
D
el
ft
U
ni
ve
rs
ity

of
Te
ch
no
lo
gy

Temperature profiles
through the

soil-vegetation-atmosphere
continuum

Taking an unprecedented look into the canopy

MSc thesis
C.G.B. ter Horst



Temperature profiles
through the

soil-vegetation-
atmosphere
continuum

Taking an unprecedented look into the canopy

by

C.G.B. ter Horst
Student Name Student Number

ter Horst 5136350

Primary Instructor and examiner: B.J.H. van de Wiel
PhD supervisor: G.A. Vis
Secondary instructor: R.W. Hut
Secondary examiner: W.G. Bouwman
Project Duration: 09, 2023 - 06, 2024
Faculty: Faculty of applied sciences (applied physics), Delft

Cover: Tijn ter Horst, render of DTS frame design



Abstract
Predicting near-surface temperature profiles is an essential, yet often challenging aspect of modeling
boundary layer meteorology. The surface temperature is commonly inferred from similarity relation-
ships. These predict the vertical profiles of both wind and temperature at some height above a surface
with roughness elements, such as grass. These profiles have a logarithmic shape along the vertical.
Due to experimental limitations, there are very few observations in the region close to the surface where
roughness elements are present. As a consequence, the logarithmic profiles are commonly extrapo-
lated down to the surface. However, this approach is physically inconsistent at its core. Temperature
gradients become infinite as the surface is approached, as a result of the logarithmic properties of the
similarity profiles. One consequence is that these profiles are extremely sensitive to small perturba-
tions close to the surface, which is a major source of uncertainty when extrapolating temperatures. To
combat this, new physical models are being investigated in an attempt to describe these profiles in a
more accurate and physically rigorous manner.
A broader goal in the field of atmospheric science is to study a way to unify internal canopy dynam-
ics with the dynamics above the canopy to yield temperature profiles that are valid from the surface,
through the canopy, up into the atmosphere.
In working towards these goals, a key element still lacks; precise, high resolution temperature measure-
ments through the canopy-atmosphere interface. Novel measurement techniques such as distributed
temperature sensing (DTS) have advanced the quality of datasets significantly, yielding temperature
profiles with a resolution and accuracy on the order of centimeters. However, it has thus far not yielded
sufficient accuracy for conclusive model comparison and for studying internal canopy temperature pro-
files. Therefore, there is a need for a more accurate, high-resolution dataset.
To this end, an experiment was designed to gain detailed insight into these regimes. A helical frame
structure was designed, built and combined with the method of distributed temperature sensing (DTS)
to attain a high resolution temperature profile along the vertical. The setup was installed at Cabauw
where several weeks of data were acquired. Preliminary data analysis shows that the resulting data
is well suited for the aforementioned purposes. Strong gradients near the surface can be identified
as a result of the high measurement resolution on the millimeter scale. Furthermore, close to 80 data
points are located within the 10cm canopy, allowing for the investigation of internal canopy transport
dynamics. Finally, the data may be used in the future to validate any future models that aim to combine
the canopy and atmospheric regimes.
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1
Introduction

Weather and climate models require an accurate description of near-surface temperature profiles, as
these profiles determine the exchange of energy between the earth and its atmosphere. Knowledge
about physical quantities such as the surface temperature is crucial for accurate atmospheric modeling
[1] [2]. In this thesis we consider atmospheric flows over rough, grass-covered surfaces. Vegetation
layers such as grass act as strong insulation layers between the soil and lower atmosphere, analogous
to a sweater, as a layer of still air is formed within it. This property results in large temperature gra-
dients in both the atmosphere and the soil, near the grass canopy. The global abundance of grass
covered land motivates us to seek better understanding of the aforementioned properties, as it plays
a significant role in atmospheric modeling. To this end, we seek to closely investigate this region by
accurately measuring temperature profiles through the canopy at a high resolution.

