengd, afhankelijk van de afstand tot de windmachine. Door het
groeiseizoen heen werd dit effect sterker, aangezien er meer en groter blad aan de bomen
kwam.

Daarnaast hebben we laten zien dat de bladeren kouder worden dan de lucht door
langgolvige stralingskoeling. Tijdens een rotatie van de machine warmen de bladeren
op tot luchttemperatuur en koelen vervolgens weer af. Dit is anders voor bloemen, die
met hun dunne blaadjes de luchttemperatuur nauw volgen. Dikke takken daarentegen
houden nog warmte vast van de dag en blijven daardoor relatief warm.

Dat de temperatuur van de plant onder nul komt, betekent niet dat er ook direct
schade zal optreden. Vorstschade is het gevolg van ijsvorming buiten de cellen. Hierdoor
nemen zout- en suikerconcentraties buiten de cellen toe, en wordt water door osmose uit
de cellen getrokken. De hierop volgende uitdroging kan dodelijk zijn voor de cellen. Of
dit ook tot het afsterven van de bloemen leidt, hangt af van de locatie van de uitdroging
en het herstellend vermogen van de omringende cellen.

In hoofdstuk 3 verkennen we de mogelijkheden voor het gebruik van thermische
camera’s om bevriezing te detecteren onder veld condities. Hierbij meten we de warm-
tepiek die vrijkomt als water bevriest. Bij welke temperatuur schade optreedt, wordt
normaal gesproken gemeten onder gecontroleerde omstandigheden in een laboratorium.
De omstandigheden in deze koelcellen zijn echter niet direct vergelijkbaar met die in
het veld. Thermische camera’s lijken een aantrekkelijk alternatief om vorst in het veld te
onderzoeken.

Aangezien de vorst ontstaat aan de grond, kan vorstschade ook beperkt worden door
de oppervlaktekoeling te beperken. Een vegetatielaag kan werken als een soort deken

xi



Xii SAMENVATTING

op de bodem (een isolatielaag) en beperkt de warmte-uitwisseling tussen de bodem en
de lucht. Fruittelers houden daarom vaak het gras kort in het voorjaar, om te zorgen
dat zoveel mogelijk warmte die overdag wordt opgeslagen in de bodem, ’s nachts weer
vrijkomt. Om te begrijpen of dit inderdaad een effectieve methode is in boomgaarden,
bestuderen we eerst het effect van grashoogte in een open veld.

In hoofdstuk 4 gebruiken we glasvezelkabel om de temperatuurgradiénten boven en
in het gras te meten. Hiermee ontdekten we een overgang van het klassieke logaritmische
naar een lineair profiel in de onderste 1 tot 2 meter vanaf het oppervlak. Geinspireerd door
de Van Driest-vergelijking voor stroming over een glad oppervlak, ontwikkelden we een
gelijksoortig model voor de temperatuurprofielen boven een ruw (vegetatie) oppervlak.
Dit model introduceert een lengteschaal die direct aan de grasdimensies kan worden
gelinkt.

Een betere beschrijving van de temperatuur boven gras is niet alleen belangrijk voor
de uitwisseling van sensibele, maar ook van latente warmte. In hoofdstuk 5 vergelij-
ken we het Penman-Monteith model (PM), een veelgebruikte verdampingsmodels, met
eddy-covariantiemetingen boven grasland en bos. Het PM-model overschat vooral bij
hoge straling en temperaturen en lage luchtvochtigheid. Mogelijke verklaringen daarvoor
zijn een meetfouten en een incorrecte representatie van processen op bladniveau: zoals
onverzadigde stomata en een onderschattting van het effect van de bladgrenslaag. Ten
slotte, neemt PM ook de mogelijke ontkoppeling tussen de vergetatielaag en de overhan-
gende lucht niet mee. Dit kan vooral bij gras voor grote verschillen zorgen, door de lagere
ruwheid ten opzichte van bos.

Dit proefschrift benadrukt dus het belang van vegetatie-atmosfeerinteractie voor
zowel toegepast als fundamenteel onderzoek. In ‘complexe’ boomgaarden bepalen bo-
dembedekkers de warmte-uitwisseling tussen bodem en lucht, terwijl de boomrijen de
luchtstroming blokkeren en dikke grenslagen zich vormen om bladeren. Bladvorm, dikte
en vochtgehalte beinvloeden de thermische traagheid, terwijl de vorstbestendigheid ver-
andert door de seizoenen. Dit resulteert in variatie in vorstgevoeligheid, zowel in tijd als
ruimte. Boven ‘simpele’ grasvelden wordt energie-uitwisseling vaak te sterk versimpeld.
Ook gras verstoort en blokkeert luchtstroming. Door dit te negeren, maken we fouten in
het bepalen van de oppervlaktetemperatuur. Dit kan zich vervolgens weer vertalen naar
fouten in verdampingsmodellen.

Deze inzichten benadrukken dat vegetatie allesbehalve een passieve achtergrond is,
maar juist actief het microklimaat en oppervlakteprocessen beinvloedt. Door dit te erken-
nen, kunnen we gewassen beter beschermen tegen zowel abiotische als biotische stress,
duurzamere landbouw ondersteunen en helpen voldoen aan de groeiende voedselvraag
in een veranderende wereld.









INTRODUCTION

1.1. PLANT-ENVIRONMENT INTERACTIONS

For organisms to grow and reproduce, they must adapt to their environment. Some
microorganisms can thrive in extreme conditions, ranging from -6 °C and 120 °C, and
even survive down to -272 °C in their dessicated form (Hopkins, Hiiner, et al., 1995).
Higher forms of life however, like plants (and humans), have adapted to a relatively
narrow range of conditions by evolving physiological responses. When environments
change, e.g because of human interference or natural variation, plants may or may not be
flexible enough to survive.

However, plants are not merely at the mercy of their environment, they also modify
it. The physical stimuli received from the environment are partly determined by the
physiological response fo the environment. For example, plants protect themselves from
dehydration by limiting water loss during warm and dry conditions (Jarvis, 1976; Stewart,
1988), resulting in even drier air (Van Heerwaarden & Teuling, 2014).

Despite this evolutionary development, natural conditions are often far from optimal.
In the agricultural sector, this can result in damage to crops, reduced yields and economic
losses. For instance, a late frost in spring can damage young flowers, significantly lowering
yields in the fruit and wine industry (Snyder & De Melo-abreu, 2005). A prolonged dry
period in summer can stimulate staple crops such as corn to grow fewer flowers, thus
producing less seed and lowering harvest (Prasad et al., 2017; Djalovic et al., 2024).

In order to minimise these damages, passive and active protection methods have been
developed. To keep up with the growing food demand of the expanding world population
and changing environmental conditions due to global warming, we need to improve our
understanding of the interaction between plants and their environment.

These interactions are rarely straightforward. The governing physical processes are
complex, and physiological mechanisms are often poorly understood. Meteorologists
therefore describe these processes in terms of models: simplified representations of re-
ality. The art lies in choosing robust approximations that obey physical laws (such as
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conservation of energy (Chatelet, 1740)!, mass (Lavoisier, 1789) and momentum (Wallis,
1670)), while still accurately describing the natural world without unnecessary complexity.
An example of such a model that will play a central role in this thesis is Ohm’s law (Ohm,
1827); which introduces the concept of resistance as a proportionality factor between a
driving gradient and the resulting flux. Resistances have been used by plant physiologists
as a way of expressing the physical factors that control rates of transpiration. In microme-
teorology, aerodynamic resistances are used to describe turbulent water transport from
the surface to the atmosphere (Monin & Obukov, 1954; Monteith & Unsworth, 1990).

1.2. ATMOSPHERIC BOUNDARY LAYER

The interaction between the vegetation and the atmosphere happens in the lowest ~1%
of the atmosphere, the atmospheric boundary layer (ABL). The ABL typically extends
to about 1 km in height, but this can vary strongly in time and space. The atmospheric
surface layer (ASL, Figure 1.1) is the lowest 5-10% of the atmospheric boundary layer,
extending tens of meters above the surface (Stull, 2012). Here the fluxes differ by less than
10% from their surface values. Surface layer models act as the interface between the land
surface and the lowest atmospheric model layer. A thorough understanding of this layer
is crucial for accurately simulating near-surface weather conditions, such as temperature,
humidity, and wind speed, which directly influence human and ecological systems.

1.2.1. SURFACE ENERGY BALANCE

Energy enters the ASL as radiation (R,,). Atmospheric radiation is usually separated into
shortwave (SW) and longwave (LW) radiation, with the divide at a wavelength of 4 um.
SW originates from the sun, while LW is re-emitted by the earth-atmosphere system
following its temperature. The net SW is the sum of incoming solar radiation SW;,
and reflected (outgoing) shortwave radiation SW;, * a, where «a is the surface albedo.
Net LW is the sum of the radiation emitted at the surface LW,,; = €,0 Ts; and radiation
received from the air LW;,, = £,0 T,. Here, o is the Stefan-Boltzmann constant and ¢ is
the emissivity.

Solar radiation heats the surface during the day, creating a temperature gradient
between the warm surface and the cooler air above. This gradient drives an upward
sensible heat flux (H). At the same time, energy is transported into the soil (ground heat
flux G) and used to evaporate water (latent heat flux (LE)). During nighttime, the situation
reverses as the surface cools by emitting longwave radiation. The reversed temperature
gradient drives a downward sensible heat flux, energy is transported from the soil to
the surface and dew fall can occur. The distribution of this energy is determined by
meteorological conditions and surface properties and described by the surface energy
balance (Jacobs et al., 2008):

A-a)SWi,+e40T,—es0Tg=H+LE+G (1.1)

1fmilie du Chatelet was an 18th-century physicist and mathematician, and unlike many scientists in this
time: a woman. Born into a wealthy family, she was well educated by tutors. As she was not allowed to enter
university, she continued learning at a later age from the 'clever young men’ with whom she maintained
intimate relationships. One of these men was Voltaire, who wrote: ‘He was a great man whose only fault was
being a woman.’ (Fara, 2011).
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Figure 1.1: Definition of the layers of the atmospheric boundary layer. The vertical axis represents the height,
and should be interpreted as a logarithmic scale.



6 1. INTRODUCTION

Note that this is a simplified version of the full balance. We neglect advection and smaller
terms such as heat storage in vegetation, photosynthetic energy and the reflection of
incoming longwave radiation

1.2.2. SURFACE FLUXES

The main transport mechanism in the atmospheric boundary layer is turbulent trans-
port: heat, water vapour (and other gases) as well as momentum are transported by the
movement of parcels of air by turbulent eddies (Stull, 2012). Atmospheric turbulence
can be generated by two sources: 1) surface friction (i.e. mechanical turbulence) and
2) buoyancy, vertical acceleration of air as a result of density fluctuations (i.e. thermal
turbulence) (Rotach & Holtslag, 2025). Surface friction is always a source of turbulence.
Buoyancy, however, can increase or dampen turbulence. During the day, the atmosphere
is generally unstable. Since the surface is heated by solar radiation, the surface warms the
air above it. This warm air is buoyant and wants to rise, increasing turbulence. On the
other hand, during the night, the surface cools radiatively, cooling the air above it. This
dampens turbulence and creates a stable atmosphere, with warm air on top of cool air.
When these stable nighttime conditions occur during the spring, the cold air near the
surface can create dangerous conditions for agricultural crops. This will be discussed in
depth in Chapter 2 and 3 of this thesis.

To describe the complex and chaotic behaviour of atmospheric turbulent transport,
micrometeorologists draw a parallel with molecular diffusion, where molecules move
from high concentrations to low concentrations. Larger gradients therefore result in larger
fluxes. These flux-gradient laws result in logarithmic profiles for temperature, moisture
and momentum near the surface (Figure 1.2). These shapes and profiles are described by
the Monin-Obukhov Similarity Theory (MOST) (Monin & Obukov, 1954; Foken, 2006).

MONIN-OBUKHOV’S SIMILARITY THEORY
It is not possible to derive the relationship between turbulent fluxes and gradients purely
from first principles (Rotach & Holtslag, 2025). To overcome this, fluid dynamics often
relies on similarity theory, which posits that flows can be considered similar when certain
non-dimensional parameters are identical. For ASL flow, this non-dimensional parameter
is the stability parameter: { = z/L. Here the Obukhov length L is introduced, a scale
of the surface layer that expresses the relative importance of shear and buoyancy in
turbulent production/consumption (American Meteorological Society, 1959). The central
assumption of MOST is that gradients (when made dimensionless through the fluxes)
are universal functions of z/L. For example, the dimensionless gradient of potential
temperature with height (%) corresponding to the dimensionless sensible heat flux is
expressed as:

00 xz

920, =¢pp(z/L). (1.2)
Similarly, the moisture gradient (Z—Z) corresponding to latent heat flux is given by:

0

a%% = ¢q(z/L). (1.3)
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z(m) T

Figure 1.2: Typical profiles for potential temperature (red), moisture (blue) and wind (black) during the day (top)
and night (bottom). The dashed lines indicate where the profiles are extrapolated into the roughness sublayer
and the surface layer profiles are not valid.
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Here, k = 0.4 and g, = — pLqu* and 0. == —H/pcpu. are the normalised sensible and
latent heat flux respectively, in which u. is the friction velocity, a measure of the surface
shear stress.

The ¢-functions are called the flux-gradient functions. Their shape was determined
during the famous Kansas 1968 experiment (Dyer, 1974)2. These functions can now
be used universally to estimate turbulent fluxes using observed vertical gradients of

temperature or humidity.

PENMAN-MONTEITH

Applying MOST to estimate latent and sensible heat fluxes requires observations at least at
two heights, which are not always available in operational settings. The Penman equation
is a solution to overcome this problem by using observations at only one height. By
making a clever link between the flux-gradient law and the surface energy balance. A
complete derivation of Penman’s equation is given in Chapter 5. The resulting expression
is:

S(R,—G) + Pcp(es(Ta) —eq)

S+y ra(s+7)

——
available energy  atmospheric demand

LE = (1.4)

This formulation captures the two essential components of evaporation: the energy
available at the surface for flux transport and the atmospheric demand for moisture
through the vapour pressure deficit. Penman’s original work (Penman, 1948) focused on
wet surfaces, providing estimates of potential evaporation under unlimited water supply.
Monteith (1965) later extended this model by incorporating a surface resistance term to
account for vegetation behaviour. Recognizing that plants respond dynamically to their
environment, Jarvis (1976) proposed making the surface resistance r, variable based on
environmental controls, such as light, humidity, and soil moisture. This allows the model
to reflect the active regulation of water loss through stomatal control.

EDDY-COVARIANCE

Besides indirect turbulent estimates based on MOST, a technique called eddy-covariance
(EC) can be used to directly measure turbulent transport (Rotach & Holtslag, 2025). These
measurements are used as a reference in Chapter 5.

An eddy-covariance instrument typically combines a sonic anemometer to record
(fluctuations of) wind and air temperature, with an instrument for measuring humidity:
a fast-response hygrometer. A sonic anemometer emits sound waves in three spatial
directions and measures their travel times, which are influenced by the wind speed along
the path and the air temperature—sound travels faster with a tailwind and in warmer
air. Moisture can be measured with a gas analyser that uses the absorption of radiation

2The attentive reader will notice the gap in time between the description of the Monin-Obukhov Similarity
Theory (1954) and the definition of the flux gradient functions (1968). Prior to the Kansas experiment, the
required high-frequency, fast-response instruments were not available (Moene & van Dam, 2014). I was told
the following anekdote about this experiment by John Finnigan. The researchers at the time experienced
difficulties finding an appropriate measurement location. The fieldwork was held back by one of the farmers
owning the land, and could only be conducted once the land was passed on from father to son.
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to determine the number of H,O molecules between a transmitter and receiver. The
turbulent fluxes can be derived from the EC measurements as the covariance of the
fluctuations in vertical wind (w’), potential temperature (9') for the sensible heat flux,
and specific humidity (g') for the latent heat flux.

As attractive as a direct measurement of the turbulent fluxes may sound, EC has seri-
ous limitations and drawbacks, particularly its sensitivity to the “footprint” — the upwind
area that contributes to the measurements. This area changes over time, depending on
the atmospheric stability, wind speed and direction. These variations make the inter-
pretation and processing of EC data particularly complex in heterogeneous landscapes
(Jongen et al., 2024; Rannik et al., 2012).

1.2.3. ROUGHNESS SUBLAYERS

Directly at the surface, the air does not neatly follow the logarithmic shape described by
the flux-gradient models. Individual roughness elements disrupt the flow and the air has
to flow around obstacles. This layer (roughly 1.5 x the obstacle height) is referred to as the
roughness sublayer (RSL, Figure 1.1) (Raupach et al., 1980). This roughness sublayer is
the topic of Chapter 4 of this thesis.

Recent efforts have focused on describing this roughness sublayer over urban (Barlow
& Coceal, 2008) or natural vegetation, such as forest in the order of 20-30 meters high
(Harman & Finnigan, 2007, 2008, e.g). However, many climate zones consist of shorter
vegetation (e.g. tundra, steppe, etc) and most agricultural crops can be characterised as
short canopies. Moreover, a classical meteorological measurement field is covered with a
grass layer of “precisely” 10 cm (World Meteorological Organization, 2023). For such low
vegetation layers roughness sublayer models are generally deemed unnecessary or overly
complex. Instead, surface-layer models are extrapolated down to the surface, despite the
fact that its well known that they do not hold in the RSL.

A small change in the description of the temperature profile near the surface can have
large effects on the corresponding sensible and latent heat fluxes due to the logarithmic
nature of the profiles. Until recently, no measurement methods were available to resolve
temperature profiles in and near the grass surface. Traditional thermometers are too large
and would disturb the air they are trying to measure. Fine-scale thermocouples are more
suitable for these purposes, but many would be needed to achieve a high coverage. In
this thesis, we will however show that there is an alternative: Distributed Temperature
Sensing (DTS).

DISTRIBUTED TEMPERATURE SENSING

DTS measurements are performed using one or more fiber optic cables attached to a
specialised computer. The machine pulses laser light into the optical fibres and analyses
the light scattered back to the machine (Thomas et al., 2012a). The time-of-flight is used
to determine the distance along the cable where the scattering took place (Hartog, 2017).
This backscatter forms because the fibre does not transmit the laser perfectly. Some of the
light will interact with the glass molecules and is redirected in random directions. Most of
the scattering is elastic, the light “bounces off” the molecules without a change in energy
(Bolognini & Hartog, 2013). However, a portion of the light undergoes inelastic scattering:
the Raman effect. Photons absorb some vibrational energy from a molecule ('Stokes’
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scattering), or lose energy to the molecule ('anti-Stokes’ scattering) (Raman, 1928). As the
vibrational energy of a molecule is temperature-dependent, so is the Raman scattering.
A photon is more likely to gain energy from a warmer molecule, making the Stokes to
anti-Stokes ratio strongly related to temperature.

The measurement provides temperature readings along the cable, with an average res-
olution of every 20-30 cm, depending on the specific machine and cable choices. Various
cable setups allow for flexible applications, including long-distance measurements (Dai
etal., 2023), array-based monitoring (Thomas et al., 2012a), and high-resolution vertical
profiling (Sigmund et al., 2017; Zeller et al., 2021).

1.3. THIS THESIS

This thesis work is done in the context of spring frost damage in fruit orchards. To predict
and prevent damage, we need to understand the conditions within an orchard canopy.
This is a complex and fascinating interplay between the tree’s physiological response,
the synoptic weather situation, energy transport within the vegetation canopy, and the
underlying cover crop.

SPRING FROST

Spring frost damage to young plants and buds is an important challenge for agriculture
around the world, especially for fruit production (Snyder & De Melo-abreu, 2005). In
2021, a severe night frost period in April caused tree flowers and buds to freeze in France,
leading to 27% less wine production than in 2020 (International Organisation of Vine and
Wine, 2021).

Two phenomena can cause air temperatures to drop below zero: advective and/or
radiative frost. The former is caused by the advection of cold air, generally originating in
polar regions. It is often paired with cloudy conditions and moderate to strong winds (2.2
—4.5 m/s) and therefore a well-mixed atmosphere. As it is more common for this type of
frost to occur during winter, the trees do not suffer damage from the low temperatures.
Radiative frost is a result of (intense) longwave radiative cooling under clear skies and is
enhanced under calm or light wind conditions (less than 1.8 m/s). The result is a surface-
based thermal inversion, i.e. a layer of air close to the surface in which the temperature
increases with height above the ground (Dupont & Patton, 2012; Kalma et al., 2012). This
type of frost can also occur during spring. When daytime temperatures are rising and
the growing season has started, trees lose their ability to withstand low temperatures (so-
called cold hardiness). In this stage, radiative frost can cause severe damage to sensitive
tissues, such as buds and flower petals.

Yet, in the field, an air temperature above 0 °C does not necessarily mean that there
will be no frost damage. Plant temperatures can fall below air temperatures, depending
on the meteorological conditions and field characteristics (e.g. soil type and moisture,
crop density and canopy height (Barlow et al., 2015)). Meteorological variables such as
relative humidity, wind speed and cloud cover (Perry, 1998) influence the temperature of
the flowers, by interacting with the plants’ energy balance, as is shown in Figure 1.3.

So, to mitigate damage, the leaf energy balance has to be modified. Farmers take
active measures to raise plant and air temperatures. Wind machines mix warm overlying
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Figure 1.3: Meteorological conditions and their relationship with the plant energy balance, relevant during a
spring frost night.

air down to the vegetation, hotpots warm the trees from below, sprinklers protect the
buds with a coating of freezing water, and farmers mow the grass to optimise heat release
from the soil (e.g. Atam et al., 2020; Heusinkveld et al., 2020; Ghaemi et al., 2009; Anconelli
etal., 2002; O’connell & Snyder, 1999; Donaldson et al., 1993). Until now, research on the
efficiency of these methods has focused on raising the air temperatures. To understand
when and how these measures should be applied, we need to shift our focus to the
plant’s temperature to understand when frost damage to buds and flowers occurs. Each
measure interacts with its environment and the plant in a unique way that will need to be
understood to prevent a sub-optimal use of resources. In this thesis, I will focus on wind
machines and surface manipulation.

WIND MACHINES

Wind machines blow air (more or less) horizontally to break the temperature inversion,
bring warmer air close to the surface and raise the temperature close to the leaves (Ribeiro
et al., 2002). The additional wind also breaks the microscale boundary layer over the
plant surface, enhancing energy transport from the relatively warm air to the plant. The
efficiency of a wind machine strongly depends on the inversion strength. The temperature
increase at 2.0 m height typically achieved by a wind machine is about 30 % of the
temperature difference between 1.5 m and 10 m height (Snyder & De Melo-abreu, 2005).
Wind machines are typically operated automatically and start operating just before the air
temperature reaches a manually set critical value. By improving our understanding of the
interaction between the air flow generated by the wind machine, the orchard trees and
the temperature of flowers and buds, we aim to contribute to optimising wind machine
operation.

SURFACE MANIPULATION
Underneath the trees, the soil in an orchard is often covered with grass. Grass and other
cover crops can reduce the temperature in an orchard because they act as an insulator,
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preventing energy exchange with the soil. The underlying physical processes are complex
and depend on the energy exchange between air, vegetation and soil. The total energy
released from the soil depends on the amount of energy stored in the soil during the day
and the surface layer’s ability to emit that energy during the night.

Grass has a higher albedo than bare soil, reflecting more solar radiation during the day.
This results in less energy storage during the day, and thus less upwards energy transport
during the night. The degree to which this heat can be released depends on the length of
the grass. The airy vegetation layer itself works as an isolator, limiting energy exchange
between air and soil. So, a thick grass layer will not only limit the amount of energy stored
in the soil, but also limit the heat release from the soil to the atmosphere.

Donaldson et al. (1993) and Leyden and Rohrbaugh (1963) showed how various weed
control strategies can be effective in raising the minimum temperature in orchards. Weed
removal turned out to be effective provided that plant material is removed. When dead
organic material remains on the surface, it has the same isolating effect as a thick grass
layer.

Though simple, grass removal thus has a high potential of raising air temperatures
during the night. However, the low soil-bearing capacity of a bare surface makes it very
impractical for large agrimotors. As grass cover is thus a necessity in orchards, we want to
understand to what extent keeping it short will affect the surface energy balance.

OVERVIEW

An overview of the processes we study in this thesis is given in Figure 1.4. Chapter 2
focuses on the interaction between the wind machine jet and orchard trees, specifically
its influence on leaf temperatures. Using DTS we were able to measure high-resolution
vertical and horizontal temperature profiles in the roughness sublayer of an orchard.

The scope of Chapter 2 does not go beyond the temperature of the plant organs.
However, a temperature below zero does not result in damage per se, as I will explain
in Chapter 3. There, we explore the freezing process at the cellular level and discuss
how freezing can be detected. Existing detection methods are developed for controlled
laboratory settings and are unsuitable for field conditions. We investigate the potential of
thermal imaging to detect freezing events in the field, opening the door to studying, for
example, the effects of different cover crop strategies.

In order to understand the influence of a cover crop within an orchard canopy, we must
first understand the effect of crop (here: grass) height in an open field. This is the focus
of Chapter 4, where we use a fine-scale DTS setup to analyse near-surface temperature
profiles. We examine how these profiles deviate from the expected logarithmic behaviour
and how they are influenced by variations in grass height.

In Chapter 5 we take a small detour into latent heat transport. We investigated the
performance of the Penman-Monteith and its underlying assumptions. We show that
here too, accurate microclimate representation is crucial for estimating transpiration, as
model errors are the largest when large temperature differences occur between vegetation
and air.
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PLANT-ATMOSPHERE HEAT
EXCHANGE DURING WIND MACHINE
OPERATION

We are apt to remember and cherish the flowers which appear earliest in the spring.
I look with equal affection to those which are latest to bloom in the fall.

Henry David Thoreau

This chapter has been originally published as:
Boekee, J., Dai, Y., Schilperoort, B., Van de Wiel, B. J., & ten Veldhuis, M. C. (2023). Plant-atmosphere heat
exchange during wind machine operation for frost protection. Agricultural and Forest Meteorology, 330, 109312.
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Summary

To mitigate spring frost damage, fruit farmers use wind machines to mix warm overlying
air down to the vegetation. Up to this point, studies on wind machine efficiency have
focused on air temperatures. The temperature of different plant organs during operation
remains unknown, while critical for the actual degree of frost damage. With Distributed
Temperature Sensing we measured vertical in-canopy air temperature profiles in a pear
orchard in the Netherlands and thermistors were installed to determine the plant tissue
temperatures. We found that to optimise wind machine operation, it is important to
consider two effects of a wind machine: 1) mixing of stratified air above and into the
canopy layer and 2) erosion of the leaf boundary layer to facilitate plant-air heat exchange.
We show how foliage reduces plume penetration to the ground with distance to the wind
machine. Due to this blocking at least 15 rotations (~ 75 minutes) are needed for optimal
mixing. Leaf temperatures lag behind air temperatures, due to strong radiative cooling.
We found that over the rotation cycle of a wind machine the temperature difference
between leaf and air is variable as convective warming repeatedly dominates over radiative
cooling. This is different for flowers and shoots due to different heat capacities. Thin
flower petals store little heat and are almost in direct equilibrium with air temperature
changes. Shoots, with their higher heat capacity and lower surface/volume ratio, store
more heat during the day that is slowly released at night. This discrepancy between plant
and air temperature should be considered for frost damage prediction.
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2.1. INTRODUCTION

In many climates, spring frost can cause extensive damage to crops resulting in substantial
economic losses in the agricultural sector (Snyder & De Melo-abreu, 2005). To mitigate
this damage, farmers take measures to raise plant and air temperatures in their fields.
Wind machines are increasingly used to prevent or mitigate the adverse effects of night
frost, particularly in the fruit sector. Up to this point, studies on wind machine efficiency
have focused on how wind machines change air temperatures. Here, we show how warm
air aloft is transported into the canopy and subsequently warms plant leaves and flowers.

Wind machines prevent frost damage via two processes. Firstly, they mix the higher,
warmer air with near-surface, colder air thus breaking the temperature inversion (Ribeiro
et al., 2006; Battany, 2012). Secondly, they erode the viscous microscale boundary layer
around the leaf surface, thereby enhancing the local heat transfer between (warmer) air
and leaf (Snyder & De Melo-abreu, 2005; Kimura et al., 2017).

To decide when to turn on the wind machine, farmers monitor air temperatures to
stay above a critical temperature range. The critical range is defined as the range of tem-
peratures at which 10% - 90% of the flower buds freeze and depends on the phenological
development stage of the flower. As a flower develops from dormancy break to fruit set,
the critical damage temperature increases (Quamme, 1978; Ashworth et al., 1989).

However, maintaining air temperature above the critical range does not ensure that
damage is prevented. Critical temperature ranges are determined in a laboratory setting
(in a so-called 'cold chamber’) where plant and air temperatures are in equilibrium as a
result of active mixing. In reality in the field, plant and air temperatures change at different
rates. Especially in still air, plant tissue can be 1-3 degrees cooler than the surrounding air
(Monteith & Unsworth, 1990; Landsberg et al., 1974; Leuning & Cremer, 1988).

Plant-air energy exchange varies over a range of time scales (Monteith & Unsworth,
1990). Variations in micro-climate during frost events, such as wind speed and cloud
cover, influence the temperature of plant tissue at short (minutes to hours) time scales
(Perry, 1998). In-canopy air temperatures vary on longer timescales (hours to days) as a
result of the bulk energy balance at the canopy-atmosphere interface (Dupont & Patton,
2012).

Previous work has explored the effect of wind machine operation modes on air tem-
peratures in and above the canopy, with respect to tilt angle (Heusinkveld et al., 2020;
Battany, 2012; Beyd-Marshall et al., 2019), rotation time (Heusinkveld et al., 2020) and
timing of the start of machine operation Ribeiro et al. (2006). Kimura et al. (2017) show
how during the rotation cycle of a wind machine the plant-air temperature difference
varies in a tea plantation. Using temperature measurements in artificial leaves distributed
over the field, they find a delayed thermal response of the leaf. In fruit orchards, with a
higher, more developed canopy, we expect an additional delay in temperature response to
wind machine operation, due to stronger dampening by the canopy. Hence, to optimise
wind machine operation in higher canopies such as fruit orchards, it is important to
understand 1) how warm air mixes into the bulk canopy layer and 2) how the plant tissue
responds to the induced fast fluctuations in micro-climate.

To answer these questions we use data from a field campaign in a pear orchard in
Zeeland, The Netherlands during clear-sky nights in spring (Sect. 2.2. Using distributed
temperature observations of the canopy air at high spatial resolution combined with leaf
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and flower bud temperatures, we study how warm air penetrates into the canopy. We use a
conceptual model to quantify the energy exchange between plant and air during operation
of the wind machine (Sect. 2.3. Conclusions and recommendations are considered in
Sect. 2.4.

2.2. MATERIALS AND METHODS

2.2.1. OBSERVATIONS

FIELD SITE

Data were collected during field studies on 13-14 April 2021 and 7-8 May 2021 from
approximately 20h till 8h, in a pear orchard in Krabbendijke (Zeeland, The Netherlands,
51°25'44.7”N, 4°8’8.5”E). The pear trees (variety: Pyrus communis L. ‘Conference’) are
pruned to have 2-3 scaffold limbs and an open centre. In April the trees are covered with
buds and small leaves. In May the leaves are fully grown and only some late blossom is
still present. The ground between the rows is covered with long grass and below the trees
the bare soil is covered with mulch.

Since November 2018 this orchard is protected by a wind machine manufactured by
Orchard-Rite®. The wind machine has a 10.7 m hub height and 6 m diameter double-
bladed fan which blows air almost horizontally, with a modest downward angle of 8°.
The blades rotate at 554 rpm, while the rotor makes a slow 360-degree rotation around
its vertical axis, with a 5-minute (user-specified) period. At a fixed location in the field,
the passing of the jet can thus be experienced as a strong gust of relatively warm air. To
limit the effect of 'statistical noise’ data are phase-averaged over multiple rotations. This
averaging is synchronised based on the moment where the peak in wind speed occurs,
which receives timestamp zero.

The wind machine is activated automatically based on a critical temperature set by
the farmer (1°C at 1 m height) measured with an unshielded sensor. Nights for field
observations are selected based on the calm wind conditions and (mostly) clear skies. An
overview of the weather conditions in the field is presented in Figure 2.1. On both nights
the maximum wind speed observed at the nearby KNMI station in Woensdrecht (15 km
to the West) is 1 m/s. In April, wind machine operation is intermittent for multiple short
periods, due to fluctuating temperatures. In May, the wind machine makes two rotations
after 23.30h as the temperatures briefly fall below the critical temperature. At midnight,
the wind machine is manually set to continuous mode to ensure continuous operation
for one hour for the purpose of the field study.

INSTRUMENTS

Figure 2.2 shows an overview of the measurement setup. High-resolution air temperature
measurements are obtained through Distributed Temperature Sensing (DTS). This optical
fibre technique uses the backscatter of a laser signal to infer local temperature at different
cable sections with a sampling resolution of 25 cm and 10 s Thomas et al. (2012b). A
thin 1.6 mm fibre optic cable and an Ultima-M system are used. A total cable length of 9
km is attached to the tree branches in a grid pattern to measure horizontal temperature
variation at two heights. This is discussed in more detail in a separate paper by the same
authors (Dai et al., 2023). In addition, 9 m high DTS towers are erected, at three locations
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Figure 2.1: Air temperature at 2 m height and incoming longwave radiation during the measurement nights in
April (panel a & b) and May (panel ¢ & d) at location N00-N, as indicated in Figure 2.2.

relative to the machine: 12 rows West (~ 40 m distance, mast W12), 31 rows West (~ 110
m, mast W31), and 6 rows East (~ 20 m, mast E06). Two vertical cables are extended along
each tower 1.5 m away from the trees.

In May the temperature of a tree close to mast W12 is monitored with small thermistors
(Fig. 2.3). Each set of thermistors measured the temperature of the flower (T-Tissue,
Ecomatik), shoot (T-Surface, Ecomatik), and leaf, as well as air temperature (LAT-B2,
Ecomatik) at 2 cm from the leaf, at a temporal resolution of 0.1 Hz. The thermistors
are pressed against the plant organs and thus measure the tissue surface temperature.
Three sets of thermistors are installed at heights: 110 cm, 145 cm and 222 cm. Each set of
thermistors is installed at the end of a new shoot, between 50 cm and 100 cm from the
stem.

Radiation and soil temperatures are measured 100 m North of the wind machine
(location NOO-N). Soil temperature sensors (HOBO TMCx-HD) measure at 2, 5, 10 and 20
cm depth with a resolution of 5 minutes. A radiometer (Kipp & Zonen, CNR4) measures
the incoming and outgoing short- and longwave radiation every minute. A HOBO weather
station is installed at the same location, measuring wind speed and direction, air tem-
perature, and humidity at 100 cm, 200 cm, and 300 cm height. Two sonic anemometers
(YOUNG Model 81000) are installed at W12 and W31-N, at 300 cm height, just above the
canopy. Their measurement resolution is 10 Hz.

All processed data is available in the 4TU data repository, DOI: 10.4121/20581542.

2.2.2. CONCEPTUAL MODEL
In this section, we present a conceptual model that enables us to investigate what pro-
cesses drive plant-air heat exchange during wind machine operation. A similar modelling




20 2. PLANT-ATMOSPHERE HEAT EXCHANGE DURING WIND MACHINE OPERATION

!

3D sonic

A Vertical DTS mast

+ Plant thermocouples
. Soil temperature sensor
L Radiometer

S-omones

S 3
e e

| X Weather station
(temperature, wind,
humidity)

g.;.——-——.—-
2 tep-

Horizontal DTS cable

Figure 2.2: Field set-up in the Krabbendijke orchard. Panel a) shows the location of the different instru-
ments. Symbols indicate the locations of the vertical DTS towers E06, W12 (only in May) and W31, 3D sonic-
anemometers (only in May), soil temperature sensors, thermistors (only in May), HOBO weather station, and
radiometer. The turquoise dotted lines are the horizontal DTS cables installed along the tree rows at 1 and 2 m
height. Panel b) shows the DTS cable (top) and the radiometer (bottom) during the May experiment.

Figure 2.3: Thermistors (leaf-air (panel a), flower (panel b), shoots (panel c)) installed in the orchard in
Krabbendijke.
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approach has been proven accurate for apple buds (Landsberg et al., 1974; Hamer, 1985,
1986) and blossom (Landsberg et al., 1974), and eucalyptus leaves (Leuning & Cremer,
1988; Leuning, 1988). The instantaneous plant-air temperature differences can be pre-
dicted with an error of less than 1 K, thus supporting our approach. We focus our analyses
of air-plant heat exchange on the most vulnerable plant organs: leaves, flowers, and
shoots. The energy balance of plant organs during a spring frost night is the sum of radia-
tive cooling, turbulent warming, and latent heat release due to dew and ice formation
(Monteith & Unsworth, 1990). As we observed no dew and ice formation during our field
study, the latent heat release is considered negligible in our analyses.

The budget equation of a plant organ (i.e leaf, flower, or shoot) is therefore conceptu-
alised here as:

dTplant _

L N—H (2.1)

Cpiant *

in which Ry is the net radiation and H is convection in W/m? (Monteith & Unsworth,

1990). Tpian: is the temperature of the plant tissue (i.e. leaf, shoot or flower) [K]. Cpjay; is
the heat capacity per area of plant tissue [J m™ K'!].

RADIATION
During the night net radiation is the sum of incoming and outgoing longwave radiation.

R, = le,in - le,out (2.2)

All surfaces surrounding plant tissue emit radiation: the sky, ground, and parts of the
plant. A leaf hidden deep in the canopy receives a similar amount of longwave radiation
from its neighbours as it is emitting itself. This results in radiative equilibrium. A leaf at
the end of a shoot is exposed to the relatively cold sky and ground instead. It can thus
cool down to below air temperature.

The longwave radiation emitted by a surface can be calculated through the Stefan-
Boltzmann law:

Ryw,our = UfplantT4 (2.3)

plant
in which ¢ is the emissivity and o is Stefan-Boltzmann’s constant [W m™? K],

The incoming longwave radiation R;,,;, per square meter is a weighted average of
incoming radiation from the canopy, sky, soil, and other plant tissue. The weighting
factors are the fractions of the full hemisphere obscured by the different surfaces. This
is the definition of the skyview factor SVF (Watson & Johnson, 1987). Here we also
introduce the analogous ground view factor (GV F) and leaf view factor (LV F). Assuming
a two-sided perfectly horizontal leaf (the lower half only faces the ground, and the upper
half only faces clear or cloudy sky) gives:

Riw,in=0.5SVFoesy T4 +0.5GVFoes; Th 2.4)

4
sky soil +LVFUEPlﬂntTp

lant
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CONVECTION
Turbulent mixing (H) between air and plant causes temperature differences to be reduced.
H can be parameterised using a resistance law Raschke (1960):

H= pcp- (Tplant — Tair)
'

(2.5)

here, p is the density [kg m] and c,, heat capacity of air [J kg K!].

ry [s m] is the resistance for turbulent heat transfer due to the presence of a leaf
boundary layer. There are no universal relations that describe ry. However, H can be
non-dimensionalized as the Nusselt number Schuepp (1993):

H/(pcp) L
u= = (2.6
K(Tprant — Tair) /L TH-K

here, L is the representative length scale of the leaf [m] and « the thermal diffusivity
of air [m? s’].
The Nusselt number is the ratio of convective to conductive heat transfer over a

surface (or the ratio of 'turbulent’ to molecular diffusivity). Its value depends on the local

-1 3
|Tm'r'g'L '(TplanI_Tair)|) Here

Reynolds number (Re = ”T'L) and local Grashof number (Gr = v
v is the kinematic viscosity of the air [m?/s], g the gravitational constant [m/s?] and u the
wind velocity [m/s]. Hence, we will use (universal) relations of the form Nu = f(Re, Gr)
in order to parameterise the turbulent heat flux. These universal flat-plate relationships
have been adapted to approximate leaves in a natural environment. The formulations are
given in Appendix A.1.1, Table A.1.

There are two modes of turbulent transport: "forced" convection (active) and "free"
convection (passive). Forced convection is the exchange through the boundary layer of
a surface exposed to a moving air stream, and free convection is the ascent/descent of
warm/cold air over a surface due to density differences. Under forced convection Nu is
therefore a function of the Reynolds number Re (ratio of inertial to viscous force). Under
free convection, Nu depends on the Grashof number (ratio of buoyancy to viscous force).

Roth-Nebelsick (2001) and Bailey and Meneses (1995) motivated that purely free
convection is unlikely to occur in nature, as even a very slight air movement already
results in a significantly changed temperature distribution over a leaf surface. However,
as highlighted by Schuepp (1993), the transition regime (i.e. "mixed" convection) is not
uncommon in dense canopies or during lulls between stronger wind speeds. Interestingly,
this is exactly what happens during wind machine operation. A leaf is alternatingly
exposed to high wind conditions in which forced convection is dominant, and low wind
conditions in which free convection plays a more important role. When both forced and
free convection are important (i.e mixed convection), Nu is a function of both Re and Gr.

Finding a satisfactory description of the Nusselt number for mixed conditions remains
a challenge. Generally, Nu is calculated for both forced and free convection and the largest
value is used. Alternatively, forced and free conductances are summed, equivalent to
parallel resistances (Schuepp, 1993).

The regime transitions between free, mixed and forced convection are often described
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in terms of (rigid) thresholds based on a so-called leaf-Richardson number Ri, defined as:
Ri = Gr/Re” 2.7)

As such it compares non-dimensional buoyancy effects over inertial effects. However,
the exact Richardson borders for regime occurrence are not sharply defined (Monteith &
Unsworth, 1990; Parkhurst et al., 1968).

Here, we introduce and apply a new conceptual view, that eliminates the need for
empirical sharp boundaries between regimes. The logic of Equation 2.7 can also be seen
as the ratio of two competing Reynolds numbers, or likewise, as two competing velocity
scales. This vision is explained in Appendix A.1.1. This reduces the need for the different
formulations (Ap. A.1.1: Tab. A.1) to one equation, suitable for all quasi-laminar regimes
(Re* <2-10%):

Nu=0.6-(Re*)?® (2.8)

and one for all turbulent regimes (Re* > 2-10%):

Nu = 0.032- (Re*)%® (2.9)

Here Re* is the Reynolds number based on the refreshment velocity m* that combines
the wind velocity and a velocity scale for free convection:

m* =1/ (wfree)2 4+ 2 (2.10)

w/7ee is the typical velocity scale for free convection (Appendix A.1.1 for derivation):

T — T,
wfree:\/ZLgM 2.11)

MODEL SETUP AND CALIBRATION
Equation 2.1 is solved numerically using an Euler forward method. We have tested for
numerical convergence (and stability) for time steps between 0.001 and 10 seconds.

When we know the volumetric heat capacity of a plant organ [MJ m™ K], we can
determine the heat capacity per area (Cpjqpn, in] m? K'!). Therefore, we need to know
the organ’s shape, or at least the ratio between volume and surface area. We approximated
the leaf and flower as flat circle-shaped plates with a thickness 7,4, and radius L. The
shoot was approached as a cylinder. Using typical heat volumetric capacities of 0.5, 2,
and 4.2 MJ m™ K'! for respectively the flower, leaf, and shoot, we calibrated the thickness
and radius. A number of realistic evenly spaced samples is taken for each parameter, and
the modelled leaf temperatures are compared to the observations. The parameters that
give the lowest MSE are selected. The exact values and calibration ranges are given in
Appendix A.1.2, Table A.1.

The different plant parts also experience different SVFs and wind speeds due to the
geometric effects of the canopy itself. This is included as Upjqn: = ¥ * Upps, in which
Upian: is the wind experienced by the plant, U,y the observed wind at the top of the
canopy and y a height dependent constant between 0-1. As we did not measure the wind
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and radiation in the canopy, y and SV F are also determined through calibration, resulting
in a total of 5 calibration parameters for each of the three (flower, leaf, and shoot) models.

Note that the calibration parameters are indicative of the order of magnitude, and
should not be interpreted as actual and exact values. For example, due to its turbulent
character, wind can be quite different next to a leaf compared to just 5 cm distance.
The model code is available on Github (https://github.com/judithboekee/blossom). It
is intended for use only in combination with observation data for model tuning and
verification.”

2.3. RESULTS AND DISCUSSION

In this section, we first discuss how vertical temperature profiles in the bulk canopy
layer respond to wind machine operation, at different locations and times in the growing
season. Next, the energy transport between the leaf and atmosphere during the fast micro-
climate fluctuations is quantified using observations in combination with the conceptual
model outlined above.

2.3.1. HEAT TRANSPORT INTO THE CANOPY

Vertical DTS cables measuring vertical temperature profiles are used to analyse heat
transport into the canopy. Figure 2.4 shows the mean vertical profiles during ON (14-
04-2021 00:38 till 14-04-2021 00:50 and 07-05-2021 23:40 till 08-05-2021 01:00) and OFF
(14-04-2021 00:00 till 14-04-2021 00:30 and 07-05-2021 22:30 till 08-05-2021 23:00) mode.
Figure 2.5 shows how these profiles vary over time during a phase-averaged rotation cycle.

In OFF mode, cooling of the overlying air by the cold surface results in a stable vertical
temperature profile with the coldest temperatures and strongest vertical temperature
gradient (i.e. a temperature inversion) close to the surface (Fig. 2.4a). In May the trees are
leafed out and the inversion occurs at the top of the canopy at z = 300 cm instead of near
the ground (Fig. 2.4b). Here the dense foliage cools radiatively. This limits the mixing of
cold, dense air in the canopy with the warmer air above.

Interestingly, the rather uniform temperature within the canopy in the full leaf stage
suggests that some kind of longwave radiative 'equilibrium’ is reached, in absence of
strong turbulent mixing. In accordance with equations 2.2 and 2.3 this suggests that at
each height within the canopy, LVF = 1 (and SVF and GV'F are approximately zero) and
Riw,in = Riw,out-

In ON mode the vertical temperature gradient reduces. The operating wind machine
accelerates air and generates a turbulent jet with an 8°downward angle. Flow instabilities
at the edge of the jet (Kelvin-Helmholtz type) generate efficient mixing of in-canopy with
the above-canopy air.