As stated before, temperature gradients become large in the atmospheric region just above the grass.
This is due to the fact that the size of turbulent Eddies, which transport heat, decrease when nearing
a surface, as their size becomes limited by the distance to the wall. This limitation in turbulent heat
transport must be compensated by a steep temperature gradient near the surface.
Formally, heat and momentum profiles over a surface are described by Monin-Obukhov similarity the-
ory (MOST). This theory links vertical gradients of a physical quantity to turbulent fluxes. Profiles that
follow fromMOST are logarithmic along the vertical, as a result of the aforementioned decrease in Eddy
size near the wall. It is well known that MOST is only valid outside of the roughness sublayer (RSL),
which is where roughness elements such as grass obstruct and influence flow [3]. In spite of this, these
profiles are still commonly used to determine near-surface temperature by extrapolating down to the
surface, through the RSL. RSL modifications to MOST have been done for tall canopies [4]. However,
extrapolation is still the most common approach for shallow canopies, such as grass [5].

There is an inherent physical inconsistency in the fact that the temperature gradients become infinite
at the surface, as a result of the logarithmic nature of MOST profiles. As a consequence, temperatures
become undefined at the surface, where z=0. In an attempt to circumvent this problem, the concept of
a roughness height is introduced. These parameters are defined for both momentum and heat and are
denoted as z0m and z0h respectively. They represent a vertical shift in the logarithmic profiles. z0m is
defined to be the height at which the wind speed reaches its surface value. This can rather intuitively be
thought of as a no-slip boundary condition. However, for the case of temperature, such an analogy is
not as trivial. It is assumed that a similar approach can be taken for heat with the z0h parameter, as for
wind. z0h is generally derived from z0m , where the ratio between these parameters is often assumed
to be approximately equal to 0.1, from empirical observations. However, this ratio has been shown to
differ over multiple orders of magnitude, and is therefore non-trivial to determine and use in models [6].
The determination of z0h remains a prominent source of uncertainty in predicted temperature profiles.
Uncertainty in the roughness height results in a significant spread of temperature predictions at higher
altitudes. Conversely, when measuring temperatures above the canopy and extrapolating down to the
surface, a large spread in surface temperatures is found [7]. See Figure 1.1 for an illustration of this
concept.
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Figure 1.1: This figure is the result of a preceding field campaign, using distributed temperature sensing [8]. The combination
of the roughness height concept and the logarithmic nature of MOST profiles causes a high sensitivity to small perturbations in
temperature. The left image illustrates the need for non-physical values for z0h to properly match the observed temperature
profile above the roughness sublayer. Conversely, the right image illustrates that for a given reference temperature, a small

perturbation in z0h results in significant surface temperature differences. [8]

Wehypothesize that a significant part of this uncertainty can be attributed to the physical non-robustness
of the theory, as indicated by the aforementioned infinite gradient near the surface. As a result, we seek
a more physically consistent description of the temperature profiles near the surface. For flow along
a smooth wall, such as bare soil, profiles naturally tend towards linear behavior near the wall. This is
due to the fact that as Eddy size decreases, viscous transport takes over, resulting in finite gradients
near the wall in the so called viscous layer, as illustrated in Figure 1.2. For roughness elements such
as grass this becomes much more complex, as the array of grass blades form many individual viscous
layers, which are on a much smaller scale than the characteristic turbulent Eddy size. We seek an
analogy to this quasi-linear van Driest profile in an effort to more accurately describe profiles near the
surface in a physically consistent manner.
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Figure 1.2: The right panel shows a van Driest temperature profile along a smooth wall. Far from the wall, the limiting case
converges to the logarithmic shape we find in MOST. Close to the wall the profile shifts to a viscous regime, making it linear.
Consequently, the gradient becomes finite at the wall. The left panel depicts the profile over a grass covered rough surface.
Here, the interface between the grass blades and the atmosphere form many small viscous layers, at a much smaller scale

than the canopy height. The scale difference between the viscous length scale and the surface length scale is illustrated by the
round inset and green Eddy, respectively.

More broadly, an important goal for atmospheric modelers is to study the internal canopy dynamics
and to unify it with the atmospheric temperature profile. This would allow for a full physical description
of temperature profiles from the surface, through the canopy, up into the atmosphere. Reaching this
goal was previously impossible, as there was a key element that still lacked in the field of atmospheric
science; accurate, high resolution temperature data through the soil-canopy-atmosphere interface is
necessary to validate the aforementioned alternatives to MOST. Additionally, a close look into the grass
canopy itself is needed to validate models that attempt to describe heat transport within that region [9].
Such campaigns have been conducted before in this context [8] [10] [11], which yielded preliminary
results. However, due to uncertainty in vertical location and the moderate resolution, a quantitative
conclusion on the performance of the different models could not be drawn with certainty. Addition-
ally, the spatial resolution within the canopy was not yet sufficient to study transport dynamics within
the grass. The aim of this thesis is to design and implement a measurement campaign to be able to
answer the aforementioned research questions in a quantitative manner, as well as opening up the
opportunity for studying internal canopy dynamics. To this end, a temperature profile measurement is
done on the millimeter scale, through the canopy. Preliminary analysis will be done on the field data
to validate its utility and applications. Temperature profiles and their corresponding gradients will be
examined to assess whether the data resolution is sufficient for quantitative model comparison.