As aresult, in the canopy, the air temperature rises. We observed an average tempera-
ture increase in the order of 1-3 °C near the ground. This is in line with earlier studies by
Ribeiro et al. (2006) and Heusinkveld et al. (2020) who show an increase of ~ 2 °C. Above
the canopy, the air temperature decreases. In May the temperature at 4 - 9 m height is
lower during ON mode than during OFF mode (Fig. 2.4c). However, in April there is no
cooling at this height. The above-canopy cooling was also not observed in January by
Heusinkveld et al. (2020). We hypothesise that when there are no leaves on the trees,
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the mixing caused by the jet takes place over a rather deep layer exceeding hub height.
However, there is no evidence from the current observations to confirm/falsify this.

Figure 2.5 shows how the warm air aloft is mixed down into the canopy, far from the
wind machine (Fig. 2.5a) and close by (Fig. 2.5c). The warm air first arrives above the
canopy and penetrates between the trees as the wind speed increases. Interestingly, the
highest temperature increase happens just before the maximum in the wind speed at ¢ = 0.
At W31 this takes about 60 seconds and at W12 about 30 seconds. The time difference is
largest at the furthest location, which presumably is caused by plume dispersion. This
is explored more in-depth in a separate study on the same field experiment (Dai et al.,
2023).

Next, we define a so-called plume penetration depth pj;yme, to determine the influ-
ence of foliage density and radial distance from the wind machine on plume penetration.
Penetration depth is defined as the normalised height below which the vertical tempera-
ture gradient remains larger than 0.5 K/m when the jet passes at ¢ = 0. Below this height
the effect of vertical mixing is limited. We define py,;,m,. relative to the canopy height h,
and is thus positive downwards into the canopy.

The mean temperature profiles during wind machine operation (Fig. 2.4) show that at
the mast closest to the wind machine, the jet can penetrate completely to the ground (May,
E06, ON mode). The penetration depth is pj;,me = 1. The temperature gradient in the
canopy is small: dT/dz ~ 0.4 K/m. At the location slightly further from the wind machine
(May, W12, ON mode), only the upper half of the canopy air is well-mixed at = 0. The
penetration depth is ppjyme = 0.6. For the location furthest from the fan (May, W31, ON
mode), mixing of the in-canopy layer is suppressed. A significant temperature gradient of
0.8 K/m remains in the complete canopy layer, so the penetration depth p;me = 0.

In April ppiyme = 0.5 is at E06, at W31 pjyme = 0. In May the difference in penetration
depth between the two masts is smaller. This is due to the increase in foliage density and
difference in background conditions. In April a strong temperature inversion is present
directly above the surface and minor turbulent mixing near the surface results in a strong
temperature change. In May the vertical temperature gradient near the surface is smaller
due to the presence of foliage and turbulent mixing will result in a comparatively smaller
temperature change.

2.3.2. HEAT TRANSPORT FROM CANOPY AIR TO LEAF
To understand what is driving the energy exchange between leaf and air, we first diagnose
the dominant mixing regimes. We use the classification given by Monteith and Unsworth
(1990), which is based on the leaf-Richardson number in Equation 2.7 and shown in
Figure 2.6a. The dominant regime is the "Mixed convection’ regime, followed by 'Forced
convection’ during passage of the wind machine jet. Occasionally, 'Free convection’
occurs: in situations of very low wind speeds when the temperature difference between
leaf and air is large. The wind speeds used for this classification are measured at the top
of the canopy. The actual wind speeds next to the leaves will be lower and shifted towards
free convection.

Figure 2.6c shows how the plant tissue (i.e leaves) temperature responds to fluctua-
tions in wind and air temperature. Directly after the first passage of the jet (start of the
grey band in the figure) the air temperature 2 cm from the leaf rises by 5 degrees and
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Figure 2.5: The top panels (a, c) show average air temperatures as measured by the DTS cables in May in color
and contour lines against height z/ i, with canopy height h ~ 300 cm. The lower panels (b, d) show the averaged
wind speeds as measured by the sonic anemometer just above the canopy. Panel a) and b) represent location
W31 (~ 110m) and panel c¢) and d) W12 (~ 40m).
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this is followed almost instantly by the leaf temperature. Fig. 2.6d shows that leaves
deeper in the canopy need more rotations to approach air temperature compared to
those near the canopy top (222 cm). At the end of the active rotation period, air temper-
atures are the same at all heights in the canopy (not shown). All leaves have the same
temperature as well, albeit 0.2 °C below the air temperature. From this, we conclude that
the wind machine needs at least 15 rotations to reach maximum mixing in the canopy.
This "warm-up" time is even more important for the vegetation, due to their delayed
response compared to the air temperature. This is in line with the findings of Kimura et al.
(2017), who show that boundary layer conductance is synchronised with wind machine
oscillations, but leaf temperature reacts with a delay of several seconds.

2.3.3. LEAF ENERGY BALANCE

The conceptual model presented in Section 2.2.2 enables us to investigate what processes
drive leaf-air heat exchange during wind machine operation. We introduced a refreshment
velocity m™, which combines the typical velocity scales for forced and free convection. By
doing so we avoid the pre-imposed boundaries between turbulence regimes as used in
Monteith and Unsworth (1990). In Figure 2.7 we show how the aerodynamic resistances
calculated using the original model (Monteith & Unsworth, 1990) result in a sharp change
at Ri = 10, which is unlikely to exist in nature. We compare this to the m*-based model
which presents a more realistic gradual shift. Discrepancies between the two approaches
occur mainly around the Ri = 10 boundary and over the range of very low velocities where
Monteith and Unsworth (1990) assume the energy exchange through wind (i.e. forced
convection) to be negligible. This causes discrepancies between the two approaches of
up to 20%. Henceforth we use m* in our model calculations.

The heat-exchange model is calibrated based on phase-averaged observations of air,
soil, and sky temperature as input. Results of the predicted leaf temperature are given in
Figure 2.8a, together with the observations. The model reproduces the leaf temperature
variation within an absolute error range of 0 to 0.2 °C, about 10% of the mean leaf-air
temperature difference. Next, we use the model to compute the plant energy budget
terms Ry and H, as shown in Figure 2.8c.

We divide the phase-averaged rotation cycle in three phases: the rising limb with a
convex-concave shape, the temperature maximum, and the convex-shaped falling limb.
As follows from Figure 2.8c, the convective energy transport dominates during the first
two phases, before and during the passage of the jet from # = —150 until # = 10. This
corresponds to a strong increase in air temperatures (due to mixing of the in-canopy
air) and thus a larger temperature difference between the air and the plant tissue. The
convective heat flux increases linearly with the plant-air temperature difference and
depends on the wind speed via the boundary layer resistance (Eq. 2.5). Consequently,
when the jet speed peaks at ¢ = 0, the increase in wind speed enhances the convective
energy exchange resulting in an additional leaf temperature increase of 0.2 K. After the
passage of the peak (phase 3), radiative cooling again becomes dominant. At the start of
phase 3, leaf temperature is nearly equal to the air temperature, the small temperature
difference combined with low wind speeds limits further convective heat exchange. The
leaf cools and radiative cooling gradually decreases. Finally, the influence of the next jet
passage is felt (as the jet plume has a finite horizontal extent and is also advected), and
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approach presented by Monteith and Unsworth (1990) (panel a), and with our refreshment timescale (panel b),
and the difference (panel c). Here we took T,;;, = 273K and L = 0.08m as typical values for the calculations.

convection rises again. Over the full rotation cycle, the heat introduced by convection
was 1449 J/m? (area under H in Fig. 2.8¢), 1416 J/m? (area under Ry in Fig. 2.8¢) is lost
due to radiative cooling. As long as the integrated convective warming is larger than the
integrated radiative cooling the leaf will warm over time.

2.3.4. DIFFERENT PLANT ORGANS

Figure 2.9 shows the averaged dynamic temperature response of leaves, flowers, and
shoots to the passage of a wind machine jet. The flower tissue responds faster than the
leaf due to its lower heat capacity and the difference between air and flower tempera-
ture remains close to zero (Fig. 2.9a). The flower temperature is measured at ~15 cm
distance from the air temperature. This coherence in signal suggests that specific curve
characteristics measured, such as the plateau at -150 to -100 s, have some general validity
and are not a coincidence. The temperature response of a shoot differs from that of a
leaf or flower: it warms and cools more slowly as a result of its smaller surface/volume
ratio (Fig. 2.9a). We account for this by applying a higher heat capacity in the model,
however, this results only in a delayed response as compared to the observational data
(Fig. 2.9b, blue versus dashed curve). Moreover, the model predicts an initial cooling (first
50 seconds) that is absent in the observations (Fig. 2.9b). This cooling computed by the
model is a result of the air temperatures being below shoot temperature in combination
with radiative cooling. On the contrary, in the observations, shoot temperature in the first
50 seconds remains almost constant. We hypothesise that cooling in the initial phase is
counteracted by an (unknown) source of heat (or a delay process). We now empirically
model this extra source of heat as a relaxation term in the budget equation:

S=a-(Teore — Tshoot) (2.12)

in which, « is a constant, T, is the temperature of the core of the shoot. As we did

E
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not measure this, we used the temperature of the soil at 20 cm depth, which was 8.8 °C.
The physical meaning of the extra heat source is beyond the scope of this manuscript.
Equation 2.12 is fully empirical and could be interpreted as the heat release from the
centre of the shoot to its surface. This process works on a larger timescale and can be
seen as delayed heat release from the day. In a separate analysis (not shown here) it
was found that the shoot-air temperature difference decreased during wind machine
operation. This indeed may suggest that heat storage effects on larger time scales may
play a role here. The heat capacity Cj;4,, in Equation 2.1 does not cover this delayed
heat release. It assumes instantaneous redistribution of heat through the plant tissue. For
thin leaves and flowers, this is indeed the case. A thicker shoot or flower bud, however,
has a frequency-dependent damping effect, similar to grass and soil (Jacobs et al., 2008;
Van Der Linden et al., 2022). Short term-variations in temperature, such as those caused
by clouds or the passing of a wind machine jet, penetrate into the outer layer of the tissue
only, but cannot reach the central part. Long-term temperature variations such as the
diurnal cycle will penetrate to the core. These long-term variations will therefore have a
significant effect on the temperature measured at the surface. With the inclusion of the
extra heat source, which is promising in its simplicity, the model can accurately predict
the dynamics of the shoot temperature.

2.4. CONCLUSION

In this study we investigate heat exchange processes in fruit tree canopies during wind
machine operation. We deployed high-resolution Distributed Temperature Sensing (DTS)
and leaf thermistors to measure temperature response of leaves, within-canopy and above-
canopy air to the fast fluctuations in temperature and wind induced by the machine.
We found that to optimise wind machine operation in fruit orchards, it is important
to consider two effects of a wind machine: 1) mixing of stratified air above and into
the canopy layer and 2) erosion of the leaf boundary layer to facilitate leaf-air energy
exchange.

In addition to the average temperature increase, we looked at temperature variation
over a five-minute rotation cycle. Thanks to the availability of high-resolution DTS data
we are able to characterise the delayed response of in-canopy air temperature compared
to the air above. Warm air arrives above the canopy just before the jet passes, due to
plume dispersion. Due to plume dispersion, the above-canopy temperatures start rising
before the jet core passes. Then, the stably stratified in-canopy air is mixed from the top
down to a given penetration depth. This depth depends on the jet strength, distance to
the wind machine and canopy density. We found penetration depths varying from 60%
penetration close to the wind machine to 30% of the canopy at 110 m in early spring.
Penetration was reduced with distance from full-canopy penetration to no penetration in
late spring as a result of the denser foliage.

A second effect of the wind machine is erosion of the viscous boundary layer sur-
rounding the leaves, flowers, and shoots by increased wind speeds. The same processes
play a role here on the micro scale as on the canopy scale: convective warming and
radiative cooling. Radiative cooling depends only on the temperature of the leaf and
varies between -4 to -5 W/m?. Preceding and during the passing of the jet convective
energy exchange rises to 10 W/m? and dominates due to the high wind speed and large
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temperature difference. After the peak in wind speed, convective warming approaches
zero and radiative cooling restores the temperature difference between air and plant.
Before a new equilibrium temperature is reached, the next jet arrives and convective
warming erodes the temperature difference again. As long as convective heat repeatedly
introduced by the wind machine exceeds radiative cooling, the temperature of the plant
tissue shows a positive trend over time, until equilibrium with the well-mixed canopy air
is reached.

The conceptual energy balance model we use to quantify heat exchange between plant
and air generally shows good agreement with the observations. Main deviations (up to 0.2
°C) occur just before jet passage, minor deviations are found during the rising limb of the
temperature curve, as the jet approaches. The most likely explanation for these deviations
is the position of wind observations used as input for the model. Sonic anemometers are
installed above the canopy, because measuring representative 3D wind fields within a
canopy is extremely challenging (Patton et al., 2011). We approximated wind speed in
the canopy as a fraction of the wind on top of the canopy. In reality, the damping effect
of the canopy is phase-dependent and changes the character of the flow by enhancing
turbulence. To improve understanding of in-canopy energy exchange, measuring in-
canopy wind velocities will be an important requirement. New developments in wind
sensors like Freundorfer et al. (2021) and Alveringh et al. (2022) open a promising avenue
for further research.

Our results show that temperature response of different plant organs depends on their
heat capacity, strongly related to organ volume, and their surface/volume ratio. Thin
flower petals store little heat and are almost in direct equilibrium (and synchronised) with
air temperature changes. Leaves store small amounts of heat, but remain cooler than
the air as convective warming is counterbalanced by strong radiative cooling. Shoots,
with their higher heat capacity and lower surface/volume ratio, store more heat during
the day which is slowly released at night. As a result, their temperature remains above
air temperature, except at passage of the wind machine, when air temperature briefly
exceeds shoot temperature.

The focus of this study has been on temperature response of leaves and flower petals
in fruit tree canopies. Our initial analyses of shoot temperature show that their response is
significantly different from the thinner tissue of leaves and petals. We attribute this to the
higher heat capacity resulting in larger heat storage during the day. This results in a higher
average temperature and a dampened temperature response to wind jets in comparison
to the leaves and flowers. By implementing a delayed heat release from the shoot core, we
are able to replicate this effect with the model. However, to fully understand the origin of
this delayed heat release, more observations and physics-based model efforts during wind
machine operation are needed. Additional measurements of the internal temperature of
the shoot, the stem and sap flow can support estimation of the heat transport from the
core to the surface. Since flower buds are likely to show a similar dampened response
and are the plant’s most vulnerable organs in early spring, better understanding their
temperature response is important for fruit frost protection
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PLANT PHYSIOLOGICAL VARIABLES
AT PLAY IN FROST DAMAGE

And the day came when the risk to remain tight in the bud was more painful than the risk
it took to blossom.

Anais Nin
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Summary

When plant water freezes, it releases a detectable thermal signal known as a freezing
exotherm. These exotherms are used to determine the lethal temperatures for different
fruit cultivars. However, the conventional detection method (differential thermal analy-
sis) is destructive and relies on controlled cold chamber environments, which may not
accurately reflect field conditions. To address this limitation, we explored the potential of
using thermal imaging in the field to detect freezing exotherms in different development
stages.

This chapter is the result of a three-month stay at Cornell University at the lab of dr. Jason
Londo (Associate Professor at the School of Integrative Plant Science, Horticulture Section,
Cornell AgriTech). During this research visit, I studied the physiological effects of climate
stress (particularly frost) on various apple cultivars. In this chapter, I give a little taste
of what happens at cellular level during freezing, highlighting that frost damage is, in
essence, a form of dehydration.
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3.1. WINTER CHILLING

Temperature, along with light, nutrients and water, is fundamental for plants to survive
and thrive. All biochemical processes in plants operate within specific temperature
limits -both upper (Box 1) and lower- and have an optimum range known as the cardinal
temperature range (Hopkins, Hiiner, et al., 1995).

In temperate climates, many plant species adapt to low winter temperatures as they
survive the winter in a dormant state. Dormancy refers to the inability of plant tissue
(such as buds and seeds) to grow, despite the presence of appropriate temperatures and
adequate moisture and oxygen. Only a severe frost during dormancy will result in lethal
damage. This transition towards dormancy begins at the end of summer, triggered by the
decreasing day length (Hopkins, Hiiner, et al., 1995).

Higher daytime temperatures in spring will break dormancy, but only if the plants’
chilling requirements are met. For instance, species such as apples or pears, require 7
— 9 weeks of accumulated temperatures between 0 — 7 °C. The temperature variations
during winters in temperate climates do not pose a problem, as dormant tissue sums
the days until the appropriate amount of cold has been reached. This explains the early
bloom after relatively warm winters as plants meet their chilling requirement relatively
fast (Hopkins, Hiiner, et al., 1995).

3.2. SPRING FROST DAMAGE

When daytime temperatures rise and the growing season begins, fruit trees lose their
resistance to low temperatures. This is why in springtime, frost can cause severe damage
to sensitive tissues, such as buds and flower petals.

Frost damage is not directly caused by below-zero air temperatures but by dehydration
of the flower’s essential cells (Charrier et al., 2015). As the temperature of the plant drops
below zero, the tissue can cool further (6 — 8 °C) before ice forms. This phenomenon, called
super-cooling, occurs due to the small volumes of water and the absence of nucleating
substances needed for ice crystal formation.

Initially, water will freeze between the cells and in the water-transporting vessels. The
formation of extracellular ice crystals (i.e. apoplastic freezing) causes a rise in extracellular
solute concentrations (Fig. 3.1 and 3.2). Consequently, water is drawn from the cells into
the intercellular space. This dehydration will protect the cells up to a certain limit, due to
the increase in intracellular solute concentrations, which lowers the freezing point by an
additional 1 -2 °C. However, as freezing continues, severe dehydration of the cell results in
coagulation. The normal bilayer structure of the cell membrane will be disrupted forming
water-filled channels that make the membrane porous.

When the ice melts, large amounts of solute will leak between the cell compartments
and from the cells. Membrane proteins may be displaced and the membrane loses its
selective characteristics, resulting in a loss of enzyme activity. This can be lethal to the
cell and manifests itself as flaccidity and/or discolouration of the tissue.

If the cell death is limited and happens during blooming (i.e. anthesis, a period of
rapid cell division) the plant will be able to recover rapidly. However, damage inflicted
before anthesis will persist throughout fruit maturation. Although the buds may appear
undamaged on the outside, internal damage can manifest as browning at a later stage.
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cell membrane

cell wall

Figure 3.1: Sketch of a plant cell.

Flowers at full bloom show the damage as browning at the base of the style and, depending
on the species, in other organs as well. The damage will become visible in the fruit as they
ripen, often evidenced by the breaking of the weakened skin and the formation of healing
cork tissue. Such damage reduces the quality, appearance and value of the fruit.

The temperature conditions during a frost night (e.g. intensity and duration of low
temperatures, rates of temperature decrease, and thawing) determine the severity of
the frost experienced by the plant. These conditions, as well as other environmental
conditions such a wind and clouds, regulate the size and formation speed of ice crystals
and affect the cells’ ability to reabsorb water.
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Under conditions of high solar radiation or elevated temperatures, plant tempera-
tures can rise to 5 K or more above the ambient temperature. Many plants attempt
to prevent overheating by adopting strategies such as vertical leaves, reflective
hairs or waxy coatings that reflect light, or small dissected leaves that minimise
the leaf boundary layer thickness. However, many of these techniques also reduce
transpiration, a natural cooling mechanism to cope with high temperature stress
(Hopkins, Hiiner, et al., 1995).

Traditionally, it was believed that overheating was problematic as it resulted in
irreversible protein denaturation. This is however only part of the problem, as
high temperature stress also affects for example membrane fluidity (Wahid et al.,
2007).

As the temperature becomes too low, the membrane crystallises. As the tempera-
ture becomes too high, the kinetic energy of the membrane molecules increases
and the membrane loses its integrity and selective character. The cellular mem-
brane consists of lipids with hydrophobic heads and two hydrophilic tails. These
tails are fatty acids, some saturated and others unsaturated. Saturated fatty acids
solidify at higher temperatures than unsaturated fatty acids. The ratio between
saturated and unsaturated fatty acids therefore determines the transition temper-
ature at which the membrane transitions from a crystalline to a fluid state. This is
especially important in a cold environment where plants with more unsaturated
fatty acids solidify at a lower temperature, and are thus more cold resistant (Raison
etal., 1980). Under conditions of heat stress the number of unsaturated fatty acids
increases, making the membrane more fluid. More heat-tolerant species therefore
have a higher ratio of saturated fatty acids (Wahid et al., 2007).

3.3. COLD HARDINESS

Plants have developed mechanisms to cope with freezing stress to limit the degree of frost
damage. They can resist stress through two main strategies: avoidance and tolerance
(Snyder & De Melo-abreu, 2005).

Frost-avoidant species prevent their exposure to cold temperatures, for instance, by
growing deep within the canopy where they are shielded from radiative cooling. On the
other hand, frost-tolerant species avoid ice crystal formation when exposed to freezing
temperatures. An interesting example of frost tolerance is the reduced leaf wettability
observed in plants at high altitudes and in open areas where low nighttime temperatures
and dew fall are common (Aryal & Neuner, 2010). Leaves with a lower wettability have a
reduced contact area between water/ice and the epidermis, decreasing the likelihood of
extrinsic ice formation that could lead to intrinsic ice formation. This reduction in leaf
wettability thus promotes supercooling (Wisniewski et al., 2002; Fuller et al., 2003).

This tolerance mechanism is heritable, and represents a form of species adaptation.
This is opposed to acclimation; a non-heritable physiological modification that results
from gradual exposure to the stress. The biochemical processes that allow the plant to
withstand crystal formation and dehydration, are known as hardening (Wisniewski et al.,
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Figure 3.2: Illustration of freezing within a plant cell, from left to right the temperature decreases.
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2014). After a winter or early spring with significant exposure to chilling temperatures,
the degree of hardiness is higher. As a flower develops from dormancy to fruit set, the
vulnerability of the vital organs increases, and cold hardiness thus decreases. Unfortu-
nately, the mechanisms behind cold hardiness remain complex and not fully understood.
Several factors have been reported to play a role, including changes in ice nucleation
agents (Ashworth & Kieft, 1992), moisture content (Hewett et al., 1978) and nutrition
status (Alden & Hermann, 1971; Khanizadeh et al., 1992; Flinn & Ashworth, 1995).

3.4. CRITICAL TEMPERATURE RANGES FOR FROST PREVENTION

The dependency on (prior) weather conditions makes predicting frost damage challeng-
ing. To determine whether protective measures are necessary, farmers often monitor
whether the air temperature falls within a specific temperature range. This range is known
as the critical temperature range: the temperatures at which 10% - 90% of the flower buds
freeze at various stages of development. Due to the many factors that influence cold har-
diness, the magnitudes of these ranges are broad typically between 3 — 10 °C (Wisniewski
et al., 2014; Rodrigo, 2000; Lu & Rieger, 1993). The temperature ranges are published
widely, but their origins and determination methods are not well-documented. Modern
fruit farmers often still rely on old fruit bud charts, such as those based on Proebsting and
Mills (1978), even for new cultivars.

Recently, Miranda et al. (2005), Salazar-Gutiérrez et al. (2016) and Matzneller et al.
(2016) have sought to re-determine critical temperatures for new cultivars using mod-
ern techniques, such as cold chambers and differential thermal analysis (DTA). In DTA,
thermoelectric modules are used to detect the freezing exotherm corresponding to the
release of heat due to ice formation. An example of such a freezing exotherm is shown in
Figure 3.3. The samples are cooled to below the freezing point of water in a cold chamber.
Initially, no ice forms until the first apoplastic water freezes at -6 °C to -8 °C, causing
the first exotherm. As the water consequently moves from the cell to the apoplast, a
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Figure 3.3: Freezing exotherms (figure adapted from Yu and Lee (2020)).

second exotherm occurs. Eventually, the third exotherm results from the freezing of the
intracellular water.

However, these tests cannot be used to study how freezing occurs in the field for
two reasons. First, modern freezing tests typically use convective freezing chambers.
This freezing process does not accurately mimic radiative frost conditions, due to the
absence of a temperature gradient and dew formation. This has significant effects on
how the plants freeze and whether they survive. Additionally, the tests often require the
detachment of a plant part from the whole plant. Field experiments using intact plants
(Ashworth et al., 1985) and attached evergreen leaves, have shown that ice nucleation
temperatures can be up to 3 °C higher in the field compared to freezing chambers (Taschler
& Neuner, 2004). Second, limitations of the DTA method are that it can not be used to
determine where freezing initiates, the rate of ice propagation or how many ice nucleation
events are needed to freeze a whole plant.

The development of higher-resolution thermal cameras could help to address these
gaps. Very few attempts have been made to study freezing under natural night frost
situations by infrared technology (e.g. Pearce & Fuller, 2001; Hacker & Neuner, 2008;
Frederiks et al., 2012). Charrier et al. (2017) distinguished three distinct freezing patterns
in European spruces: 1) tree top to base, 2) from base to top, and 3) from thin branch to
thick stem. These variations likely result not only from differences within the tree, but
also from the interactions with microclimate.

3.5. THERMAL CAMERA: PROOF OF CONCEPT

Thermal cameras seem to be a promising solution to study spring frost in orchards in
a field setting. The potential of an off-the-shelf infrared camera (Optris PI 450i) for this
purpose was tested during a research visit at Cornell University. First we needed to
test whether the camera was able to capture the nucleation events. This was done in a
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Table 3.1: Critical temperatures for apple based on Proebsting and Mills (1978).

Bud development stage Bud Leaves Flower
Avg. temp for 10% kill (°C) -9.4--7.8 -5.0--2.8 -2.2
Avg. temp for 90% kill °C) -17--12 -9.4--6.1 -4.4--3.9

controlled freezer setting. Since the research visit lasted only three months, we did not
have the time do test the camera in the field. Here, we thus applied the camera to answer
the following question:

Can the camera be used to capture the ice nucleation from dormancy to fruit set?

To test frost hardiness throughout different development stages in a single run, we
needed to have samples at various development stages available at the same time. To this
end, we manipulated the development of the apple cuttings.

At the start of spring, 60 cuttings with dormant flower buds were cut in the field and
stored in a dark cool room at 5 °C. This paused their development keeping them in their
dormant stage. Over the next two weeks, every three days, ten cuttings were taken out
and placed in a room at room temperature. This method provided us with a selection of
samples ranging from dormant to pink stage (Chapman & Catlin, 1976). The trial was
done three times with different cultivars: Jonagold, a popular cultivar in the Netherlands;
Honeycrisp, a popular cultivar in the United States; and SweeTango, a young cultivar
developed at the University of Minnesota.

The samples were frozen in a convective freezer. The internal and external temper-
atures of the buds were tracked using two different measurement techniques. Internal
bud temperatures were measured using small thermocouples inserted into the buds or
between the flower petals. Skin temperatures were recorded using a thermal camera.
Both techniques showed similar trends, with the internal temperature being 1 — 1.5 °C
above the skin temperature. This experimental setup and an example of a thermal image
is demonstrated in Figure 3.4.

To determine the freezing point, the freezer was programmed to cool to -10 °C over
the course of two hours. The internal temperatures observed for all three cultivars are
presented in Figure 3.5. We grouped them into three broad development stage ranges:
1) buds: dormant, silver tip and green tip; 2) leaves: half-inch green and tight cluster;
3) flowers: pink. As this experiment was designed to be a proof of concept, we kept the
number of samples low and limited the number of freezer runs. Although the sample
size is too low to draw significant conclusions, the thermocouple observations suggest
the following freezing order: buds and leaves freeze first, followed by flowers. Based on
the critical temperatures (Table 3.1), one might expect flowers to freeze before leaves
and buds. However, our observations indicate the opposite, which suggests that cold
hardiness may not be solely due to the absence of ice formation but rather a tolerance
to ice formation. In other words, freezing may occur without causing lethal damage. To
confirm this theory, further testing for browning in buds and flowers after freezing would
be necessary, as this would indicate whether damage occurred.

The question remained whether freezing occurred due to the duration of exposure or
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Figure 3.4: Thermal imaging setup and snapshot. Panel a) shows a snapshot from the freezing video. The light
colours show relatively warm regions. Some of the cuttings are already frozen and show up as white in the
thermal image. The freezing exotherm caused the temperature of the cuttings to rise, which caused them to be
relatively warm compared to the supercooled unfrozen cuttings. The white square in the back is caused by the
relatively warm insulating material. Panel b) shows the freezer with a foam box that holds the cuttings in place,
protecting the cut ends from freezing. The thermal camera is kept from freezing in an insulated cardboard box.
Panel ¢) shows the cuttings at different development stages. At the end of the blue cables is a thermocouple,
inserted in the buds and flowers.
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Figure 3.5: Internal bud temperatures measured with the thermocouples. The sudden increase in temperature
is the first freezing exotherm (Figure 3.3).
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Table 3.2: Results from thermal camera. The temperature column includes the skin temperatures of the buds
and flowers just before the freezing exotherm. The time is the time since the air temperature dropped below 0
°C. The ranges indicate the differences between the cuttings.

Cultivar Freezer setting Temperature (°C) Time (min)
Jonagold Cooling from 0 to -8 °C in 2.5 hours -3.5--6.5 65-110
SweeTango  Cooling from 0 to -8 °C in 2.5 hours -3.5--6 65 - 95
Honey Crisp  Cooling from 0 to -8 °C in 2.5 hours -4--6.5 75 - 105
Jonagold -3°C -3.5 0-90
SweeTango  -2°C -3--35 15-75
Honey Crisp ~ Stepwise cooling from 0 to -4 °C with 0.5 °C hourly intervals -3.5-4 0-90

because the temperature dropped below a specific threshold—or perhaps a combination
of both. To distinguish between these causes, we exposed the samples to a constant
temperature just above the observed freezing threshold for each cultivar. If freezing
still occurred, it would likely be attributed to the length of exposure rather than the
temperature alone. However, it proved quite a practical challenge to set the freezer at the
correct threshold temperature.

During the first ramp run (Jonagold), the first flower froze at a skin temperature of -3.5
°C, after ~ 65 minutes of exposure to sub-zero temperatures. Within an hour, all samples
had frozen. Therefore, in the constant temperature run, we set the temperature to drop
from 0 to -3 °C over 10 minutes, then maintained it at -3 °C for two hours to see if freezing
would still occur or not.

Despite the air temperature in the front section of the freezer not dropping below
-1 °C, the dormant buds in the back cooled to -3.5 °C. Immediate freezing was observed
as the temperature dropped below -3.5 °C. In the next run we therefore placed more
thermocouples to measure spatial variation in the air temperature, and observed about a
degree difference.

Therefore, for SweeTango, we kept the programmed temperature at -2 °C instead.
We saw only one flower freeze after 15 minutes and one bud after 75 minutes at this
temperature. This suggests that the freezing results from time of exposure. However, the
final run with Honeycrisp suggests that freezing is triggered by temperature dropping
below a threshold value. Here, we used a stepwise cooling approach, decreasing the
temperature by 0.5°C at hourly intervals and freezing occurred within the first 5 minutes
of every step.

To draw significant conclusions from this experiment, it needs to be scaled up to a
large number of samples. We showed that this can be done with a thermal camera, as the
camera was able to capture the freezing exotherms of the individual cuttings. Not shown
in this thesis are the thermal camera videos. They allow us to detect the starting point of
nucleation and the propagation rate.
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Make everything as simple as possible, but not simpler.

Albert Einstein
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Summary

In this study, we present an extension to the Monin—Obukov similarity theory (MOST)
for the roughness sublayer (RSL) over short vegetation. We test our theory using temper-
ature measurements from fibre optic cables in an array-shaped setup. This provides a
high vertical measurement resolution that enables us to measure the sharp temperature
gradients near the surface.

It is well-known that MOST is invalid in the RSL as the flow is distorted by roughness
elements. However, to derive the surface temperature, it is common practice to extrapo-
late the logarithmic profiles down to the surface through the RSL. Instead of logarithmic
behaviour defined by MOST near the surface, our observations show near-linear temper-
ature profiles. This log-to-linear transition is described over an aerodynamically smooth
surface by the Van Driest equation in classical turbulence literature. Here we propose that
the Van Driest equation can also be used to describe this transition over a rough surface,
by replacing the viscous length scale with a surface length scale L, that represents the size
of the smallest eddies near the grass structures. We show that L; scales with the geometry
of the vegetation and that the model shows the potential to be scaled up to tall canopies.
The adapted Van Driest model outperforms the roughness length concept in describing
the temperature profiles near the surface and predicting the surface temperature.
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4.1. INTRODUCTION

4.1.1. DIAGNOSIS OF THE PROBLEM

Accurate estimations of the surface temperature and momentum profiles are crucial
to determine the exchange of energy and moisture between the surface and the atmo-
sphere (Physick & Garratt, 1995; Holtslag et al., 2013). Yet, getting a good estimate of the
temperature profile over the widespread and frequently studied grass surface remains
challenging (e.g. Beljaars & Holtslag, 1991; Duynkerke, 1992; Sun, 1999; Best & Hopwood,
2001). Here, we present a (semi-) analytical model to describe vertical temperature pro-
files just centimetres above the grass. The framework is inspired by the well-known Van
Driest equations (Van Driest, 1956) for flow in smooth channels and is now applied to a
rough grass surface. We test our model using high-resolution temperature observations
from fibre optic cables.

Traditionally, the temperature profiles in the atmospheric surface layer (ASL), the
lowest 10% of the atmospheric boundary layer (Fig. 4.1a), are represented by the Monin—
Obukov Similarity Theory (MOST) (Monin & Obukov, 1954; Foken, 2006). This theory
relates the vertical gradients of transported quantities to stability and surface fluxes via
the law of the wall: large turbulent eddies are broken down into smaller eddies closer to
the surface (von Karmén, 1930). This results in the characteristic logarithmic behaviour
of the wind and temperature profiles.

From turbulent channel flow, we know that over a flat surface, the logarithmic profiles
naturally transition to linear profiles in the viscous sublayer. As turbulent mixing lengths
decrease (i.e. the turbulent eddies become smaller), viscous transport takes over (Prandtl,
1905). From the surface upwards, we can therefore recognise a viscous sublayer, a buffer
layer and a log layer (Fig. 4.1b). Their heights are well-defined in terms of dimensionless
distance to the wall (Kundu et al., 2016).

For a natural, vegetated surface, such a normalisation becomes complex. Since grass
is three-dimensional, consisting of individual vertical blades, the viscous sublayer follows
the shape of the leaves and is orders of magnitude smaller than the grass height (Fig. 4.1a).
Such a surface is considered aerodynamically rough. Here, the air has to flow around
individual roughness obstacles and this disturbs the profiles from their logarithmic shape.
This part of the atmospheric sublayer is called the roughness sublayer (RSL): the layer in
which the flow is influenced by the spatial variation of the rough surface (Raupach et al.,
1980). The RSL stretches from the surface up to 2-5 times the height of the roughness
elements. As the flow is influenced by the individual roughness elements, the MOST
equations are only valid above the RSL.

Special RSL modifications to the MOST theory have been introduced e.g. Harman
and Finnigan, 2007, 2008; De Ridder, 2010 and tested for tall canopies (Ryder et al., 2016;
Chen et al., 2016; Bonan et al., 2018). However, for short vegetation such as grass, it
is still common practice to extrapolate the logarithmic profiles to the surface (or the
displacement height d (Thom, 1971) through the RSL (Viterbo & Beljaars, 1995; Mitchell,
2005; Clark et al., 2010; Meier et al., 2022; Zhang et al., 2022).

If the surface height were defined at z = 0, mathematically speaking the surface
temperature and wind speed are undefined, as the logarithm goes to minus infinity. To
overcome this, the roughness heights for heat and momentum have been introduced. In
the case of momentum, the roughness height z,, is defined as the height where wind
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Figure 4.1: Visualisation of the analogy between the Monin—-Obukov model and the Van Driest model. Panel a)
shows the Monin—-Obukov model for near-surface temperatures highlighting the difference in RSL temperature
(0) between the model (blue line) and observations (black dots). Panel b) shows the different layers used in the
Van Driest model for flow over a smooth surface. The green eddy and round inset show the scale difference
between the viscous length scale (v/u4) and a surface length scale, Ls. Here h represents the grass height, zyj,
the roughness height for heat, and d the displacement height.
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Figure 4.2: Sketch highlighting the consequences of the extrapolation of the logarithmic profile down to the
surface and the uncertainty in zjj,. The black dots show observed temperatures, and the blue lines possible
MOST profiles for a range of zy, values. To match observations above the RSL and the surface temperature non-
physical z(j, values may be needed. Panel a) shows how a relatively small difference in 2,/ zp;;, can propagate
as a large difference in temperature above the RSL ([0,1,0,2,0,3]). Panel b) shows the reverse problem, how for
a known reference temperature, a small difference in z(, results in a large difference in surface temperatures
([951.952,953]),
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speed decreases to its surface value (i.e., zero). It is assumed that a similar concept can be
applied to heat. So, the roughness height for heat zy, is the height where the temperature
equals the surface temperature.

To estimate zyy,, often a fixed ratio of 0.1 relative to zy,, is assumed (Beljaars & Holtslag,
1991; Garratt & Hicks, 1973; Garratt & Francey, 1978; Brutsaert, 1982), since the underlying
physical mechanisms responsible for these transports differ. Heat exchange at the surface
occurs by less effective molecular diffusion, while momentum is exchanged through
(form) drag caused by pressure effects.

However, even for the same site, it was shown that the ratio zyy /2y, can vary up
to 6 orders of magnitude (Duynkerke, 1992). The consequences of this uncertainty are
significant due to the logarithmic shape of the profiles. This is illustrated in Fig. 4.2. For a
given surface temperature (derived from radiation measurements), an uncertain zyy,/ zom,
ratio results in a wide spread of predicted temperatures higher up in the temperature
profile (Fig. 4.2a). Conversely, when for example the 1.5 m temperature is measured
in situ, the predicted surface temperature for a slightly different zy;, can show a large
divergence due to the large gradients near the surface (Fig. 4.2b).

The robustness of the ratio between zy,/ 2o, has been the subject of many earlier
studies (e.g. Beljaars & Holtslag, 1991; Sun, 1999; Brutsaert, 1982; Andreas, 1987; Blyth &
Dolman, 1995; Zilitinkevich, 1995; Verhoef, De Bruin, & Van Den Hurk, 1997; Massman,
1999; Bliimel, 1999; Chaney et al., 2016; Rigden et al., 2018). Partly, its uncertainty lies in
the fact that it cannot be measured directly, but must be derived from the measurements
of other quantities. In particular, the surface temperature (Garratt et al., 1993; Su et al.,
2001) proves challenging.

It is common practice to use the radiative temperature as the surface temperature in
MOST. That signal is a composite of the skin temperature of different surface types within
the view of the pyrgeometer (e.g. bare soil, dry grass, living grass). To derive zy;, and apply
MOST correctly, we need to know the effective surface temperature, i.e. the temperature
of the air that is in contact with the roughness elements (vegetation, soil, etc.) (Garratt
etal., 1993). A recent study by Hicks and Eash (2021) highlights how these temperatures
derived from infrared radiation can differ from the effective surface temperature by up to
2K during the day.

However, we argue that another important source of uncertainty stems from the
incorrectness of the underlying physical model. Extrapolating the logarithmic profile
down to the surface implies a decrease in the eddy size to zero towards the surface. A
vanishing length scale leads to an infinite gradient, which is a non-physical asymptotic
limit.

In this paper, we therefore propose a more physics-based approach to describe near-
surface temperatures, thereby enhancing the robustness of heat transfer parameters near
the surface.

4.1.2. ALTERNATIVE APPROACH: SURFACE LENGTH SCALE FOR SHORT
CANOPIES

As explained, extrapolation of the logarithmic profile is still common practice for short

canopies. This leads to nonphysical profiles in the RSL, which limits the generality of the

zop concept. Eventually, this affects the modelling of the full ASL temperature profile. We
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therefore aim to provide a more physical description of the temperature profile over short
vegetation. Such a description should have a gradient of finite magnitude near the surface
and asymptotically merge into the traditional log layer higher up in the atmosphere. With
finite gradient, we imply e.g. a linear, quadratic or exponential temperature profile, rather
than logarithmic.

Van Driest (1956) describes such an asymptotic transition from the log layer into the
viscous layer for smooth channel flow. The Van Driest equation is based on first princi-
ples, closely follows laboratory measurements (Monin & Yaglom, 1973) and was later also
confirmed by direct numerical simulations (e.g. Donda et al., 2014). For our new formu-
lation, we adapt the existing Van Driest equation by replacing the viscous length scale
with a characteristic surface length scale. However, we would like to emphasise here, that
although we choose a Van Driest-inspired model description, alternative formulations
are also possible.

The empirical RSL models available for tall canopies include a similar surface length
scale. This length scale represents the size of the dominant turbulent eddies that scale
with the canopy height (Raupach et al., 1996). Also for short canopies, we expect that the
surface length scale scales with the canopy geometry. Just like tall canopies, the grass
surface is rough and partly permeable, which results in shear instabilities and vortex
shedding at the top. We hypothesise that the minimal eddy size at the surface is finite and
determined by the distance between the clustered groups of grass leaves (Fig. 4.1a). The
actual eddy size near the top of the grass is therefore larger than anticipated through a
proportional relationship with z as assumed when extrapolating the log-law. Moreover, it
is orders of magnitude larger than the viscous length scale.

Due to the lack of a method for high-resolution temperature measurements, it has
not been possible to observe the actual shape of the temperature profiles near the surface
over short vegetation until recently. We apply Distributed Temperature Sensing (DTS) for
temperature sampling at a high spatial and temporal resolution. DTS is a technique that
uses fibre-optic cables as temperature sensing elements (Selker et al., 2006; Tyler et al.,
2009). This enables measurements of the small-scale and rapidly changing gradients
and individual turbulent eddies. By installing the cable in different configurations such
as coils (Sigmund et al., 2017; Zeller et al., 2021), or arrays (Thomas et al., 2012a), sharp
temperature gradients near the surface can be measured. Here, we apply a harp-shaped
DTS set-up to measure the temperature profile over and within the grass with 2 cm
resolution.

In Sect. 4.2, we describe the field measurements and introduce the adapted Van Driest
model. In Sect. 4.3, the adapted Van Driest model will be compared to the observations
and the roughness length concept. Additionally, we will illustrate the model’s equivalence
to established tall-canopy models. Finally, Sect. 4.4 summarises conclusions and provides
an outlook on further applications of the new model concept.

4.2, METHOD

4.2.1. HIGH RESOLUTION TEMPERATURE PROFILES, EXPERIMENTAL SET-UP

The supporting measurement campaign took place at the Veenkampen meteorological
site in the Netherlands (51.98° N, 5.62° E), between 1 to 24 May 2022. This site has been
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operated and maintained by Wageningen University & Research since 2011. Here we
installed DTS cables to measure temperature profiles at two vertical resolutions: a 9-m
mast with 25-cm resolution, and a 64 cm high harp-shaped configuration with 2-cm
resolution (Fig. 4.3).

DTS uses the backscatter of a laser signal to infer local temperature at different cable
sections with a sampling resolution of 25 cm and 10 s (Thomas et al., 2012a). A thin, white,
1.6 mm fibre optic cable and an Ultima-M system were used. The data calibration was
done using the DTS Calibration Python package (des Tombe et al., 2020). Two well-mixed
calibration baths were kept in the maintenance hut: one at ambient temperature (~ 19
°C) and one heated (~ 35 °C). The baths were placed at the start and end of the cable to
allow for a double-ended configuration.

For the mast, two vertical DTS cables were extended along a support structure. The
temperatures recorded by the two cables deviate by 1 — 2 K from each other near the
surface and the top of the mast. This is most likely due to the influence of the support
structure on the airflow. We therefore only considered the cable closest to the harp in our
analyses and excluded the upper and lower 30 cm.

The harp consisted of horizontal layers of cable that were 2 cm apart. This resulted
in a vertical measurement resolution of 2 cm, with 30 temperature observations per
measurement height, from 2 cm above the surface up to 64 cm. The cables were glued
to a fibreglass mesh every meter, to maintain alignment and keep sagging to within 1
cm. The harp was split into 4 measurement sections, each ~ 2 m long (Fig. 4.3). Along
these sections, different mowing regimes were applied. Measurements were averaged
horizontally along sections to reduce sensitivity to spatial variation.

The grass height along the DTS harp was recorded (and maintained) every 3 days. Four
mowing regimes were applied: at fixed heights of 3 cm, 10 cm, and 20 cm, and a variable
section where grass grew naturally from 3 cm to over 20 cm. Grass heights including
variation within a plot, are provided in Appendix A.2, Fig. A.2. In our analyses, we focused
on the 10 cm grass plot, unless stated otherwise, in agreement with the dominant grass
height in the surrounding fields.

The Veenkampen automated weather station provides 10-minute averages of several
meteorological variables, of which we used the radiation, eddy covariance and sonic-
anemometer measurements (wind direction and wind speed at 2 m). We verified the DTS
measurement using the shielded and ventilated 1.5 m and shielded 0.1 m temperature
measurements (Sect. 4.3.1). Additionally, we used the longwave radiative measurements
of the pyrgeometer to derive the surface skin temperature.

The soil at the Veenkampen site consists of a clay layer down to 1 m depth, on top of
peat. The groundwater level during the experiment varied between -0.8 m and -0.6 m.
The site was sown with ryegrass in 2011, and the grass height is kept at approximately 10
cm. Neighbouring fields are not maintained and here grass and reeds up to 1.5 m can be
found (Schulte et al., 2021). The 17-ha field is surrounded by ditches, where the water
level was close to the surface during the experiment. The field is located in a flat area,
with a 50 m moraine at a 4 km distance.