In this thesis, the underlying theory is outlined, along with alternative physical models for tempera-
ture profile modeling in chapter 2. Subsequently, the design process is presented for an experimental
setup that aims to quantitatively compare these models in chapter 3. Calibration tests in the lab are
presented, along with the full setup used in the field in chapter 4. Results from both the lab and field
campaign are presented, analysed and discussed in chapter 5 and chapter 6. Finally, some suggested
future research applications of the dataset are presented.



2
Theory

2.1. Transport in the atmosphere
This section is largely inspired by a book on physical transport through the soil-vegetation-atmosphere
continuum, by Arnold F. Moene and Jos C. van Dam [3].
Transport of physical quantities in the atmosphere is mainly due to turbulence, which is a much more
effective transport mechanism than molecular diffusion. Turbulence mostly takes place at the surface-
atmosphere interface as a result of wind shear and surface heating. It follows that this interface is
an important region to study in atmospheric physics. The region where there is a noticeable diurnal
variation in turbulence is called the atmospheric boundary layer (ABL). Its height ranges from the order
of 100 meters at night, to the order of 1km during the day. Within the boundary layer, we can also
identify the atmospheric surface layer (ASL), which comprises roughly the lowest 10% of the ABL. The
diurnal variation of the ABL is illustrated in Figure 2.1

Figure 2.1: The composition of the ABL changes with the diurnal cycle. During the day, there is turbulent mixing as a result of
convection from surface heating. As the surface cools at night, the lower part of the atmosphere becomes stably stratified. [12]

Within the ASL, the diffusivities of physical quantities become lower close to the surface. this is due to
the fact that the typical size of turbulent Eddies, which transport heat, become smaller when nearing a
wall. Therefore larger gradients of mean variables, such as wind, moisture and temperature are needed
to transport the same amount of energy. Note that the turbulent flux itself is more or less constant with
height at the lowest 20 meters above the soil surface.
The vertical gradients are largely dependent on atmospheric stability, which is in turn determined by
the amount of turbulence. Turbulence is quantified by the turbulent kinetic energy (TKE), which is the
total kinetic energy of the turbulent motion in every direction. The Richardson number is a parameter
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2.1. Transport in the atmosphere 5

that gives a rough indication of the atmospheric stability, and thus turbulence. It is defined as the
ratio of buoyancy production, due to density differences, to shear production, as a result of wind. The
flux-Richardson number is defined in Equation 2.1

Ri f =
g
� v

w0� 0
v

u0w0@u
@z

(2.1)

Here, the flux-richardson number itself is dimensionless, g is the terrestrial acceleration constant [m
s2 ],

�v [K] is the average average virtual potential temperature. �0
v [K], w0 [m

s ] and u0 [m
s ] are the deviations

from the mean values of potential temperature, vertical wind and horizontal wind, respectively. The
overbar denotes the mean value of these quantities. Finally, @�u

@z [
m
s ] is the time averaged vertical

gradient of horizontal wind speed.
We can distinguish several conditions on the basis of this dimensionless quantity:

• Rif � 0: Neutral conditions, only shear production of TKE
• Rif < 0: Unstable conditions, turbulence is produced by both shear and buoyancy
• Rif > 0: Stable conditions, turbulence is produced by shear, but destroyed by buoyancy

Turbulence at the surface is affected by roughness elements around which the fluid has to flow. In
atmospheric physics, these roughness elements make up, but are not limited to: trees, grass and
urban structures. These elements are often much larger than the scale of the viscous sublayer for
smooth wall flow, which is generally on the order of 1mm[13]. In cases where these obstacles form
a semi-homogeneous layer in the horizontal direction, they are referred to as canopies. They can be
characterised by their canopy height. The layer in which the roughness of the canopy influences the
vertical profiles of physical quantities is called the roughness sublayer (RSL). It is generally approxi-
mately equal to 1-2 times the canopy height. [14] [15].
Turbulence in the atmosphere transports physical quantities like heat, momentum and moisture. We
take special interest in the vertical transport of these quantities as a result of turbulence. We can de-
scribe and quantify this vertical mode of transport by the so-called Eddie-covariance method. This
method describes turbulent vertical fluxes in terms of the covariance between the transported quantity
and the vertical wind speed. In this thesis, we focus specifically on the transport of heat. For heat
transport the relation takes the form of Equation 2.2.