During the measurement period, the weather conditions were relatively constant with
mostly warm and sunny days without precipitation. The only precipitation occurred
during a heavy thunderstorm with measured wind gusts of up to 30 ms™! at 10 m. The
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storm ripped the harp on 19 May 2022 at 12.30 UTC. We repaired the harp on 21 May
2022. Observations from 19 May 2022 till 21 May 2022 were therefore not included in the
analyses.

When the wind direction was perpendicular to the harp, the airflow was deflected due
to the fibreglass mesh. This resulted in temperature profiles that were not representative of
the undisturbed surroundings. We therefore excluded observations from wind directions
45° - 135° relative to the harp. This was the case 43% of the time. After 10-minute averaging
and filtering, 1350 timestamps were retained for analysis.

4.2.2. ADAPTED VAN DRIEST MODEL

Our new formulation is an adapted version of the Van Driest model for momentum
transport in smooth channel flow (Van Driest, 1956). Van Driest (1956) introduced a model
for the buffer layer where the eddy diffusivity (or rather turbulent velocity fluctuations)
gradually decreases to zero in the viscous layer, instead of a hard boundary between the
viscous and logarithmic layer. Therefore the eddy diffusivity model can be used in the
entire surface layer through the introduction of a damping function A. A expresses the
damping effect of the wall on the eddy diffusivity with A =1 —exp(—fz), where = 1/26
is an empirical constant for smooth walls. Donda et al. (2014) adapted the Van Driest
formulation to correct for stability effects that dominate with increasing distance to the
wall. They describe the turbulence near a smooth wall using the following equation:

(AKZ)Zg—Z
e (onz5))

Here, u is the wind speed, u. the friction velocity, ¥ the Von Kdrmdn constant of 0.4.
Function ®,, is the similarity function for momentum and depends on the stability of the
atmosphere via the Obukov length L. We used the formulations by Dyer (1974).

We hypothesised that for a rough grass surface, the logarithmic layer does not continue
into a viscous layer, but instead continues into a layer where the eddy size is determined
by the geometry of the vegetation. The individual roughness elements, i.e. individual
grass leaves and clustered groups (i.e. tussocks), prescribe the minimum eddy size close
to the surface. Note that, also with a well-maintained grass height, significant structural
variation exists, which will promote mixing at the top of the grass (Fig. A.2).

We hence replaced the original viscous length scale v/u, in the Van Driest equation
with a surface length scale L;. L represents the smallest eddies just over and within
the grass (Fig. 4.1a). Additionally, we applied the similarity assumptions and replaced
momentum with heat. This gives an adapted Van Driest formulation:

+W/luy) a—u. 4.1)

e = 2 0z
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where 0 is the potential temperature and 6. is the turbulent temperature scale. The
function @y, is the similarity function for heat:
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Figure 4.3: DTS field set-up at the Veenkampen measurement site showing the harp and mast. The DTS cables
are sketched in white for visualisation purposes. The grass heights are written in their respective plots. The
relative widths of the plots are (from front to back): 2.09 m, 2.06 m, 1.85 m, 1.70 m. The maintenance hut is
visible in the back.




56 4. RETHINKING THE ROUGHNESS HEIGHT

(4.3)

The distinctive feature of the adapted Van Driest equation compared to MOST is the
introduction of a finite gradient, i.e. linear temperature profile, within the roughness
sublayer. Note the limits of this formulation: close to the surface (small z) the linear
velocity profile in the roughness sublayer is obtained, whereas for larger z MOST is
recovered. Above the RSL, the formulation asymptotically approaches MOST and the
gradients are identical to the traditional MOST framework. The temperature itself is not
per se the same, as different boundary conditions may result in a different offset.

Our new RSL description was compared to the MOST formulation. The MOST equa-
tion for the temperature gradient with height is:

661<z_q) ( z ) 44)
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In its integrated form from the surface to height z, Eq. 4.4 becomes:
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with 0 as the surface temperature, and ¥ y; the integrated form of the similarity functions.

To compare the MOST and adapted Van Driest model to each other and the obser-
vations, we needed a non-dimensional form of the equations. In the classical MOST
framework, potential temperature is normalised using the turbulent heat flux scale 8.
and height using the Obukov length Loy, in the form of z/Lpp. In the Van Driest model a
different length scale is introduced, the viscous length scale v/u.. (c.q. L in our adapta-
tion).

To apply the normalisation, we needed a first guess of L;. By applying Eq. 4.2 in the
limit for z — 0 we derived:

0
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Note here the analogy with the vorticity thickness used for tall canopies, which will be
elaborated in Sect. 4.3.5.
Normalising MOST by 0. and L; gives:

091(2_(1) (z) @8
oz 1 "\i) '

in which 6 = (6 — 0)10.,2=z/L;where z=Z—d ,and L = Loyp/Lg. Z is the height
above the substrate (i.e. soil). d is the displacement height, assumed to be %h (Shaw &
Pereira, 1982), with h the grass height. 5 was here taken as the temperature at the top of
the grass.
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The adapted Van Driest model after normalization, becomes:

N
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Note that in the limit for z — 0, % in the adapted Van Driest model goes to 1, whereas
in MOST it goes to infinity. Derivations of the normalised equations can be found in
Appendix A.2.1.

4.3. RESULTS AND DISCUSSION

In this section, we first analyse the near-surface temperature profiles provided by the DTS
measurements. Then, the adapted Van Driest model and roughness length model are
compared to the DTS observations. Finally, we show how our model relates to the existing
literature, as our adapted Van Driest approach closely resembles existing RSL models for
tall canopies.

4.3.1. NEAR-SURFACE TEMPERATURE OBSERVATIONS

To assess the accuracy of the DTS measurements, the DTS temperatures were compared
to the reference measurements at the Veenkampen site. Results are shown in Fig. 4.4
for a selection of days. A nearly constant bias of approximately +1 K was observed for
the temperature at the DTS mast at 1.5 m, relative to the shielded and ventilated sensor,
persisting during both day and night. The consistent sign of the bias suggests that the
calibration, rather than radiation, was likely responsible for this effect. A similar bias of 1
K was observed for DTS observations at 10 cm height during the night, while the bias is
near zero during the day.

We suspected that the daytime DTS temperature at 10 cm is also biased, yet remained
undetected because tall grass obstructed the sensor. Had the sensor not been overgrown
by the grass, it would probably have recorded a lower temperature during the day, subse-
quently revealing the +1 K bias of the DTS measurements. Given the uncertainty in the
reference temperature, we did not apply a correction but assumed a 1 K measurement
uncertainty.

It is common practice to use the radiative temperature as the surface temperature
in MOST. The green dotted line in Fig. 4.4 shows the surface temperature derived from
radiative measurements. This represents the skin temperature and not the air temperature.
This difference can be 1 — 2 K at night, but up to 10 K during the day (compare the
pyrgeometer to the 10 cm observations). Note that, MOST assumes knowledge of the
near-surface air temperature and not skin temperature (Hicks & Eash, 2021). If one wants
to use these radiative measurements in combination with MOST or the adapted Van
Driest model, the skin temperature first needs to be translated to air temperature.

4.3.2. FINITE GRADIENT NEAR THE SURFACE?

For decreasing z the MOST model prescribes a temperature gradient approaching infinity
at the surface (Eq. 4.4). In Sect. 4.1, we argued our belief that this is a non-physical
boundary condition. Additionally, we hypothesised that instead, the surface gradient is
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Figure 4.4: Temperature measurements with the DTS compared to the reference measurements at the Veenkam-
pen measurement site during three radiatively different days and nights.

finite. Using the high-resolution temperature profiles measured with DTS we can evaluate
this hypothesis. Figure 4.5 shows two examples of observed temperature profiles for
stable (panel a) and unstable (panel b) conditions. Below 0.4 m (panel a) and 0.2 m (panel
b), the observations no longer follow a logarithmic profile (shown as the blue line).

Next, we hypothesised that this profile in the RSL can be more accurately described
with a linear approximation, inspired by the Van Driest equation. Figure 4.6 zooms in on
the lower part of the temperature profiles and here the profile predicted by the adapted
Van Driest model is added (at 1.4 m and 0.2 m for respectively Fig. 4.6 a and b). Above
the RSL both models converge to the same gradient. In the RSL, the logarithmic profile
transitions into a linear profile at the top of the grass. The absolute height at which the
profile becomes linear depends on the stability (Eq. 4.2).

Figure 4.6 also highlights the difference in predicted surface temperatures using
MOST and the adapted Van Driest model (i.e. -1.5 K for the stable, and 3.4 K for the
unstable case). We derived the surface temperature from the locally observed 1.5 m
temperature (DTS mast measurement) using Eq. 4.8 and Eq. 4.9. Values for 8. and Lo,
were calculated from the sonic-anemometer observations. According to MOST (Eq. 4.5),
the surface temperature was defined at d + zgj, = 0.067 m (blue star in Fig. 4.6). We used a
displacement height of 2/3th of the grass height and took zy;, = 0.1 x zy,;; =0.001 m. In
the adapted Van Driest equation we took the surface temperature at the top of the grass
(at 0.1 m) since we assumed that the linear profile approximation only applies above the
vegetation layer. We point out that the lower boundary condition of the adapted Van
Driest equation is still an open question. We suspect it is linked to the density at the top
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Figure 4.5: Examples of observed temperature profiles for panel a) a stable case (12 May 2022 0330 UTC Ly, = 3)
and panel b) an unstable case (18 May 2022 0900 UTC Ly, = -12).
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Figure 4.6: Examples of predicted temperature profiles using MOST (blue) and adapted Van Driest (red) with
optimal Ls = 0.08 m (Fig. 4.9a), for stable (panel a) and unstable (panel b) cases. The explanation of the
observation symbols is given in Fig. 4.5. Above the roughness sublayer, both models converge to the same
gradient. The exact height for which this happens depends on L.
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of the vegetation, as e.g. eddies may penetrate deeper into a very open canopy than a
closed one. Note that this uncertainty is orders of magnitude smaller compared to the
uncertainty in choosing a value for zj,.

In Fig. 4.7 we compared the predicted surface temperatures by MOST and the adapted
Van Driest model to the observed temperature (DTS harp) at the top of the vegetation, at
0.10 m for the full measurement period. The adapted Van Driest equation outperformed
the traditional MOST approach with a mean absolute error (MAE) of 0.6 K compared to
2.1 K, respectively. The strongest improvement was seen around noon, when the air is
well-mixed, and MOST overestimates the gradient at the surface.

The performance of the adapted Van Driest model compared to MOST depended on
the height (i.e. 0.1 m) that is used to determine the "true" surface temperature. Choosing
a reference height within the vegetation (e.g. at d + zy;, = 0.067 m), resulted in a higher
MAE (0.82 K) for the adapted Van Driest model. Yet it still outperformed MOST (MAE =
2.0 K) since the behaviour above (and within!) the vegetation is better captured by a linear
than a logarithmic profile description (see e.g. Fig. 4.6).

4.3.3. PREDICTING TEMPERATURE PROFILES

To assess the model’s performance in predicting temperature profiles in the RSL, we
compared it against 1350 observed temperature profiles under various atmospheric
stabilities. Six composites were created by averaging multiple cases to reduce the effect
of outliers. Classes of composites were defined based on the Obukov length. Each class
contained the same number of profiles (225) (Fig. 4.8).

Here we used a "bottom-up" approach to predict the normalised temperature pro-
files. From a known surface temperature and corresponding height, we predicted the
temperature profiles up to 8.5 m. This means that we prescribed the surface temperature
at d + zyp, for MOST and at the top of the grass (i.e. 10 cm) for the adapted Van Driest
model.

To obtain temperature profiles using the MOST approach, an estimation of z,;, was
required. Generally, realistic values of zj, are in the order of 0.1z, (Beljaars & Holtslag,
1991; Garratt & Hicks, 1973; Garratt & Francey, 1978; Brutsaert, 1982). We found an average
Zom 0f 0.01 m for the Veenkampen site, by applying the MOST equations for momentum
to a year of wind measurements at 2 m and 10 m. Values show a seasonal dependence
varying between 0.006 m (November) and 0.04 m (July). This is in correspondence with
typical values for short grass reported in the literature (Wieringa, 1993).

Figure 4.8b gives the profile description using the literature value of 0.1 x zy,,. The
MOST model clearly failed to describe the temperature profiles using this value of zj,.
The incorrect estimate of the surface temperature height offsets the temperature profiles
by 6 ~ 5-15, which for e.g. 6, = 0.1 K translates into ~ 0.5 — 1.5 K. Taking a larger zj, of
0.01 m (i.e. zgp = Z0m), improved the fit but still resulted in an offset of 0.5 - 1 K (Fig. 4.8c).

The optimal zyj, value that minimised MAE for the surface temperature prediction
based on the locally observed 1.5 m temperature was approximately 0.1 m (Fig. 4.9d).
However, this implies that zyj, equals 10 x zy,, implying heat transport to be more efficient
than momentum transport, which is physically unrealistic. Using zyj; = 0.1 m in the model
gave a good match for values of 2 above ~ 2, i.e 0.2 m, roughly the RSL height (Fig.
4.8c). For lower values of Z, in the RSL, the observed temperature profiles deviated from
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Figure 4.7: Plot of predicted surface temperature over the 10 cm plot, panel a) shows the potential temperature

at 10 cm, panel b) shows the mean absolute error between predicted and observed (DTS harp) temperature.

The grey shaded bar shows the measurement uncertainty of the DTS harp (+/- 1 K).
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Figure 4.8: Profiles of normalised temperature versus height for stability classes (defined as Ly, ranges), for the
adapted Van Driest (panel a) and MOST based on different z;;, (panel b, c and d) predictions. Dots represent
DTS observations at 2 and 30 cm resolution for the lower 0.64 m and between 0.41 - 8.7 m respectively (as
described in Sect. 4.2.1). Length scale Ls was set to its optimal value of 0.08 m (Fig. 4.9a). The full (unstable
atmospheric conditions) and dashed (stable atmospheric conditions) lines show the median modelled values
per class, and shaded areas show the predicted spread between the maximum and minimum L, per class.
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the profile predicted by MOST and were linear instead of logarithmic. Since the lower
boundary of MOST is d + zy;, (17 cm in this case, Z = 1.7), there is no description for the
temperature profiles below this height.

For the adapted Van Driest model, we similarly derived the optimal value for L, by
optimizing MAE. This gave L; = 0.08 m for the 10 cm grass and Ls = 0.16 m for the 20 cm
grass (Fig. 4.9a). L, thus seems to scale with the canopy height as ~ 0.8%. The sensitivity
of the MAE to the exact value of Ly was much lower than the sensitivity to zy, (Fig. 4.9b),
showing that the adapted Van Driest approach is a more robust alternative to zyy,.
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Figure 4.9: Mean absolute error of the surface temperature (at 10 and 20 cm respectively) prediction against
possible length scales L; (panel a) and a range of z;, values (panel b) over the 10 cm and 20 cm grass. The grey
band in panel b) indicates the physically realistic range of z;, values. The optimal values that minimise MAE for
the surface temperature fall outside of this range.

The adapted Van Driest model correctly captured the transition to a near-linear tem-
perature profile in the RSL (2 <3), closely following the observations (Fig. 4.8a). For
large Z (2 > 5) it predicted similar temperature profiles as compared to the optimised
MOST model. Parameter 8 (Eq. 4.2, A =1 —exp(—fz)) was empirically determined by
minimising the MAE. For smooth flow, an empirical value of 1/26 is found in the literature
(Van Driest, 1956). Here, the flow is aerodynamically rough and we found an optimised
value of about 1/5.

The values predicted by the adapted Van Driest model deviated by up to 1.5 (~ 0.15K
for 6. = 0.1 K) from the observations, which can partly be attributed to the measurement
uncertainty of the DTS set-up (+/- 1 K). In cases of extreme stability (Lgp, = [0, 10]), the
largest deviations occurred. These can be explained by the difficulty of obtaining repre-
sentative temperature measurements under very low wind conditions. Due to the lack
of wind, conduction and radiation dominated over convection in the energy exchange
between the cable and the air (Sigmund et al., 2017). The temperature of the cable was
therefore not representative of the temperature of the air. Additionally, another expla-
nation may lie in the stability correction itself, which is insufficient to correctly capture
the typical challenges that come with extremely stable conditions (e.g. intermittent tur-
bulence (Holtslag et al., 2013), submesoscale circulations (Mahrt, 2009) and radiative
divergence (Edwards, 2009). Deviations of the models from the observations during
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unstable conditions, can partly be attributed to the warming of the cable due to solar ra-
diation (Fig. 4.4), but may also lie in the empirical nature of the Dyer stability corrections
(Hogstrom, 1996). Moreover, during very unstable (free convection) conditions, 0. is not
a proper scaling parameter. Using 8., for scaling is based on the assumption that w’6’ and
u, are linked, which is only the case for shear-driven turbulence.

4.3.4. DETERMINING SURFACE LENGTH SCALE L

The surface length scale L can be approximated through optimisation against observa-
tions, as described in Sect. 4.3.3. We hypothesised that L; is associated with the smallest
eddies just in and above the vegetation. This implies that it is independent of the flow
characteristics, but mostly depends on the dimensions of the vegetation. So, ideally, L
should be a measurable quantity related to the vegetation height.

By studying the limit behaviour of the adapted Van Driest model (Eq. 4.6), we found
that L equals the ratio of .. over (00/0z) ,—j,. Using the high-resolution DTS observations,
this ratio could be measured. Therefore we explored whether 6../(06/9z) .-, increased
with vegetation height. The distribution of 8../(00/0z) ;= , for two grass heights is shown
in Fig. 4.10. Panels a and c depict the 20 cm grass section of the harp, and panels b and
d show the 10 cm section, for dominant wind directions west and east respectively. For
wind from the east, air flows over the 3 cm grass, and for the west over the undisturbed
plot.

The variation between the two plots was larger than the variation associated with
the wind direction. From this, we inferred that 8../(00/9z) .=, can be reasonably approxi-
mated as a fixed length scale equal to ~ 0.2 — 0.4h. Accounting for the standard deviation,
the typical range is similar to Lg/h derived for momentum fluxes in tall canopies, i.e.
~0.3-0.6h (De Ridder, 2010).

Despite being 2 - 4 times smaller than the optimal values for L of 0.8% we found
before (Fig. 4.9a), a length scale 2 — 4 times smaller only slightly increases the MAE by 0.05
—-0.12 K. Hence, 8. /(00/0z) ,—j, is a reasonable estimate of L;. The difference between the
expected and optimal L; might be, because L; depends on the density of the grass (i.e.
the distance between the tussocks) rather than its height (Fig. 4.1a). Note that, similar
canopy concepts have been introduced for sparse canopies such as bushes (Raupach,
1992; Jacobs & Verhoef, 1997; Verhoef, McNaughton, & Jacobs, 1997). Further research
into the grass structure is needed to support this claim. For now, we introduce as a rule of
thumb that L; ~ 0.5h.

4.3.5. RELATION TO TALL CANOPIES
The failure of similarity laws above tall canopies has long been recognised (e.g. Hogstrom
etal., 1989; LeMone et al., 2019). Often the standard boundary-layer flux-gradient relation-
ships are adjusted for the RSL over tall canopies via the introduction of a correction term
¢(z/6), e.g. Harman and Finnigan (2007, 2008), De Ridder (2010), Verhoef, McNaughton,
and Jacobs (1997), Cellier and Brunet (1992), and Graefe (2004). The correction terms
introduce a length scale § that relates to the canopy height, similar to our adapted Van
Driest approach. However, the smallest canopies that were studied, were at least an order
of magnitude taller than grass (Brunet, 2020).

Raupach et al. (1996) hypothesised that tall canopy flows are more similar to a plane
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Figure 4.10: Histogram of 0 /(060/0z) ,—j, (an estimate of L;) over the 20 cm and 10 cm plot for different wind
directions for length scales in the 5th to 95th percentile range.
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mixing layer than a boundary layer. A plane mixing layer is formed at the boundary of two
atmospheric layers with different wind speeds, in contrast to a boundary layer at a fixed
surface. Such a plane mixing layer occurs at the top of a canopy, where the logarithmic
profile above the canopy continues into a more or less exponential profile in the canopy.
The mixing layer depth is quantified by the vorticity thickness:

6=Uh)/ (6—U) (4.10)
0z ) max

where & is canopy height, U is mean velocity and (0U/9z) 4y is the maximum of
the vertical wind velocity gradient and often (but not always) found at the top of the
canopy. The dominant turbulent eddies are about the size of the mixing layer depth.
This is because in large canopies, the eddies scale with the canopy height, instead of the
individual plant elements (i.e., leaves, twigs, branches, etc.). It is reasonable to assume
that the flow over short vegetation also behaves as a plane mixing layer. Preliminary
DNS studies by our group indeed pointed towards the occurrence of vortex shedding and
shear instabilities over (flexible) grass (Sauerbier, 2024). By studying the behaviour of the
adapted Van Driest equation near the surface (Eq. 4.7), we found that the formulation
of the new length scale L closely resembles that of the vorticity thickness used for tall
canopies.

Here we compared a relatively simple RSL correction (De Ridder, 2010) and a complex
(Harman & Finnigan, 2008) correction to our adapted van Driest model. By scaling the
tall canopy models with their respective length scales, we could compare them to the
adapted Van Driest model, and we show how they describe similar behaviour near the
surface. De Ridder (2010) uses the RSL height as a scaling length scale, while Harman
and Finnigan (2008) uses ¢. The normalisation procedure is detailed in Appendix A.2.1.
Figure 4.11 shows that overall behaviour is very similar (though the second derivatives
differ near the surface). This implies that —in a scaled sense- the boundary layer flow does
not behave very differently when the height of the roughness elements changes between
grass and e.g. forests. Just like the inertial sublayer scaling (log-law) is rather universal,
the buffer layer (RSL) could be as well. Why should grass essentially behave differently
from e.g. mais etc.?

For completeness, we note that explicit (physical) matching of the log-layer to the
RSL has also been proposed over snow by Brutsaert (1975) and Andreas (1987). Snow is
often rough, but typically smoother than grass. They hypothesised that heat exchange
near the surface happens through diffusion while the eddies are temporarily trapped by
the roughness elements (Grass, 1971). The diffusion by one eddy has to be integrated
over time to find the average RSL temperature profile. This integration introduced a
new length scale that is the ratio of T}, — T over the surface gradient (where Tj, is the
bulk temperature, above the RSL). Their models described separate formulations for the
RSL and log layer (that cross at a zp,-dependent height), instead of describing a smooth
transition like we do here.

4.4, CONCLUSION AND OUTLOOK

In this study, we introduced a new approach to predict temperature profiles for the
roughness surface layer over short vegetation (grassland). It is well-known that MOST
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Figure 4.11: Normalised Monin—Obukov (blue), Van Driest (red), De Ridder (2010) (green) and Harman and
Finnigan (2007, 2008) (grey) model for the temperature gradient with height (panel a) and numerically integrated
temperature profile (panel b). Note the difference between MOST and the other models for small values of .

does not hold in the RSL, yet the logarithmic behaviour is conventionally extrapolated
down to the surface.

Based on high-resolution temperature observations, we showed that MOST failed to
accurately describe the temperature profiles in the lowest 1 — 2 m. Instead of logarithmic
behaviour near the surface, we observed near-linear temperature profiles. Inspired by the
Van Driest equation that describes the log-linear transition from turbulent to viscous flow
over a smooth surface, we developed a similar model for flow over a rough vegetation
surface. We therefore adapted the Van Driest model, by replacing the viscous length scale
with a surface length scale L;. We showed that over a rough surface, the geometry of the
vegetation determines the size of the smallest eddies near the surface. The adapted Van
Driest model outperformed the roughness length concept in describing the temperature
profiles near the surface and predicting the surface temperature.

The adapted Van Driest equation described a similar shape as the De Ridder (2010)
and Harman and Finnigan (2007, 2008) model for tall canopies. This showed the potential
for upscaling. Moreover, we found that the surface length scale can be linked to the height
of the vegetation. Future research is needed to prove the general applicability of the
adapted Van Driest equation over different types of surface cover.
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What is a scientist after all? It is a curious man looking through a keyhole, the keyhole of
nature, trying to know what’s going on.

Jacques Yves Cousteau

This chapter is based on:
Boekee, J., Van de Wiel, B. J., & ten Veldhuis, M. C.. Diagnosing LE: when Penman-Monteith and eddy-covariance
disagree. Quarterly Journal of the Royal Meteorological Society, In preparation.
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Summary

Despite its omnipresence in atmospheric models, the Penman-Monteith (PM) equation
often fails to accurately represent the latent heat flux (evapotranspiration).

In this study, we critically compared the latent heat flux calculated following the PM model
to eddy-covariance (EC) measurements over a grass and forest site in the Netherlands. By
analysing deviations between the model and observations, we identified when and under
which conditions the largest discrepancies occur.

We demonstrate how these discrepancies are particularly pronounced when the vegeta-
tion is decoupled from the air above. Low wind speeds and high incoming radiation warm
the vegetation, but limit water transport from the stomata to the air above the canopy. Un-
der these conditions, thick leaf boundary layers may form. Moreover, the closed canopy
structure may block flow and decouple it from the air above the vegetation layer. Such
decouplings are not included in aerodynamic and stomatal resistance formulations, and
PM therefore tends to predict higher latent heat fluxes than sampled by EC instruments.

The discrepancies are more pronounced over short vegetation such as grass, than over
taller canopies, as higher surface roughness will enhance mixing, limiting the decoupling.
Over tall canopies, discrepancies are mainly caused by an underestimation of the flux
resistance, likely because only the top layers of the canopy receive enough radiation
to actively contribute to transpiration. We recommend steering observation efforts to-
wards in-canopy sampling of radiation, temperature and humidity, to improve resistance
parameterisations for evapotranspiration models.
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5.1. INTRODUCTION

Land surface models (LSMs) play a critical role in numerical weather prediction, climate
simulations, and high-resolution atmospheric modelling, such as large eddy simulations.
They provide the interface between the surface and the lowest atmospheric model layer.
However, systematic biases in their representation of latent heat fluxes have been consis-
tently reported, both in early studies (Henderson-Sellers et al., 1996; Chen et al., 1997)
and in more recent model intercomparison efforts (Holtslag et al., 2013; Best et al., 2015).

Simple linear regression models can still outperform complex evapotranspiration
models that include multiple soil layers and different vegetation types (Best et al., 2015;
Abramowitz et al., 2008). Dirmeyer et al. (2006) points towards a systematic bias in
the near-surface temperature and humidity, which may explain the failure of models
to reproduce the energy fluxes. Renner et al. (2021) highlighted that LSMs especially
struggle to capture the diurnal cycle of latent heat flux accurately, while Wang et al. (2011)
argue that errors result from a misrepresentation of seasonal biological processes. These
contrasting findings suggest that key processes and governing variables that influence
latent heat fluxes are not adequately represented in current LSMs.

The Penman-Monteith (1965) model (PM) is one of the most widely used models to
estimate latent heat fluxes and underlies many LSMs (e.g. Mitchell, 2005; Clark et al., 2010;
Zhang et al., 2022; ECMWEF, 2024). It distinguishes itself by its physics-based approach
and use of a limited number of commonly available meteorological variables.

In this study, we diagnose the sources of deviation between latent heat flux calculated
by the Penman-Monteith equations, compared to evapotranspiration observed using
eddy-covariance techniques. We identify meteorological conditions underlying the largest
deviations and to what extent they coincide with violations of the assumptions inherent
in Penman-Monteith. Instead of comparing many models, sites and climates, we take a
deep dive into two locations to look beyond the general performance. This investigation
allows us to pinpoint the critical limitations of the PM method and determine the aspects
that require refinement or revision in future research.

PM departs from the assumption that vertical moisture transport is directly related to
the vertical gradient of atmospheric moisture. This is modelled according to a resistance
analogy:

LE=- P g. (5.1)
Y Ta

Here, p is the dry air density (kg/m?), ¢, the specific heat capacity Jkg™'K™), v is
the psychrometric constant (y =~ 66 Pa K~!), Ae the vapour pressure difference between
the atmosphere and the surface, and r, (s/m) the aerodynamic resistance derived from
Monin-Obukov Similarity Theory (MOST):

1

(In(z/zp) = ¥ (z/L) + ¥ (29/L)) (5.2)

Ta=

in which u, is the friction velocity, ¥ the von Karman constant (= 0.4) and z the
height above the surface minus the displacement height d. z is the roughness height for
momentum and L is the Obukov length. The ¥ functions are the integrated form of the
similarity functions (Dyer, 1974).
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The integrated form of Equation 5.1 describes a logarithmic moisture profile. However,
over a natural, vegetated surface, the flow near the surface (in the atmospheric roughness
layer) deviates from the logarithmic description. Here, the airflow is disturbed by individ-
ual roughness obstacles, which disrupts the profiles from their logarithmic shape. Special
roughness sublayer formulations have been introduced for short (Boekee et al., 2024) and
tall vegetation (Harman & Finnigan, 2008; De Ridder, 2010), that correct the profiles to a
more linear shape. Not taking these corrections into account may result in biases in the
predicted latent heat flux.

To eliminate the need for measurements at two heights, Penman (1948) assumed that
the air at the surface is saturated. This way, the surface vapour pressure can be expressed
as a function of the surface temperature Ts. This would still require a temperature
measurement at the surface. This is circumvented through energy balance closure (i.e.
R, — G = H+ LE). Additionally, to arrive at an explicit formulation for the latent heat
flux, a linearization of the vapour pressure curve is applied. The linearization is given by:
esar(Ts) = esqi(Ty) + s(Ty)(Ts — T,). This gives a new version of Equation 5.1:

Cp eq—esqr(T, Cp [ eq—esqr(T, Ts—T,
LE: _p p €a Sat( S) — _p p a Sat( u) +S(Tu)( N a) (5'3)
Y Ta Y Ta Ta
With % = % = R"_p—cc':LE we come to the final version of Penman’s equation:

_ S(Rp—G) + pcpesar(Ta) — eq)
T s+y ra(s+7y)

LE

(5.4)

in which s is the rate of change of saturation vapour pressure with air temperature, R, net
incoming radiation and G the ground heat flux.

Penman’s equation was developed for evaporation over open water, which justifies
the assumption of 100% saturated air at the surface. When water is readily available at
the surface (e.g. over open or intercepted water), the evaporative flux is indeed limited
by the atmospheric moisture demand (Brutsaert, 1982). In contrast, water transpiring
from stomata is subject to a stomatal resistance and leaf boundary layer resistance. The
stomatal control was introduced in the Penman equation by Monteith (1965) through a
serial surface resistance factor for non-stressed vegetation: stomatal resistance r.. This
resulted in the famous Penman-Monteith equation:

_ S(Ry— G)+ (pcp)ralesar(Tq) — eq)
B sty +rclrg)

LE

(5.5)

This implicitly assumes that air inside the stomata is 100% saturated and that the
temperature inside the stomata is equal to the air temperature near the leaves. However, in
laboratory experiments, relative humidity as low as 70% has been observed inside stomata
(Wong et al., 2022). Moreover, plants are heated by solar radiation, which enhances the
temperature inside the stomatal cavities. The difference between the leaf temperature
and air temperature near the leaves depends on the structure of the leaf boundary layer,
which in turn depends on the wind speed (Raschke, 1960; Schuepp, 1993).

The original PM equation assumed the stomatal resistance is constant in time. In
reality, however, the transport resistance from the stomatal cavity to the leaf boundary
layer depends on the opening and closing of the stomata. Stomatal opening is influenced
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by multiple environmental factors including light, CO, concentration, plant temperature,
soil moisture and air humidity. To date, most LSMs have implemented empirical, climate-
driven r. models (e.g. Jarvis, 1976; Monteith, 1965). However, these approaches do not
capture interactions between environmental drivers, and are due to their empirical nature
unsuitable for extrapolation under changing climate conditions. As a result, there is a shift
towards photosynthesis-based models, which incorporate plant optimisation strategies
for balancing CO, uptake and water loss (e.g. Goudriaan, 1977; Farquhar & Wong, 1984;
Ball et al., 1987).

By studying about a decade of data from a grassland and forest site in the Netherlands,
we will evaluate the performance of the Penman-Monteith equation with three different
ways of representing stomatal control. First, we will discuss model average, and diurnal
and seasonal model performance to identify conditions of large model biases. Then, we
will discuss how these biases result from the assumptions underlying Penman’s equation,
to identify areas of improvement.

In Sect. 5.2, we describe the field observations and stomatal control models. In
Sect. 5.3, the model performance will be discussed in depth, while Sect. 5.4 discusses the
influence of possible measurement errors and validity of the assumptions underlying PM.
Finally, Sect. 5.5 summarises the conclusions and provides recommendations on how to
improve model performance.

5.2. METHODS

5.2.1. OBSERVATIONS

The observations used in this study are part of the Ruisdael Observatory network for
monitoring greenhouse gases across the Netherlands. We use observations above a pine
forest from the Loobos Flux tower (van der Molen et al., 2024), and above a grassland
site at the Veenkampen automated weather station (Heusinkveld et al., 2024). All data is
openly available via: https://maq-observations.nl/data-downloads/.

LOOBOS

The Loobos flux tower is located at the Veluwe region (52.09 °N and 5.44 °E), at a patch of
Scottish Pine trees (Pinus Sylvestris) planted in the 1910s, with a mean height of about
22 m. The tower itself is 38.1 m high, and several instruments are placed on, along and
around the tower. We use observations from 2022-2024.

The latent heat flux is measured by an eddy-covariance system (EC) placed on top of
the tower (Gill HS-50 sonic anemometer / LI-7500 gas analyser, LI-COR Biosciences, USA),
logging at 20 Hz, and aggregating in 30-minute intervals. Additionally, we use radiation
(Kipp & Zonen CNR4), air temperature and relative humidity (Vaisala HMP155A) and
wind speed (Gill Windsonic) measurements from the top of the tower (i.e. ~ 16 m above
the canopy top). The ground heat flux is measured at 5 cm depth (Hukseflux HFP01SC) at
2 locations and we use the average.

VEENKAMPEN

The Veenkampen automated weather station is located in the Binnenveld nature area
(51.98 °N, 5.62 °E), between unmaintained fields with grass and reeds. The patch itself was
sown with ryegrass in 2011 and kept at approximately 10 cm. The weather station provides
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10-minute averages of several meteorological variables. We use observations from 2015-
2024. We use 30-minute aggregated eddy-covariance measurements (Campbell CSAT3
sonic anemometer / LI-COR Li-7500 gas analyser) and radiation (Kipp & Zonen SGR3
and CR11) measured at 1.5 m height. The ground heat flux is measured at 6 cm depth
(Hukseflux HFP01SC) at 3 locations and we use the average. For T, in Equation 5.5 we
use the shielded, ventilated air temperature observations and for e, the relative humidity
both measured at 2 m (HMT337). The wind speed is measured with a Windsonic 75 at 2
m.

DATA FILTERING

Data for the Loobos and Veenkampen have gone through rigorous data quality control.
Additionally, we applied a data filter for conditions when the leaves are wet. When the
leaves are wet, r, reduces to zero. Water does not have to be transported through the
stomata. Penman-Monteith with a constant r, therefore underestimates the flux size
compared to the EC in these cases. However, when the leaves are wet, it is likely that the
EC is too, and the flux observations become unreliable. At Loobos leaf wetness sensors
are installed at different heights, we remove the datestamps when the sensors at 2.4 m
and 22.1 m indicate that the leaves are wet (i.e. 20% of the data). At Veenkampen no
leaf wetness sensors are available, therefore we filter for rainfall. Since these are only the
moments it is actually raining, this removes less than 1% of the data. The leaves (and EC)
may remain wet afterwards.

5.2.2. STOMATAL RESISTANCE MODELS

The Penman-Monteith model was originally developed to calculate daily averages. An r,
was chosen that is representative of the average daily stomatal resistance. In our analyses,
we will use the empirical r, values for short grass and needle leaf forest of respectively 50
and 100 s/m, given by Moene and van Dam (2014).

However, when the Penman-Monteith model is used in models with a higher temporal
resolution, the constant r. can result in an over- or underestimation of the transpiration
flux. The stomata directly respond to sub-daily variations in light, temperature, humidity
and atmospheric CO;.

Various modelling approaches exist to represent this (Damour et al., 2010): (1) empiri-
cal models driven by solely climatic conditions (e.g. Jarvis, 1976; Stewart, 1988; Monteith,
1965), 2) models based on the relationship between photosynthesis and stomatal control
(e.g. Goudriaan, 1977; Farquhar & Wong, 1984; Ball et al., 1987), 3) hydraulic models that
account for water transport through the xylem (e.g. Jones & Sutherland, 1991) and 4)
models that explicitly simulate the water balance of stomatal guard cells (e.g. Gutschick &
Simonneau, 2002; Buckley et al., 2003).

Following the implementation of stomatal models in LSMs, we will discuss the em-
pirical Jarvis-Stewart model and the photosynthesis-based A-gs model. Both model
responses are illustrated in Figure 5.1 and will be discussed next.

JARVIS-STEWART

The Jarvis-Stewart approach (JS) multiplies a minimal stomatal resistance of a leaf (i.e.
Ts,min, the stomatal resistance under optimal conditions) with empirical response func-
tions with values equal or larger than 1. By dividing the stomatal resistance by the LAI,
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Figure 5.1: Stomatal resistance as a function of environmental variables. Jarvis-Stewart does not include a
correction for CO», and is therefore not plotted in panel c. The shape of the A-gs functions depends on the other
environmental variables. When not varied these reference conditions are therefore: T,;, = 5 (dotted line) or 25
(full line) °C, CO2 =400 ppm, D5 = 1.5 kPa, r4 = 50 s/m, and global radiation = 400 W /m?. For low radiation
conditions, the A-gs model may return (non-physical) 'negative’ resistances.
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the resistance scales from a square meter of leaf to a square meter of canopy. For grass we
use a LAl of 1 (Byrne et al., 2005), and for needleleaf forest 4.5 (Cisneros Vaca et al., 2018).

_ I's,min .
Ie= LA fl(SWm)fZ(Ds)fS(Ta) (5.6)

Here, we use the response functions as given by Jarvis (1976) and Noilhan and Planton
(1989):

a0 0.004 SW;,, +0.05
fi  =min|1, (5.7)
0.81(0.004 SW;,, + 1)
f; ' =exp(-gp-Dy) (5.8)
£lo 1—0.0016(Tef — Tp)?> for T, —25K < Tref < Ty + 25K 5.9
3 -0 otherwise

in which SW;,, is the incoming shortwave radiation above the canopy and D; the
vapour pressure deficit in hPa (i.e. the difference between the saturated vapour pressure
at temperature T, (esq:(T,)) and the actual vapour pressure e,. gp is a plant species
dependent constant with value 0 or 0.03 hPa™! for grass or forest, respectively. T}, risa
reference temperature of 25 °C. The complete Jarvis-Stewart formulation also includes a
correction for soil moisture. We do not include the correction in our analyses, as for our
locations in the Netherlands, the soil moisture is rarely below the wilting point: in < 1% of
the cases.

Note here that the form of Equation 5.6 highlights one of its main deficiencies: it
does not account for interactions between environmental variables, e.g. low incoming
radiation often correlates with low air temperatures. This may result in double corrections
and overestimations of the canopy resistance.

A-Gs

The A-gs model is based on the stomatal behaviour of striking a balance between optimal
CO, uptake and minimal water loss. Many models exist for this link between stomatal
resistance and photosynthesis and some have been introduced in meteorological models
to study the interactions between the stomata and the direct surroundings of the leaf. For
example, Collatz et al. (1991) introduced the photosynthesis model by Ball et al. (1987).
Ronda et al. (2001) (based on (Jacobs, 1994; Jacobs et al., 1996)) calculates net assimilation
(i.e. CO; flux into the cell) according to Goudriaan (1977). Here we follow the Goudriaan
(1977) approach as described by ECMWEF (2024).

The stomatal resistance is calculated in three steps, for which the details are given in
Appendix A.3.2. First, the net assimilation flux (A;,) is calculated as a fraction of the gross
assimilation. The gross assimilation depends on the photosynthetically active radiation
(PAR), and the environmental CO; concentration (C,.). These exact relationships are
plant-specific and temperature-dependent. Second, the internal CO; concentration (C;)
is defined as a fraction of C,. This ratio depends on D;. Last, once the A, and C; are
known, the stomatal resistance for CO; (rs,) can be derived via a resistance law:

Isc+1a=(Ce—Ci)l Ay (5.10)
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Table 5.1: Performance of the Penman-Monteith model compared to EC observations, for a constant stomatal

resistance value and two dynamic stomatal resistance models. For r. we give the median, and the 257 h and
75th percentile.
Location Model re (s/m) MBE (W/m?) MAE (W/m?) MAE, (W/m? MAE, (W/m? MAE, (W/m?
Veenkampen  constant r¢ 50 20 34 9.0 (26.3%) 5.0 (14.5%) 20.0 (59.2%)
Jarvis-Stewart ~ 352.0 (114 - 1709) -14 30 7.0 (24.6%) 5.0 (15.0%) 18.0 (60.4%)
A-gs 157.8 (-9824 - 11456)  -12 38 9.0 (22.9%) 0.0 (0.4%) 29.0 (76.7%)
Loobos constant ¢ 100 37 44 20.0 (45.0%) 2.0 (4.6%) 22.0 (50.3%)
Jarvis-Stewart ~ 223.8 (78 - 1447) 26 34 10.0 (30.2%) 4.0 (10.6%) 20.0 (59.1%)
A-gs 40.9 (-2202-1777) 90 103 30.0 (29.5%)  29.0 (283%)  43.0 (42.2%)

The stomatal resistance to water vapour is then defined as rs = r; ./1.6. To upscale to the
canopy level, we divide by the LAI, as with Jarvis-Stewart.

In low radiation conditions, the A-gs model may calculate negative stomatal resis-
tances that are non-physical. Since the stomatal resistance is inversely related to the
net assimilation (Equation 5.10), negative r values occur when A, is negative, i.e. a
net CO; flux out of the leaf. A, is described as an exponential response to radiation, of
the form A, = 1 — e~ PAR-PAReri) (Appendix A.3.2). Here, PAR,,;, is a critical radiation
level. For PAR < PAR.;i; the net assimilation becomes negative, in combination with a
positive CO, gradient this can only be achieved with negative resistance values, which is
physically impossible.

5.3. RESULTS

To evaluate the performance of the Penman-Monteith model, we compared modelled la-
tent heat fluxes against eddy-covariance observations above the canopy at 30-minute time
resolution. We first assessed the model’s average performance using different stomatal
conductance formulations and examined the mean diurnal and seasonal cycles. Then, we
identified periods of over- and underestimation to better understand which assumptions
of the Penman-Monteith model may have been violated under these conditions.

5.3.1. AVERAGE PERFORMANCE
The comparison between observed and modelled latent heat (LE) fluxes, as presented in
Figure 5.2, reveals poor agreement between the model and observations. Remarkably, the
magnitude of the model errors is comparable for both vegetation types, despite grass be-
ing considered relatively simple and well understood compared to forest. The maximum
LE predicted by the models is limited by the maximum available energy, which results in
asymptotic (capping) behaviour at 500 and 400 W/m? for grass and forest respectively.
This is a result of the use of the radiation measurements, and will be discussed in depth
in Section 5.4. Discerningly, although stomatal resistance models account for dynamic
physiological responses, such as stomatal closure under low radiation, high vapour pres-
sure deficit (Dj), or elevated CO,, these adjustments do not significantly improve model
accuracy compared to using a simple constant stomatal resistance (7). In fact, all models
yield similar 7 values.

To assess the nature of the model deviations, we analyse the Mean Bias Error (MBE)
and a decomposition of the Mean Absolute Error (MAE) (Table 5.1), following Robeson
and Willmott (2023). This decomposition separates the MAE into average systematic,
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Figure 5.2: Scatter plots of observed versus modelled latent heat fluxes using three stomatal conductance
models: panel a-b for constant r, panel c-d using Jarvis-Stewart, and panel e-f using A-gs. The coloured dots
indicated the LE estimates, the coloured full line is a linear fit, and the dotted black line the 1:1 line.
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regression systematic, and unsystematic components. Biases in the average reflect a
consistent over-/underestimation of the flux, while positive biases in the regression slope
are a result of an overestimations of high fluxes, and underestimations of low fluxes.

The Penman-Monteith model with a constant stomatal resistance tends to overesti-
mate the LE flux, as shown by a positive MBE of 20 and 37 W/m?, over grass and forest
respectively. For grass, 26% of the MAE in PM is the result of a bias in the average, while
14% of the error results from an error in the regression slope. The remaining 59% is unsys-
tematic (M AE,). We observe a positive MBE (20 W/ m?) turn into a (smaller) negative
MBE when a stomatal conductance model is applied (-14 W/m? for JS and -12 W/m?
for A-gs). This results from the higher median stomatal conductance: 352 and 158 s/m
for JS and A-gs, compared to a constant value of 50 s/m. For JS we now tend to slightly
overestimate the r.. However, for A-gs stomatal resistance is more accurately estimated,
reducing the regression error to 0.4% and with the remaining 76% of the error being
unsystematic.

Over forest, these ratios are different as the regression error for the constant . model
is very small, only 5%. Here, 45% of the error results from a bias, while the remaining 50%
is unsystematic. The positive bias (37 W/m?) in the modelled LE fluxes improves slightly
with JS (24 W/m?), but becomes much higher with A-gs (90 W/m?). This is mainly caused
by scaling of r. to a canopy resistance using LAI The large LAI (~ 4.5, based on the nearby
Speulderbos (Cisneros Vaca et al., 2018)) results in small r, values and large latent heat
fluxes for the A-gs-based model. The stomatal resistance is taken as the sum of the parallel
resistances of the different leaf layers, which means that more layers result in a lower
resistance. However, for dense forest canopies, the shading of the lower leaves limits their
contribution (Kelliher et al., 1995) and using LAI may thus give an underestimation of r..

The main difference in error between the two vegetation types thus lies in the relatively
greater contribution of regression error over grassland compared to forest. These biases in
the regression slope suggest that |e, — e;| is overestimated or r. remains underestimated
under for high flux conditions, and vice versa for small flux conditions. This could be
caused by the model predicting maximum LE values, whereas in reality, stomatal closure
by plants limits transpiration and water availability. The model performance over grass
does indeed improve when taking stomatal closure into account using the A-gs model,
but not when using the Jarvis-Stewart model.