H = ��c pw0� 0 (2.2)
Here, H is the turbulent heat flux [ W

m 2 ], � [ kg
m 3 ] is the air density and cp [ J

kgK ] is the air specific heat.
The advantage of The Eddy covariance method is that vertical transport of a quantity can be determined
just by measuring the vertical wind velocity and said physical quantity of interest. In the field, a sonic
anemometer setup is commonly combined with a high frequency sensor of the variable of interest to
determine the Eddy covariance. In atmospheric modeling, we like to model the turbulent flux in terms of
gradients of the mean variables. This is referred to as Eddy diffusion theory. This theory is analogous
to molecular diffusion. However, in molecular diffusion, the diffusivity is a property of the fluid, while
in Eddy diffusion it is a property of flow. Diffusivity is dependent on the intensity of turbulence and, for
example, the height above the surface. This makes it non-trivial to mathematically model them in an
equation. Historically, based on the development and improvement of the Eddy covariance method,
Monin and Obukhov developed their similarity theory in 1954 [16]. This theory could link the turbulent
fluxes, as found from the Eddy covariance method, to vertical gradients of a physical quantity of interest.

2.1.1. Monin-Obukhov similarity theory
In meteorological models, we aim to describe the vertical turbulent fluxes of physical variables, such as
momentum, heat and moisture, in terms of the mean vertical gradients of the corresponding quantities,
like wind, temperature and humidity respectively. In this thesis, we focus specifically on heat.
The link between turbulent fluxes and vertical gradients of physical quantities is especially interesting,
as it poses the opportunity for predicting either quantity by measuring the other. However, it is not
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always possible or easy to exactly measure the flux of a physical quantity. Therefore, it is useful to link
turbulent fluxes to vertical gradients in the corresponding parameter. The mathematical framework that
links the turbulent fluxes and the near-surface gradients together is called Monin-Obukhov similarity
theory (MOST) and is ubiquitously used in meteorology for the aforementioned purposes. [17].
MOST was derived from dimensional analysis. From the relevant parameters, an expression for the
dimensionless gradient is formed. This dimensionless group is subsequently related to a dimensionless
turbulent flux, by performing a field experiment [16].
Below, MOST will be explained in detail.
We start with a set of assumptions, which are necessary for the validity of MOST:

• Mean turbulent quantities are stationary in time
• The spatial variation in mean turbulent quantities is only in the vertical direction. I.e. horizontal
homogeneity is assumed.

• The mean turbulent quantities are not affected by processes outside of the surface layer.
• The theory is applied outside of the roughness sublayer

The central implication in MOST is that any dimensionless gradient is given by a function that solely
depends on z

L , where L [m] is a characteristic length scale named the Obukhov length. It is defined as:

L �
� vu2

�

�g� v�
(2.3)

Here, � is the dimensionless Von Kármán constant, which is approximately equal to 0.40 and �v� [K]
and u� [m

s ] are characteristic turbulent temperature and velocity scales, defined in Equation 2.5 and
Equation 2.4.

u� =
r

�
�

=
p

� u0w0 (2.4)

� � = �
H

��c pu�
= �

w0� 0

u�
(2.5)

Where � [ N
m 2 ] is a momentum transport parameter, called the surface stress, analogous to the heat flux

H.
In the case of temperature (or absolute virtual potential temperature), a flux-gradient relation can be
found. This means that that temperature profiles are directly related to the turbulent heat flux. Equa-
tion 2.6 gives theMOST relationship between the vertical temperature gradient and the flux as a function
of z

L

@�
@z

�z
� �

= �
� z

L

�
(2.6)

� is called the flux gradient profile. In neutral conditions, the flux profile � = 1 for every relation. This
is true by definition, through the choice of the value of the Von Kármán constant. This means that we
can find an expression for the temperature gradient in stable conditions, as given in Equation 2.7.

@�
@z

=
� �

�z
(2.7)

using: (
� = �u 2

�

H = � �c p� � u�
: (2.8)
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The relation can be rewritten to:

(
� = ��u � z@u

@z

H = � �c p�u � z@�
@z

: (2.9)

observe that, in this way, �L�Q�G�H�H�Ga relation between the vertical temperature gradient and the flux is
obtained. The relations can be integrated with respect to height, in order to arrive at practical flux-
transport laws. These relate vertical fluxes to discrete temperature or wind differences. It is practical
to rewrite these relations to the following resistance laws.

8
>><

>>:

� = � u(zu2)� u(zu1)
ram

H = � �c p
�(z� 2)� �(z� 1)

rah

: (2.10)

For neutral conditions, rah and ram are identical. We define this aerodynamic resistance as ra :

ra =
ln

�
z2

z1

�

�u �
(2.11)

Observe that, indeed, an increase in turbulence as a result of increased wind speeds, represented by
u� , results in a decreased aerodynamic resistance to vertical heat transport.
It is often useful to choose the lower level of temperature observations to be at the surface. However,
the asymptotic nature of equation 2.11 makes this impossible, as gradients would become infinite.
Additionally, the ground level is located within the roughness sublayer, which invalidates use of MOST
completely. Thus, the concept of a roughness height, z0, is introduced. This height is to be determined
from observations. These parameters can be defined for both momentum and heat and are denoted
as z0m [m] and z0h [m] respectively. They represent a vertical shift in the logarithmic profiles. z0m is
defined to be the height at which the wind speed attains its surface value. It is assumed that a similar
approach can be taken for heat with the z0h parameter. z0h is mostly determined from z0m as the ratio
between them is assumed to be fixed and approximately equal to 0.1. The roughness height concept
is depicted in Figure 2.2.
Filling out z0h and writing out the full equations now gives:

T(z) � Ts =
� �

�
ln

�
z

z0h

�
(2.12)

Even with the introduction of the roughness height concept, the gradient of the MOST profile does not
become finite at the ground surface, making it an inherently nonphysical model. In reality, near-surface
gradients are finite. This leads us to look for other models with a more physically rigorous behaviour
near the surface, such as an analogy to the van Driest flow profile for smooth walls, as depicted in
Figure 1.2. Below, some adapted models are outlined.

2.1.2. Alternative models
One model developed by Paul Nollen, coined the z plus b model, introduces a shift in the z parameter,
which changes the model such that the gradient converges to a finite value [18]. The relation is then
given in stable conditions as

@�
@z

=
� �

� (z + b)
(2.13)
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Figure 2.2: The concept of a displacement height can be introduced, both for wind velocity and temperature profiles. They are
denoted as z0m and z0h respectively. The introduction of this variable shifts profiles along the vertical coordinate in such a way

that the bottom of the extrapolated profiles attain their surface values. Note that the dashed line indicates the fact that the
MOST profiles are extrapolated down into the RSL, which is a region where it is not valid.[3]

This expression for the temperature gradient is analogous to the MOST gradient given in Equation 2.7,
with the addition of a translation of the z coordinate. This allows the gradient to shift vertically, adding
a new degree of freedom to the model. In the limiting case where we near the surface, z becomes very
small. In the expression, this means that the temperature gradient asymptotically approaches a value
of � �

�b . This finite limit in the temperature gradient is a more physical result in comparison to MOST.
�b has a physical interpretation in the fact that it represents a finite length scale, analogous to the z0h

concept, which is now determined by the structure of the surface.

Another way of ensuring the gradient converges to a finite value at the surface is by introducing a
quasi-viscous term into the calculation of the friction velocity [19] [20], called the adapted van Driest
model. It is an adapted version of the van Driest model for momentum transport in smooth channel
flow [21]. This model introduced a buffer layer, which represented a gradual decrease in Eddy diffusiv-
ity when nearing the wall, rather than a discrete transition between the logarithmic and viscous layers.
In the van Driest model, the Eddy diffusivity is gradually decreased by an exponential damping func-
tion. The adapted van Driest model adds a stability correction to this concept [19]. This results in a
reformulation of the friction velocity along a smooth wall, given in Equation 2.14.