In contrast, over forested areas, incorporating a canopy resistance model does not lead
to improved model performance, since the error is mainly due to a bias. This indicates
a structural modelling error over forest, potentially an overestimation of the available
energy. Possible explanations for this could be an underestimating the ground heat flux,
or a missing energy sink such as biomass energy storage. This will be discussed in Section
5.4.

5.3.2. SEASONAL AND DAILY CYCLES
As a next step we evaluate the average diurnal and seasonal performance of the Penman-
Monteith model including the three different stomatal conductance representations.
Through inverse modelling, we derive the r. that is required in the PM model so as to
match the observed LE flux, and compare these to the model estimates.

Figure 5.3a and c illustrate the seasonal and diurnal patterns of canopy resistance




80 5. DIAGNOSING LE

(rc) over grassland, as derived from eddy covariance (EC) observations (black lines).
rc is relatively small and constant (50 — 200 s/m) throughout the day and year, with
a subtle increase in summer reflecting stomatal closure. Fitted r. values are close to
the literature-based constant r, estimate (50 s/m). It turns out to provide a good first-
order approximation, though it may not fully capture dynamic stomatal responses under
varying environmental conditions. Over forest, however, fitted r. values are larger and
highly dynamic throughout the year (-10 — 600 s/m) and increase with sunrise and sunset
more strongly, in response to lower radiation (Fig. 5.3b and d).

The seasonal behaviour of the stomatal conductance models is similar for both sites
showing an increase in r. in winter. Over grass, this means that both models more or
less correctly estimate the summer resistance, but do not capture the decrease in winter.
Over forest, A-gs captures the variation over the year correctly, but underestimates the
values overall throughout the year. JS overestimates the seasonal variation, resulting in an
underestimation of r. in summer and an overestimation in winter.

Both stomatal conductance models produce a pronounced increase in canopy resis-
tance (r¢) during nighttime, driven by the absence of radiation and the resulting stomatal
closure. Specifically, JS predicts r. values that are orders of magnitude higher than those
derived from observations, while the A-gs model yields unphysical negative resistances
(see Sect. 5.2.2). Despite these discrepancies, their practical impact on modelled fluxes
remains limited, as nighttime latent heat fluxes are typically small.

The contrasting behaviour of r, between grass and forest (i.e. respectively constant
rc versus diurnal and seasonally variable r,) raises the following question. Is this due to
1) differences in environmental conditions over grass and forest, such that only forest
vegetation needs to close its stomata, or 2) inherent differences in plant behaviour? In
other words, are trees more "strategic" in their stomatal regulation? Both the JS and A-gs
models also show a variable r; over grass, suggesting similar stomatal closure strategies.
The absence of similar variations in the fitted r, suggests that in reality grass behaves
differently than suggested by the models. However, other errors in the Penman model
can also propagate into the inverse modelled r. values. For instance, the lack of increase
in r. in winter could also be the result of an underestimation of the moisture gradient
leq — esqr| from weather station observations or due to the PM model assumptions, since
alower r. is then needed to achieve the same flux. We will revisit this question in Section
5.4.

5.3.3. CONDITIONS UNDERLYING LARGE ERRORS

Next, we focus on better understanding the conditions underlying the instances of poor
performance of the Penman-Monteith model, including the stomatal parameterisations.
In order to analyse the over- and underestimations, we divide the errors into three cat-
egories. The error is defined here as the difference between model and observed LE.
First, we split the errors into under- and overestimates. Then we define a category of
large underestimates as the errors below the 25th percentile of the underestimates. For
overestimates we did the same, i.e. errors above the 75th percentile are defined as large.
The set of all errors between the 75th percentile of the overestimates and 25th percentile
of the underestimates are defined as small deviations. For each of the three categories,
we plotted their distribution against several meteorological conditions. The results for
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grass are given in Figure 5.4, the results over forest are in Figure 5.5. We only show the
result for constant r,, the distributions for the stomatal resistance models are qualitatively
comparable and given in Appendix A.3.1.

Figure 5.4 and 5.5 a and b show that small deviations of modelled LE flux versus
observations are spread relatively consistently throughout the day and year (green lines).
However, mainly with low D; (panel c), low temperature (panel e), low radiation (panel
g) and a relatively small difference between plant and air temperature (panel f), as well
as relatively low wind speeds (panel d). This corresponds to small LE fluxes. Large
underestimations occur throughout the year, when the available energy is around zero.

For grass, larger overestimations coincide with higher D, T,; and R,, — G. Both grass
and forest return the largest overestimations for high available energy, high temperatures
and dry air. Applying a stomatal conductance model does not substantially correct for
this (Appendix A.3.1), suggesting that the underlying cause is not a result or the stomatal
behaviour or stomatal behaviour is not correctly captured by the models .

A difference between grass and forest is the temperature difference between vegetation
and air. Large overestimations over grass occur in conditions where the vegetation is
much warmer than the air near the surface. This also corresponds to a dry top soil. This is
not the case for forests, where soil moisture remains low throughout the dataset, but the
LE flux is maintained by tree roots accessing deeper soil layers. Additionally, temperature
differences between vegetation and air are smaller due to the shading provided by the
canopy. These vegetation-air differences will be discussed in Section 5.4.

5.4. DISCUSSION

For the Veenkampen and Loobos site, we have additional measurements available to
investigate several of the assumptions in the PM model. This allows us to evaluate to
which extent model deviations follow from model assumptions not being met under
certain conditions.

ENERGY BALANCE CLOSURE

In Penman’s equation, the saturated vapour pressure at the surface depends on the surface
temperature (7T5) via the law of Clausius-Clapeyron. The surface temperature is replaced’
by assuming energy balance closure (see Sect. 5.1). If the observed energy balance does
not close, i.e. when R, — G > H + LE the model will return a higher LE flux than the
eddy-covariance. In this section, we will first evaluate the energy balance closure for
both sites. Next, we will directly use the surface temperature to predict LE, instead of
calculating it from enforced surface energy balance closure. These results are given in
Figure 5.6.

Figure 5.6a-b and c-d shows that indeed the eddy-covariance flux observations (H +
LE) do not add up to the available energy (R, — G) for Veenkampen and Loobos. Especially
during midday, the mean H + LE is lower than R, — G. This could explain the afternoon
mean positive bias of Penman-Monteith compared to the EC measurement that we
observed in Figure 5.4 and Figure 5.5.

An energy imbalance is commonly observed in surface energy balance studies that
integrate eddy-covariance measurements alongside radiative and ground heat flux mea-
surements. Such discrepancies often stem from underestimation of turbulent fluxes,
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particularly in summer, where errors can reach 10-30% (Twine et al., 2000; Hirschi et al.,
2017). Hollinger and Richardson (2005) found that uncertainty in H and LE scales with
flux magnitude. In forested environments, this may be attributed to the intermittent
nature of turbulence; large, dominant eddies (so-called sweeps) responsible for most of
the transport are relatively rare within a standard half-hour averaging period (Raupach
etal., 1996).

Alternatively, the energy imbalance might result from overestimating available energy,
for example, due to underestimating the ground heat flux (Jacobs et al., 2008). Such
underestimations could be the result of damping or phase shifts with depth in the ground
(Van de Wiel et al., 2003; Heusinkveld et al., 2004) or the vegetation layer (Van Der Linden
etal., 2022). On top of that, (especially tall) vegetation can store heat during the day and
release it at night (Lindroth et al., 2010).

For Figure 5.6 e-f LE is described by LE = —% W to evaluate the effect
of energy imbalance and test the performance of PM without it. Since we use a direct
measurement of the air temperature at the surface, we do not need to approximate it using
energy balance closure. Without the energy balance closure assumption, the asymptotic
(capping) behaviour disappears. The surface temperature observations do not have a
set maximum, and the predicted LE can reach up to 700 and 500 W/m? (Fig. 5.6a and
b). However, large scatter remains for both locations (r? = 0.55 for grass and r2 = 0.44 for

forest).

REPRESENTATIVE SURFACE TEMPERATURE

Next, we investigate the difference between the (modelled) in-canopy air conditions and
the actual conditions in the stomata. Since Penman derives T from H, (implicitly) the
assumption is introduced that the near-surface temperature profile is logarithmic into
the vegetation layer, ignoring the roughness sublayer (Sect. 5.1). Secondly, the air is
assumed to be saturated at that surface temperature. This means that the latent heat flux
is driven by the difference in moisture content between the air at a reference height and
fully saturated air at the estimated surface temperature.

Figure 5.7a-b compares modelled and observed surface temperatures. The in-canopy
air temperature (T, 0ps) Was approximated using (un-)ventilated thermocouples placed
within the canopy, and the modelled value is calculated following the Monin-Obukov
Similarity theory (MOST). Over grass, the modelled temperature at the roughness height
for heat transfer (T,;; s, moss) can differ significantly from the observed air temperature
at 10 cm height. During unstable conditions (L < 0), the observed surface temperatures
are higher than the logarithmic predictions. This can be the result of a measurement
error in the surface temperature observations, since in low wind, sunny conditions, a
passively ventilated Stevenson screen is prone to overheating (Harrison, 2010). In contrast,
forests show smaller differences between air temperatures measured above and within
the canopy. This is due to their higher aerodynamic roughness and better mixing of the
air. Shade provided by the trees also limits radiation errors in the measurements.

The in-canopy temperature is also higher during the day as it is closely coupled to the
vegetation temperature. Under high incoming radiation and low wind speeds, vegetation
can be several degrees warmer than the ambient air (Monteith & Unsworth, 1990). In
fact, in some situations, the plant temperature can exceed the air temperature by up
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to 10 K (Fig. 5.7 b). This discrepancy is again smaller in forests, where foliage provides
self-shading and greater roughness promotes air mixing (Moene & van Dam, 2014).

The Penman-Monteith model applies the big-leaf approach (Deardorff, 1978), which
represents vegetation as a single homogeneous layer with no vertical variation, using bulk
properties for the entire canopy. Advances in computational resources and improved ob-
servations of canopy structure have renewed interest in multi-layer canopy models, which
explicitly resolve vertical gradients within the canopy. These models come with significant
computational costs while providing only marginal improvements in the representation
of latent heat fluxes despite their increased complexity (Bonan et al., 2021). Ershadi et al.
(2015) evaluated three different ways of implementing canopy structure into PM and
tested this for 20 different flux towers. No modelling structure consistently outperformed
the others. This raises the question of whether, in addition to accurately representing
variations within the canopy, part of the issue also stems from proper characterisation of
the conditions at the leaf scale.

When we use vegetation temperature (estimated from outgoing longwave radiation)
to model LE, this results in a strong overestimation, especially over grass (Fig. 5.7c and
d). This raises questions about whether the assumption of 100% saturation is valid, and
whether that is also the case in near-canopy air. It remains uncertain whether the air
in the stomata (Wong et al., 2022), leaf boundary layer, and the canopy layer is fully
saturated. If the surface air is not saturated, this could explain the overestimations of
LE. Accurately resolving this would require direct humidity measurements near the leaf
surface. Vila-Guerau de Arellano et al. (2020) show such measurements in a winter wheat
canopy that indicate a substantial difference in humidity between the air in and above
the canopy.

5.5. CONCLUSION AND RECOMMENDATIONS

In this study, we critically compared the Penman-Monteith model to eddy-covariance
measurements at a grass and forest site in the Netherlands. By analysing deviations
between the model and observations, we identified under which conditions the largest
discrepancies occur, and identified avenues for improvement.

Through statistical analyses of the deviations, we found a difference in the characteris-
tics of the deviations over grass and forest. The systematic bias of Penman-Monteith over
grass is mainly caused by regression error, i.e. the deviations are mostly overestimations
in situations of large fluxes. Over the forest, the systematic deviations are caused by an
average bias, indicative of consistent overestimation of the flux independent of the flux
size. The introduction of stomatal resistance models (Jarvis-Stewart and A-gs) does not re-
sult in a conclusive improvement of the agreement between the model and observations,
suggesting that the disagreement is not solely a result of stomatal behaviour.

Over grassland, the Penman-Monteith model tends to overestimate the latent heat
flux especially in the afternoon, when the sun is warming the surface. These moments are
prone to decoupling between the vegetation and the overlying air. When we compared the
surface temperatures to the MOST predictions, we found that MOST underestimates the
temperature near the surface also during the day, since it does not take into account this
separate vegetation layer. Sunlight heats the vegetation, and since the wind speeds are
relatively low inside the canopy layer, a thick leaf boundary layer can form. This boundary
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layer insulates the vegetation from the canopy air, trapping heat and moisture. As a
result, the air above the canopy may remain relatively cool, ventilated, and unsaturated
compared to the vegetation. This is the air that is sampled by the eddy covariance
measurement. For this reason, using Penman-Monteith with the conditions inside the
stomata (i.e. vegetation temperature and 100% saturation) will not lead to improvement
but instead result in even larger overestimations of the latent heat flux.

Another area for improvement lies in the stomatal resistance models. Penman-
Monteith accounts for wind speed and atmospheric stability through r,. However, we
also expect an additional effect on the leaf boundary layer, which should be included in
rc. Under high radiation and low wind, the leaf boundary layer grows thicker (Monteith &
Unsworth, 1990). This would not only limit heat exchange, but also water vapour trans-
port from the stomata. This resistance could be represented by differentiating between
free and forced convection regimes, as is done in leaf energy balance models (Boekee
et al.,, 2023).

The effects of daytime decoupling are more pronounced over grassland than forest.
Forest canopies, due to their higher roughness, may have a stronger coupling between the
canopy and the air above, which helps reduce temperature and humidity gradients. The
largest discrepancies between observations and the model over forest occur in summer
and the afternoon. This is likely the cause of the eddy-covariance measurements under-
estimating the LE flux, or an overestimation of the available energy by missed energy
storage in the vegetation or an underestimation of the ground heat flux.

Moreover, since aerodynamic resistance is relatively lower over forests, accurately
modelling stomatal resistance and scaling it up to represent canopy resistance becomes
more critical for correct LE flux estimations. Simple upscaling methods, such as using
leaf area index (LAI) methods, tend to underestimate canopy resistance (r.), as parts of
the canopy do not actively contribute to the measured fluxes.

To validate these hypotheses, high-resolution temperature and humidity measure-
ments within and just above the vegetation layer are needed. A promising technique for
capturing such small-scale variability, particularly over short canopies, is Distributed
Temperature Sensing (DTS), as demonstrated by Boekee et al. (2024) and Ter Horst (2025,
in review). Once studied in more depth, the decoupling can be integrated in Penman-
Monteith by applying roughness sublayer corrections in r,, and more robust upscaling
for r¢. As such, this study concludes that there is a need for a better understanding of
variations at the canopy and at the microscale to improve our latent heat flux models.






SYNTHESIS

This dissertation is written in the context of spring frost damage in fruit orchards, with a
focus on understanding the atmospheric and vegetative interactions that underpin two
common protective strategies: 1) wind machines and 2) surface manipulation.

Whether frost damage will occur to a blossom flower depends on its exact temperature.
If temperature falls but one degree below a critical threshold, it may die. A single cloud
passing by at the right moment may save it. A beautiful example is given in Figure 6.1,
where only the upward-facing grapevine buds took damage. Being only millimetres apart,
the air temperature difference between the top and bottom of the branch is tiny. However,
since the upward-facing buds are exposed to the clear skies, they may cool radiatively to
below the air temperature. The bottom-facing buds are protected by the emitted longwave
radiation from the surface that keeps them warm.

Naturally, when farmers try to protect their crops, they aim to stay on the safe side,
protecting also the most exposed buds and flowers from damage. This requires us not
only to understand the air dynamics close to the surface, but also the interactions within
the canopy. In the grapevine example, the air temperature difference above and below
the branch may have been small, but for the buds, the difference in plant temperatures
was lethal. These differences between air and vegetation temperatures are the focus of
Chapter 2 and 3.

Ideally, orchard soils absorb solar radiation during the day and release stored heat
at night, helping to mitigate frost risk. However, bare soil is impractical in orchards due
to the need for machinery access, making the use of cover crops, such as grass or Dutch
clover between tree rows, common practice. A cover crop acts as an insulation layer
between the soil and the air, hindering the heat release during the night. The height and
density of the cover crop influence its insulating properties.

To understand the effects of cover crops on frost in orchards, we need to understand
the roughness sublayer over short vegetation, which has remained poorly studied due to a
lack of high-resolution measurement techniques. To better understand how temperature
dynamics in an orchard depend on cover crop height, we first studied a simplified system
where a grass layer is the only canopy. Heat and water exchange over a short canopy are
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Figure 6.1: Picture of grapevines on Long Island (NY, USA) that experienced frost damage. Only the buds on the
upper-facing side of the cane took damage, while the downward-facing buds survived. Also, note that grass is
removed directly underneath the vines to enhance energy release from the soil at night. Photo by Jason Londo.

therefore the focus of Chapter 4 and 5.
The next sections will first summarise the main findings per chapter, and then provide
the main insights that can be gained from the thesis as a whole.

6.1. MAIN FINDINGS

Chapter 2 examines how wind machine operation affects plant and air temperature in a
pear orchard. Using DTS (Distributed Temperature Sensing), we measured both vertical
and horizontal temperature profiles in a pear orchard at very high spatial and temporal
resolution.

During a radiative frost night (clear skies, low wind), we observed the development of
a clear canopy layer prior to wind machine operation. Above the canopy, the temperature
increases sharply, but inside the canopy layer the temperature becomes uniform. Out-
going longwave radiation cools the soil and vegetation at the surface. This cold surface
cools the air above it. Since there is little wind, the atmosphere is stable, and the cold air
remains between the trees.

We showed the dual effect of a wind machine upon operation: 1) the mixing of the
stratified air above into the canopy layer and 2) the erosion of the leaf boundary layer to
facilitate plant-air heat exchange. The wind machine creates a jet that mixes warm air
down to the canopy. However, the foliage reduces the plume penetration towards the
ground. Multiple rotations (~ 15) were needed to reach stable mixing, and at this point
only the upper 30% to 60% of the canopy layer was well-mixed, depending on the distance
to the wind machine. As the foliage becomes denser throughout the season, these effects
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become stronger.

Over every rotation cycle, leaves that radiatively cooled below air temperature are
warmed up to air temperature, as strong advective warming repeatedly dominates over
radiative cooling. Thinner flower petals closely follow air temperature, in contrast to
thicker shoots that show a strongly dampened response, as they act as heat reservoirs and
retain warmth from daytime heating.

Chapter 3 explores the physiological effects of sub-zero temperature on plants. As
daytime temperatures rise in spring and dormancy is broken, fruit trees begin to lose
their cold hardiness: their natural resistance to freezing conditions. This is why a spring
frost can cause severe damage to sensitive tissues, such as buds and flowers.

The temperature range within which freezing causes irreversible damage is called the
critical temperature range. This range is commonly determined using differential thermal
analysis (DTA): a technique that detects freezing exotherms (i.e. the release of heat during
ice formation) in small tissue samples. However, because DTA is laboratory-based and
not suitable for field applications, it has limitations for in situ monitoring.

We explored the potential of high-resolution thermal cameras for in situ monitoring.
Experiments conducted in a controlled freezing chamber with samples of apple cultivars
demonstrated that thermal cameras can detect freezing exotherms in buds, leaves, and
flowers. While our small sample size introduced considerable variability and hindered
statistically robust conclusions, the results demonstrated the potential of this technique.
We recommend further exploration of thermal imaging for in situ monitoring of critical
freezing temperatures. For instance, thermal cameras could be employed to study how
different cover crop treatments influence freezing behaviour across multiple trees.

These cover crops were the motivation behind Chapter 4. Typically, logarithmic
temperature profiles derived for the atmospheric surface layer are extrapolated down to
the ground, into the roughness surface layer. However, in this layer, the flow is distorted
by the vegetation elements. Using a DTS array, we measured the sharp temperature
gradients near the surface and revealed that the temperature profiles in the lowest 1 -2 m
are not logarithmic, but instead exhibit near-linear behaviour.

Building on this finding, we drew inspiration from the Van Driest formulation, which
describes the transition from logarithmic to linear behaviour in velocity profiles near
smooth surfaces. We developed an analogous model to describe temperature gradients
near rough, vegetated surfaces. The model introduces a new length scale that repre-
sents the size of the smallest turbulent eddies near the surface and links directly to the
vegetation dimensions. The model provides an improved, more robust, description of
near-surface temperature profiles.

Stepping away from the logarithmic descriptions of temperature in the canopy layer
will also affect our predictions of the surface heat and moisture fluxes. In Chapter 5 we
therefore take a critical look at our predictions of latent heat fluxes.

One of the most used evaporation models is the Penman-Monteith model (PM), which
distinguishes itself by its physics-based approach and use of a limited number of com-
monly available meteorological variables. PM builds on the assumption of logarithmic
momentum, heat and moisture profiles near the surface.

In Chapter 5 we compare the PM model to long-term eddy-covariance evaporation
measurements for two sites: grassland and forest. We show that overestimations of PM
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relative to observations occur most frequently during high radiation, high temperature,
and low humidity conditions. We identified possible pathways for future improvement.

First, the discrepancy between the model and the observations can be attributed to a
bias in the observations. EC measurements are known to be prone to underestimating
high fluxes, especially over tall canopies.

Second, at the canopy level PM does not include the decoupling between the vegeta-
tion and overlying air. These effects are stronger over grass than over forest, as forest may
(due to its higher roughness) have stronger coupling between canopy and above-canopy
air. Moisture and heat may remain trapped inside the canopy-layer. As a result, the air
above the canopy may remain relatively cool, ventilated, and unsaturated compared to
the vegetation. These above-canopy conditions are driving the fluxes measured by the
eddy-covariance, while PM is based on the conditions inside the canopy layer.

Finally, open questions remain about the conditions at leaflevel: 1) are the stomata
100% saturated, 2) do stomatal conductance models capture diurnal variation correctly,
and 3) is the leaf-boundary layer conductance sufficiently included?

6.2. INSIGHTS AND IMPLICATIONS

A recurring topic in the four chapters of this thesis is the difference between vegetation
and air temperature and the implications thereof. While the first two chapters focus
on the direct consequences for an applied problem, the last two chapters highlight the
importance for accurate modelling of surface-atmosphere interactions. I believe that this
difference is often overlooked in models, and that may be a direct result of how "surface
temperature’ is measured.

An example of this ambiguity can be found when we compare some of the results of
Chapter 4 and 5. Chapter 4 showed that the temperature profiles according to the Monin-
Obukov Similarity Theory tend to underestimate/overestimate the surface temperature
during respectively stable/unstable conditions during our field campaign. However, in
Chapter 5, we show the opposite for 10 years of data from the same location. Underlying
this seemingly contradictory statement are the different measurement techniques, as
visualised in Figure 6.2.