u2
� =

�
(A�z )2

(1 + � z
l )

2

@U
@z

+ �
�

@U
@z

(2.14)

Here, A is a dimensionless exponential damping function, alpha is a dimensionless, empirical parameter
� � 3:5, and � [m 2

s ] is the kinematic viscosity.
Dividing both sides of Equation 2.14 by u� , a length scale appears, given as �

u �
[m]. To arrive at an

analogy for temperature profiles through grass, rather than for smooth surfaces, we replace the viscous
parameter with the concept of an eddy viscosity: �t [m 2

s ]. For brevity, we immediately substitute the
new turbulent length scale by introducing the Ls [m] parameter, which is analogous to �b in the ’z plus
b’ model. This is a length scale which serves an analogous purpose to the viscosity in the case of flow
along a smooth wall. However, this parameter is determined by the surface geometry, rather than the
fluid itself. Combining this result with Equation 2.6 results in a new relation for the temperature gradient,
given in Equation 2.15 [19][20].
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� � =
�

(A�z )2

� � (1 + � z
l )

2

@�
@z

+ L s

�
@�
@z

(2.15)

Note that this formulation results in a finite gradient near the surface. Furthermore, in the high z limit,
the relation converges back to the traditional MOST description, as is desired from an alternative model.
Furthermore, note that solving the temperature profile from this relation is not possible analytically, and
therefore requires numerical integration techniques.

2.2. Distributed temperature sensing
Distributed temperature sensing (DTS) is a method that allows temperature measurements over very
long distances, on the order of 103m, at a resolution on the order of 10� 2m. The method is therefore
well suited for a large range of applications, both in large surface surveying and very high-accuracy
localized measurements.

2.2.1. Raman scattering
Raman scattering occurs when photons scatter inelastically within a medium. This scattering event
yields either an increase, or decrease in photon energy. the former is referred to as Anti-Stokes scat-
tering, while the latter is called Stokes scattering. [22]
Light travelling through a fiber-optic cable will scatter as a result of imhomogeneities within the ca-
ble. Most abundantly, these will be elastic scattering events, also referred to as Rayleigh scattering.
However, a small portion of these events will undergo the aforementioned Raman scattering. The
frequency of both Stokes and Anti-Stokes scattering events are influenced by the temperature of the
medium. The degree to which the the frequency of the scattering events changes is different for Stokes
and anti-Stokes scattering. Therefore, by measuring the intensity of both scatter peaks at a reference
temperature, information about the temperature elsewhere in a fiber-optic cable can be attained.

2.2.2. DTS systems
In practical applications a laser will shoot a pulse of light with a known wavelength into a glass fiber
cable. Upon scattering, a photon will return towards the start of the cable, where the energy can be
measured. Repeating this process a multitude of times will result in energy spectra with two clearly
identifiable Raman shifted peaks. These correspond to the Stokes and Anti-Stokes scattering events.
One spectrum will emerge for every measurement point along the fiber, the spatial resolution of which
is determined by the Gaussian distribution of time-of-flight measurements. Sections of cable are kept
at a known calibration temperature to get reference information. This yields localized temperature in-
formation along a fiber optic cable, which forms the principle behind the DTS method.

Off-the-shelf devices exist that perform the measurements described before. These devices are widely
used in the environmental sector, as they supply large-scale temperature measurements, at an accu-
racy of 0.1 K, a on a sub-meter resolution. [23]

DTS devices can be set up such that both ends of the fiber are used. In such a double-ended con-
figuration the device alternates between two measurement channels that send pulses from both ends.
The advantage of this is that the effects of exponential intensity decay can be compensated for, in
addition to overcoming the effects of large step losses which may occur due to damage to the cable. It
is therefore always recommended to configure a DTS into a double ended setup. [24]
It is possible to use DTS as a proxy to measure local air temperature. However there are several factors
that should be taken into account when attempting this. Firstly, the fiber absorbs solar radiation which
in turn heats it beyond the ambient air temperature, resulting in an offset towards higher temperatures.
This perturbation has been studied and can, to a certain degree, be corrected for [25] [26]. Secondly,
evaporation has a significant cooling effect on DTS fibers, as is extensively documented and even
used for measurement of wind speed [27] [28]. The assumption that is made when when measuring
air temperatures using a DTS setup is that the fiber is in thermal equilibrium with the ambient air, which
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is not always the case as a result of these factors.

The DTS method will form the basis for the experimental setup that will be used in the field experi-
ment. In the following chapter, the aforementioned aspects will be incorporated into a design process
from which the final experimental setup will follow.



3
Setup design

We aim to tackle the challenge of measuring temperature profiles through grass at a very high accuracy
and resolution. Generating such data had previously not been possible. However, with the advance-
ment of novel measurement techniques, such as DTS, we can take an unprecedented closer look near
the canopy. To tackle this challenge, a design is to be formulated to pass all essential criteria to yield
the desired dataset. This chapter outlines the full design process to arrive at this solution. The final
result of this process is presented in section 3.4.

3.1. Design analysis
3.1.1. Problem statement
In the former chapter, the conventional theory to describe near-surface temperature profiles was dis-
cussed. We aim to investigate the accuracy of this description just above the grass. To this end, there
is a need for high precision temperature observation, on the millimeter scale.
A measurement setup is to be designed that can give a proxy for air temperature along the vertical
coordinate. This setup will be placed in the field at the Cabauw observatory for several weeks to collect
data.
The requirements for this setup are compiled into a set of criteria that need to be passed to yield suc-
cessful data. These consist of main criteria, such as the measurement resolution and some practical
constraints, such as field conditions. They are presented in subsection 3.1.2
Findings from similar campaigns that preceded this one are taken into account in the design process
[8] [28] [10] [11], either explicitly as criteria, or implicitly during synthesis.

3.1.2. Criteria
• The device will have to measure a vertical temperature profile, at an accuracy of at least 0.1

� C, spatial resolution of at least 5 mm, and a time resolution on the order of 1 minute. Note
that high-frequency temperature fluctuation due to turbulence itself are beyond the scope of this
campaign

• The design must accommodate the adaptation of physical dimensions, such as height, width, or
other physical parameters, such that a wide range of setups can be realised, without the need for
redesign in future campaigns. This also allows for quick iteration when prototyping

• The measurement must be representative for a local observation: There should be no further
spread than 0.5 m in both the x and y direction, to ensure sufficient homogeneity to extrapolate
the vertical gradient.

• The measurement must be representative of local air temperature: The sensor itself must have
a minimal thermal mass and maximized thermal conductivity to closely follow the ambient air
temperature. Any auxiliary parts, such as a frame, must minimize both parameters to avoid
thermally influencing the sensor. See subsection 3.2.2 for a definition and explanation of these
parameters.

11
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• The device must have as little influence on the local environment as possible:

ï The design should absorb as little radiation as possible, both in the long wave and short
wave regimes

ï The air permeability of the device has to be maximized, to let air flow through it with the least
influence on the ambient air flow.

• The design needs to be easily and consistently reproducible to be able to verify measurements
• The design must be fabricated using commonly accessible materials and tools. This includes
all materials that can be delivered from an online supplier. The most common manufacturing
methods are included: commonly accessible manual power tools, 3D printing, laser cutting, CNC
milling

• The sensor used for the design must either already be available or within the budget of the Geo-
science and Remote Sensing (GRS) group at the TU Delft

• The device must be able to withstand Dutch weather extremes for at least 3 months in the field
during springtime. For this full period it must:

ï Withstand temperatures between 0 and 25 � C [29]
ï Withstand windspeeds of up to 20 m/s [30]
ï Withstand daily solar radiation of up to 1200 W=m2 [31]
ï Be fully water resistant, i.e: remain undamaged when fully submerged in water, as heavy
rainfall is common in the field. [32]

3.2. Synthesis
In this phase, possible solutions to the design problem are outlined. The design will be based on the
DTS method. In this section the shape of the frame that will hold the fiber is synthesized. Subsequently,
an appropriate material will be selected.