In Chapter 4 we take the surface temperature to be the air temperature measured
with DTS at the top of the grass layer. Since DTS is sensitive to radiative biases, it may
overestimate the air temperature during the day, and underestimate it during the night.
Luckily, since the cable is relatively thin and white, these biases are limited. In Chapter 5
the surface temperature more closely resembles the vegetation temperature. Here, it is
measured using a thermistor covered by a passively ventilated, radiative shield. The sensor
is placed at 10 cm, at the top of the grass. When the passive ventilation is insufficient, the
thermistor may give a more representative measurement of the air temperature inside the
grass canopy than of the "undisturbed" air above it. Since the grass is heated radiatively, its
temperature (i.e. the tissue temperature) is higher than the air temperature. As such, the
shielded thermistor may overestimate air temperatures during the day and underestimate
them during the night. The same applies to the skin temperature as measured with the
pyrgeometer, which is a direct measurement of the surface temperature (instead of the
air). Lastly, MOST defines the surface temperature as the air temperature at height zyy,, i.e.
below the grass height, as if there were no vegetation. Due to its logarithmic shape, during
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Figure 6.2: Different measurement techniques for the surface temperature and their typical daytime bias
compared to each other. The black line represents a best guess of the potential air temperature near the surface.

the day this will give a higher temperature than the air temperature measured with DTS,
but a lower temperature than the vegetation temperatures measured with the thermistor.
To accurately predict frost damage or evapotranspiration (and to protect crops), we
thus need to be aware of these differences in what the instruments are measuring. This
means identifying the specific temperature that truly matters, whether it’s the average
canopy skin temperature, the temperature of a single leaf, or the average air temperature
within the canopy (Hicks & Eash, 2021). Achieving this requires a deeper understanding
of the microclimate within a short canopy, rather than relying on crude resistance laws.

6.3. OUTLOOK

To get an accurate estimate of the conditions of the vegetation, we do not only need to
measure the air temperature, but also radiation, wind speed, humidity and CO, within
the canopy. These variations in micro-climate have been studied over the last decades for
tall canopies, such as boreal forest (e.g. Harman & Finnigan, 2007, 2008) or Amazonian
rainforest (e.g. Gonzdlez-Armas et al., 2024). Based on that, various radiation extinction
models have been developed, ranging from simple exponential formulations for light
penetration into the canopy (Ronda et al., 2001), to more complex models that account
for leaf area index and solar zenith angle (ECMWF, 2024), and even detailed ray-tracing
approaches (Vos et al., 2010). Heat and moisture exchange is solved by applying resistance
laws and solving energy balances for different vegetation layers (Monteith & Unsworth,
1990), while momentum exchange is typically solved using drag laws (Brunet, 2020).
Based on this (in combination with stomata models, incorporating plant hydraulics),
multilayer models have been developed for tall canopies (Bonan et al., 2021).
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While they have delivered valuable insights for tall canopies, I believe that for low
canopies, multilayer models may not be the best way forward for land surface models.
Here, a better description of temperature, humidity and wind inside the canopy may
be achieved with simple improvements of the parameterisations. The first steps in this
direction have already been taken for heat in terms of diffusion analogies (Van Der Linden
etal., 2022). As a result of solar radiation, the temperature at the top of the grass shows
a strong diurnal cycle with an amplitude that can be in the order of 20-30 K. Just below
the grass, in the soil, this amplitude is already reduced by 10 degrees. On top of that, heat
storage in the vegetation results in a phase lag and frequency-dependent damping. In
the current resistance-based models, these damping and lagging effects are ignored. By
taking inspiration from soil models, Van Der Linden et al. (2022) showed that a diffusion
model can be used to describe the energy transport through grass more accurately.

Such diffusion models (combined with radiation models) could then be applied to
resolve air temperatures inside the grass layer. Fine-scale measurements are crucial to
validate these models. For temperature, we have developed a parametric DTS setup to
measure at the mm-scale (Figure 6.3) (ter Horst et al., 2025). Note that this can be applied
to measure fine-scale temperature variations inside the canopy layer, as compared to the
harp in Chapter 4. DTS has the potential to also be used for moisture (Schilperoort et al.,
2018) and wind measurements (van Ramshorst et al., 2020), but other micro-sensors (e.g.
as used in the CloudRoots campaign (Vila-Guerau de Arellano et al., 2020)) may be easier
to use.

With a better understanding of the microclimate within vegetation, we may be able to
address some of the unresolved questions remaining at the end of this thesis. For example:
How is nighttime heat release influenced by grass height? What humidity gradient truly
drives transpiration; can we assume a saturated leaf surface? Answering these questions
could improve our ability to protect crops not only from abiotic stresses like frost and
water scarcity but also from biotic stresses such as pathogen outbreaks, which are closely
tied to humidity levels within the canopy. In the long term, this knowledge hopefully
contributes to more sustainable agricultural practices, helping to meet the rising food
demand in a changing world.
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Figure 6.3: DTS coil to measure near-surface air temperatures above and inside the grass layer. Photo by Tijn ter

Horst.
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A.1. CHAPTER 2

A.1.1. PARAMETERIZATION OF HEAT TRANSFER: A CONCEPTUAL BACK-

GROUND

The regime transitions between free and forced convection are often described in terms
of (rigid) thresholds based on a Richardson criterion (Section 2.2.2), but are not sharply
defined in literature. For example, Parkhurst et al. (1968) sets the limits for 5% departure
from pure free or forced convection at 0.1 < Ri < 16. Monteith and Unsworth (1990) states
that mixed convection is probable for 0.1 < Ri < 10. As such the 'threshold’ are mere
indicators of transition based on empirical evidence and they will vary strongly with the
dimensions of the plant surface and the turbulent conditions of the air. Table A.1 shows
an example of how the Richardson number can be used to define boundaries between
the different convection regimes, and how the Nusselt number is parameterised for those
different scenarios. In reality, regime transitions are smoother.

As a simpler alternative that allows for a smoother (i.e. more natural) transition
between the regimes, here we present a conceptual picture based on a mechanistic
approach. By introducing a free-convection type of velocity scale, we show how the
Nusselt number can be calculated directly as to avoid the use of different formulations in
the free and forced convection regimes.

FREE CONVECTION VELOCITY SCALE
In a situation with no background wind, air movement results from the air density differ-
ence between the relatively warm/cold air above the leaf surface and the surrounding air

(i.e free convection). The apparent gravity force g* on an air parcel over a leaf surface can
be calculated by correcting the gravity force Fy for the buoyant force Fp [N]:

Fy = Fp A1)

PairVa= (Pplant — Pair) Vg (A.2)
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where p;; is the density of air outside of the leaf boundary layer [kg m™3], V is the
volume of an air parcel [m®] and a is its acceleration [m s]. p plant 18 the air density
within the leaf boundary layer, and g is the gravitational acceleration of 9.81 m s2. This
gives the apparent gravity g* [m s2].

g :a:gpplant_pair :nglant_Tair (A3)
Pair Tair
The typical velocity scale w/"¢¢ for free convection can then be derived from the
apparent gravity and the typical length scale L (L = % g*1?):

wlmee =1g* = \/2Lg* (A4)

When we take the squared ratio of the buoyant velocity scale to the wind speed, we
notice that this is equal to twice the Richardson number.

g I3 (Tplant’Tair)
2 T T
wfree ZLg* V—Zmr 2Gr
u Cou (4Ly2 "~ Re?
v

=2Ri (A.5)

So, this suggests that the Grashof number can also be seen as the square of a charac-
teristic Reynold number for w/¢¢. This vision can be appreciated from Table A.1 where
the powers in the Grashof formulations are roughly half of the Reynolds powers. As such,
instead of using the different parameterisations for Nu based on Re and Gr, we introduce
a parameterisation based on a single Reynolds number. To this end, we will base Reynolds
number Re* on the refreshment velocity m*, which combines the background velocity

and w/"ee.
m* =1/ (wfree)2 4+ y2 (A.6)

This new view reduces the need for the different formulations (tab. A.1) to one
equation, suitable for all quasi-laminar regimes (Re* <2- 10%):

Nu=0.6-(Re*)*® (A7)

and one for all turbulent regimes (Re* >2-10%):

Nu =0.032- (Re*)*® (A.8)

Here we select the original parametrisation for laminar and turbulent flow. Perhaps,
the complexity could be further reduced when both regimes are merged into a single
formulation for all Reynolds regimes. This follows from the fact that the lower coefficient
in Equation A.8 is partly compensated by a higher power. However, designated laboratory
experiments are needed in order to investigate this from a parameter perspective. Here
we restrict ourselves to the conceptual view, rather than to finding the most optimal
parameters.

Finally, we notice that in the analysis aspects of branch and leaf vibration as a result
of the wind are not taken into account explicitly. In reality however, those effects are likely
to be important. Below, it will be motivated that those physical effects do have an effect
on the characteristic length scale choices made.
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Table A.1: Original flow regime criteria given in Monteith and Unsworth (1990) as to calculate the Nusselt
number under different conditions. Where the table is based on rigid criteria, here a smoother alternative is A
given.
Nu=
free convection Ri>10 Tpiant < Tair ~ 0.13-Gr5
0.25
Tplant >Tair 0.50-Gr
forced convection Ri<0.1 Re<2-107% 0.60- Re0->
Re>2-107% 0.32-Re%8
K K . 35 35 1735
mixed convection 0.1<Ri<10 (Nu 2+ Nu> )
free forced

TYPICAL LENGTH SCALE

Note that due to every flower’s, leaf’s or shoots’ unique shape it is hard to define a typical
length scale used to calculate w/7¢€. For a sphere, cylinder or flat plate the diameter or
length in the direction of the wind would be a logical choice. For an irregularly shaped
leaf fluttering in the wind, the characteristic dimension L can be anything between the
thickness and the maximum length of the leaf. We expect typical length scales to be
between 0.5 — 0.8 times the maximum leaf dimension (Schuepp (1993) and Parkhurst
etal. (1968)). Figure A.1 shows three different scenarios to explain this statement. During
conditions of forced or mixed convection, there is a slight background wind, and leaves
are usually streamlining along the flow, like in Figure A.1a (though often vibrating as well).
For leaves that are not streamlining, anabatic effects and flow detachment will start to play
arole, elongating the acceleration time (Fig. A.1b). For situations of no flow, Kitamura
et al. (2015) and Graefe et al. (2022) show that for respectively horizontal (fig A.1c) or
(vertically) inclined leaves (fig A.1d), the typical length is chosen along the steepest ascent
of the leaf surface and thus also in the order of magnitude of the leaf length. For this
reason in the analysis above the maximum leaf length is taken as the characteristic length
scale (rather than e.g. leaf thickness).

A.1.2. MODEL ITERATION PARAMETERS

The values for the typical length scale and thickness should be interpreted with care.
They do not represent the actual shape of the plant organ, but are used to determine the
surface/volume ratio and are representative of the typical length scale (see also Appendix.
All).
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a) forced convection, horizontal leaf

A

c) free convection, horizontal leaf

d) free convection, vertical leaf

Figure A.1: Different scenarios for flow along a leaf. Panel a) and b) show forced convection scenarios with
horizontal or inclined leaf. Panel c) and d) show free convection for horizontal or vertical leaves. The orange
arrow illustrates a possible flow path. While the black arrow illustrates a typical length scale.

Table A.1: Parameters used for modelling the plant tissue temperature. Exact values of constant « [-], thickness
of the plant organ 7,4, [mml], representative length scale L [mm], Sky View Factor SV'F [-] and wind reduction
factor y [-] were determined through calibration within the given range [minimum.. maximum, number of
evenly spaced samples]. ¢ is the emissivity [-] (same for all organs) and cp, is the heat capacity of the plant tissue

Dkg! K1)

Shoot Leaf Flower Calibration range

(11 22 [0..50; #=10]

tplant 0.2 0.12 [0.1..1, # =10] for leaf
[0.01..1, # = 10] for flower

L 1.2 40 3.4 [0.1..10, # = 10] for shoot
[10..100, # = 10] for leaf
[0.1..10, # = 10] for flower

SVF 1 0.1 0 [0..1,#=11]

y 1 0.8 1 (0.1,#=11]

Eair 0.8

€ptant  0.96

€s0il  0.98

Cplant  4.2-10°  2.0-10° 0.5-10°
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Figure A.2: Grass height as measured over time, with uncertainty bars giving the standard deviation for the
growing grass based on 8 measurements. There is no standard deviation measured for the 3 cm and 10 cm plots,
as the grass was kept at a constant height.
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A.2.1. DERIVATION NORMALISED MODELS

In the next section, we study the behaviour of the Monin—Obukov Similarity Theory, the
Van Driest model, and a simple and complex RSL correction for tall canopies. We derived
the appropriate length scales to normalise the models by studying the limit behaviour
near the surface. Next, the limits of the normalised models and their derivatives were
studied. This shows how the adapted Van Driest model and the RSL corrections have the
same limit of 1 near the surface but differ in their second derivative.

NORMALISED MONIN-OBUKOV EQUATION
For the normalisation, we used the following normalised variables:

~ 0 Z 4 Lob
0=—,2=—,L=— A9
0. Ly Ly (A.9)
This gives:
WBxL_g (Z) (A.10)
oz1  "i) ’

NORMALISED VAN DRIEST EQUATION
The Van Driest equation is given by Donda et al. (2014) as:

(Ak2)?3¢ |
wl= | ——% +v 6—” (A.11)
o) 17
ob
Rewriting gives:
(Axz)? 94 ou
= | —— 5+ (V/u) [ == (A.12)
u*q)m(Liob

Taking the limit at the surface gives the scaling parameters u, and v/ u..

0

lim 22, = [0+ (v/1.)] lim —— (A.13)
z—0 z—0 0z

li i (A.14)

im— = .
z—00z  (v/iuy)
For a rough surface, we replaced the viscous length scale u.. /v with L. This gives:

(Axz)? 4 ou

Uy = | ————5+Ls| — (A.15)
® (L)z 0z

Ushn Lob

Replacing momentum by heat:
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(Axz)? 29
0.= | —2%5 +L % (A.16)
0.y, ( z ) 0z
* Loh
Replacing 6 and z for their normalised values:
(Axz28 |60
T2 2y 9z (A.17)
q)h(f) <

This can be solved with the quadratic formula, which has only one physical solution:

(A.18)

The normalised gradient is always positive; in stable situations, both the gradient
and 6, are positive, while in unstable situations, a negative .. corresponds to a negative
gradient, which then results in a positive normalised gradient.

To derive the limit at the surface, we applied a Taylor expansion, relying on the
binomial series: (1+x)!/2 =1+ §x— 1x°+ 2% —.

2 4
. —1+1+2( AK?Z) —( A"?z) ?
a0 on(f) onli) ) _ | 1| axz (A.19)

) “toalt]

Using the standard ® j-relation (see Sect. 4.2), the limit of z — 0, for goes to 1.
The second derivative becomes:

== (A.20)

So, the limit of the curvature for z — 0 thus goes to 0.

NORMALISED DE RIDDER EQUATION
De Ridder (2010) presents a simple bulk transfer model to account for RSL effects over tall
canopies. The model for neutral conditions is given by:

69 0
= pzlzs A.21
6z Kz ( - ) ( )

We can recognise a correction term (1 — et/ ). We translated this into a length-scale type
expression, that scales height with z, as a new length scale, similar to our L; approach.
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Here z. represents the height of the roughness sublayer and p = 0.95 is an empirical
constant. We merged these into y = p/ z,..
Using Taylors’ expansion this gives:

0.7%2% | 0.732° 0.7%z | 0.732%
00 O.yz—=L=+=2L= gt Qy—2L =42l 4
o0 _ Y-y 2 6 _YT 6 (A.22)
0z Kz K
Taking the limit at the surface gives the scaling parameters:
06 o
lim = = = (A.23)
z—00z K
This gives alength scale Lp =x/y =«xz./u.
The non-dimension equation then becomes:
0.00 0, Lz 1 >
s (1-ehete) = — (1-¢7) (A.24)
Lr 02z «ZLp Kz
To derive the limit, we applied Taylors’ expansion:
00 K2—#+&623+... Kz k2z%
— = =1l-— 4+ —+... (A.25)
0z Kz 2 6
The limit of z — O is at 1.
The second derivative becomes:
20 x «%z
-t —+... (A.26)

922 2 3

The limit of the curvature for z — 0 thus goes to %K.

NORMALISED HARMAN AND FINNIGAN EQUATION

The model dominating the field of canopy-layer turbulence is the Harman and Finnigan
model (Harman and Finnigan (2007, 2008)). Harman and Finnigan provide a contin-
uous model for RSL correction ¢(z/L,) with an exponential shape that asymptotically
approaches 1 at 2 — 3 times the roughness sublayer height. This model has been imple-
mented in the Community Land Model, and showed a substantially improved prediction
of the surface exchange over several surface types, among which is grassland (Bonan et al.
(2018) and Oleson et al. (2010)). An important feature of the Harman and Finnigan model
is that they introduce the virtual displacement height (d,), which scales with u2, and
lowers the displacement height compared to the origin.

In a very simplified form, this model can be written as:

0 0. ® ( z ) A.27)
0z klz+dy " Lop )
Taking the limit at the surface gives the scaling parameters:
.06 0.
lim = (A.28)

=00z xdy
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This gives us the length scale xd, = Ly, and temperature scale 0..
If we normalise this equation using a length scale Lyr, the equation (for neutral
conditions) becomes:

0, 00 0. (A29)
Lyr 0z B k(ZLyfp +dy) ’
0. 00 0. (A30)
Lyr 0z _KdV+K2LHF )
00 L
e (A31)
0z ‘Kdv +xZLygrp
Using Lyr = xd,, this gives:
a0 1 (A.32)
02 1+x2 '
So, the limit of z — 0 is at 1.
The second derivative becomes:
8%0 -K
= (A.33)

022 (1+x2)2

The limit of the curvature for z — 0 thus goes to —x.
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A.3. CHAPTER 5

A.3.1. RELATIVE FREQUENCY DISTRIBUTIONS JARVIS-STEWARD AND A-GS
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Figure A.3: Relative frequency distributions in relation to timing (DOY, HOD) and six different environmental
variables, for 3 categories of error (model - observations) size over grass using Jarvis-Stewart. Large underes-
timates are those below the 25th percentile of all underestimates, while large overestimates exceed the 75th
percentile of all overestimates. Small deviations fall between the 75th percentile of underestimates and the 25th
percentile of overestimates.
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Figure A.4: Relative frequency distributions in relation to timing (DOY, HOD) and six different environmental
variables, for 3 categories of error (model - observations) size over forest using Jarvis-Stewart. Large underes-
timates are those below the 25th percentile of all underestimates, while large overestimates exceed the 75th
percentile of all overestimates. Small deviations fall between the 75th percentile of underestimates and the 25th
percentile of overestimates.
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Figure A.5: Relative frequency distributions in relation to timing (DOY, HOD) and six different environmental
variables, for 3 categories of error (model - observations) size over grass using A-gs. Large underestimates are
those below the 25th percentile of all underestimates, while large overestimates exceed the 75th percentile of all
overestimates. Small deviations fall between the 75th percentile of underestimates and the 25th percentile of
overestimates.
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Figure A.6: Relative frequency distributions in relation to timing (DOY, HOD) and six different environmental
variables, for 3 categories of error (model - observations) size over forest using Jarvis-Stewart. Large underes-
timates are those below the 25th percentile of all underestimates, while large overestimates exceed the 75th
percentile of all overestimates. Small deviations fall between the 75th percentile of underestimates and the 25th
percentile of overestimates.
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Figure A.7: A scheme showing the A-gs model. Full circled variables have to be measured, while the dotted
circled variables are modelled. Note that the stomatal resistance is illustrated as two arrows. This illustrates that
the stomatal resistance is actually the sum of the stomatal and leaf boundary layer conductance.

A.3.2. GOUDRIAAN PHOTOSYNTHESIS MODEL

The A-gs model applies the photosynthesis model by Goudriaan (1977). This model
derives the stomatal resistance to water vapour from an estimated CO- flux. It is visualised
in Fig. A.7, and the model parameters can be found in tab. A.2.

The CO, flux is influenced by several environmental factors. To estimate it, we first
calculate the expected CO, flux under optimal conditions, when both CO, concentration
and light availability are ideal (step 1). Next, we adjust this value to account for the
actual environmental conditions, specifically the measured CO; concentration and light
intensity. This correction provides an estimate of the net assimilation rate (A;) (step 2).

Stomatal conductance can then be determined using a resistance analogy. It is cal-
culated by dividing the net assimilation rate (A,) by the difference between the CO,
concentration inside the leaf and the CO, concentration in the surrounding air (step 4).
The external CO; concentration is directly measured, while the internal CO; concentra-
tion is expressed as a fraction of the external value (step 3). This fraction depends on the
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vapour pressure deficit (D;), which influences the plant’s ability to regulate gas exchange.

STEP 1: CALCULATE CO, FLUX UNDER OPTIMAL CONDITIONS
Under optimal conditions, the maximum assimilation rate A,,, ;4 is only temperature
dependent.

The maximum assimilation rate is the maximum photosynthetic activity, it is com-
puted as:

0-1(Tsur —25) - -
Ammax = Ammax25- Qg 4 ! / [ + 03 Tiammar=Tsur£)) (1 4 03 Teurs = T2am max)) |
(A.34)
Here, the compensation point (I') is the CO» concentration at which A, becomes zero

for a fully lit leaf. It is calculated as:

0.1(Tyyr f—25)

T=TI25-Qppp (A.35)

STEP 2: ESTIMATE THE ACTUAL CO» FLUX BASED ON RADIATION AND CO,
In low radiation conditions, the net assimilation is controlled by the amount of photosyn-
thetically active radiation. When radiation intensifies, net assimilation saturates at level
A, thatis CO, dependent.

This assimilation rate (A,;) is computed as:

C;-T
Am = Ammax (1 — e 8™ Ammax ) (A.36)

The mesophyll conductance (g;,) describes the conductivity from the stomatal cavity to
the mesophyll cells, where the carbon fixation happens. It is given by:

0.1(Tyyr f—25) _ _
gm=8mas Quo g / [(1+ 03 Tem=Tours)y (1 4 @03 Tsury = Togm)y | (A.37)

The radiation and CO, response are described by a smooth exponential for the net
assimilation (A;):

_._PAR
Ap=(Ap+Ry) (1 —e TAmkg ) -Ry, (A.38)

where R; is the dark respiration (R; = A;,/9) and with the quantum efficiency (¢) is
computed as:

C;-T
Ci+2r’

£=¢g (A.39)

STEP 3: ESTIMATE INTERNAL CO, CONCENTRATIONS BASED ON Dy
The CO, concentration (C;) inside the stomatal cavity is calculated using a coupling
factor (f) and atmospheric CO, concentration (Cs):

T
Ci=fCs+(1-f)— (A.40)
Cs
here f depends on the vapour pressure deficit D through:
D; D;
= 1- + fmin———- (A.41)
f fO ( Dmax fmmDmax
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The minimum coupling factor depends on the cuticular and mesophyll conductances,
and is species-dependent:
Smin=8c/(gc+ gm)-

STEP 4: DERIVING STOMATAL RESISTANCE FROM THE FLUX
The stomatal resistance for CO» (g;c) can then be calculated through a resistance analogy
as:

Cs—C;

A,
This can be translated to the stomatal resistance for H, O by correcting for the molecular
weight.

rsc+rg= (A.42)

I'sH,0 = T'sc/1.6 (A.43)
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