3.2.1. Shape design
Two main branches of physical form design were explored in this phase. The number of designs was
kept limited at this stage, as a result of the possibility for rapid prototyping to test ideas, making many
design iterations possible.
Firstly a design was made for a 3D printed helical structure. The fiber would be clamped into the
rim of an aerodynamically streamlined profile, which would spiral vertically up. The spiral would be
supported by regularly interspaced support struts with the same cross-sectional profile. The design is
depicted in Figure 3.1. It bears many similarities to the ground screw design by Bart Schilperoort [33].
Another potential physical form for the frame is a ring supported rib structure, between which the
fibers are suspended under tension. Such a design can be realized in a laser cutter, achieving a 0.1
mm accuracy on fiber placement. The fiber will mostly be in contact with the surrounding air and only
contact the frame on the contact points with the ribs. Additionally, the frame is permeable to airflow. An
initial impression of this structure is depicted in Figure 3.2
Both of these designs were taken to the simulation stage in the form of a digital 3D design to assess
their viability. The 3D printed design quickly proved impractical for several reasons. Firstly, printing
the structure itself would be a challenge, as a result of the multitude of overhangs. This would require
significant amounts of print supports, which can be difficult to remove entirely, especially to a point
where the surface can be considered aerodynamically smooth. Furthermore, the cable is in contact
with the frame at every location. This means that only half of the cable is exposed to the ambient air at
any point. As a consequence, the frame has a very significant impact on the measured temperature,
which is problematic if temperatures change quickly. The design of the similar ground screw, by Bart
Schilperoort, has no such limitation as the thermal inertia of soil is much larger than that of air, in addition
to the fact that heat transport in this region is limited by thermal conduction.
In comparison, the latter proposed rib-based design evidently scores better on many important criteria,
such as ease of fabrication, minimized fiber contact and thermal mass. The simulated 3D model does
not appear to reveal any unforeseen issues with the design. Therefore, this shape design is chosen
for subsequent design steps.
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Figure 3.1: A computer generated design of the 3D printed design.

Figure 3.2: A computer generated design of the initial lasercut rib structure design.

3.2.2. Material analysis
A material choice will have to be made regarding the frame material. When selecting a proper material
it is crucial to keep the initial criteria in mind.

The selection process is constrained by several pass-fail criteria, along with an optimization criterion;
the frame should have the lowest possible thermal influence on the fiber. Primarily, this hinges on ther-
mal mass of the frame, which indicates the amount of heat the frame material can store on a volumetric
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basis. It is defined as the product of material density and specific heat: �c[ J
m 3 K ]. This parameter ought

to be minimized in this optimization.
Secondly, the thermal conductivity �[ W

mK ] is an important factor that determines how quickly the frame
can transfer heat to the fiber. For conduction between two isothermal planes, it is defined as: � = Qd

A �T ,
whereQ [W ] is the amount of heat transferred, d [m] the distance between the isothermal planes, A [m2]
the area of the surface and � T [K] the temperature difference. This parameter should be also be mini-
mized in this optimization, to ensure the lowest amount of heat transfer between the frame and the fiber.

Figure 3.3: An Ashby plot depicting the optimization parameters for several material families [34]. The thermal conductivity
and thermal mass of materials are plotted on logarithmic axes. According to the optimization criterion, the bottom left of the

figure represents the region with the most advantageous thermal characteristics.

To select a material against a set of parameters that are to be optimized, an Ashby plot can be used, as
shown in Figure 3.3. Material group properties are plotted on a logarithmic axis to visually represent the
most suitable materials. This figure contains a broad range of material families. Not all of the suggested
materials are suitable, keeping in mind the aforementioned pass-fail criteria. To optimize both thermal
conductivity and thermal mass, we strive for materials in the bottom left section of the figure.
The material group which has the most advantageous, minimized thermal conductance and thermal
mass is the foam material family. While it has desirable thermal properties, it lacks in rigidity and
resilience against moisture. Additionally, it is not easily processed or shaped in a reproducible manner.
This makes the material group unsuitable for the intended application.
Wood is the second group with desirable thermal properties. These materials, in contrast to foams,
have sufficient rigidity to form a robust frame. Wood is also easily and accurately processed by various
methods, most notably laser cutting. However, wood is notoriously prone to damage and warping as
a result of moisture, which compromises the structure of the frame and may cause shifting of the fiber.
The wood would have to be covered by a secondary protective layer, which would negatively affect
the accuracy of the fiber position. Furthermore, the thermal properties of such a layer would likely be
unknown, possibly making the solution much less advantageous.
Polymers form the third best suited material group. Here we find many different commercially available
polymer types. One of thematerials contained in this group is polymethylacrylate (PMMA). Thismaterial
has several notable desirable properties. The material is widely available in sheets of several colours,
which can be precisely processed using a laser cutter or a CNC mill, making it very accessible to work
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