
 
 

Delft University of Technology

Heat Exchange in a Conifer Canopy
A Deep Look using Fiber Optic Sensors
Schilperoort, B.

DOI
10.4233/uuid:6d18abba-a418-4870-ab19-c195364b654b
Publication date
2022
Document Version
Final published version
Citation (APA)
Schilperoort, B. (2022). Heat Exchange in a Conifer Canopy: A Deep Look using Fiber Optic Sensors.
[Dissertation (TU Delft), Delft University of Technology]. https://doi.org/10.4233/uuid:6d18abba-a418-4870-
ab19-c195364b654b

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.4233/uuid:6d18abba-a418-4870-ab19-c195364b654b
https://doi.org/10.4233/uuid:6d18abba-a418-4870-ab19-c195364b654b
https://doi.org/10.4233/uuid:6d18abba-a418-4870-ab19-c195364b654b


Heat Exchange in a Conifer Canopy

A Deep Look using Fiber Optic Sensors





Heat Exchange in a Conifer Canopy

A Deep Look using Fiber Optic Sensors

Proefschrift

ter verkrijging van de graad van doctor
aan de Technische Universiteit Delft,

op gezag van de Rector Magnificus Prof.dr.ir. T.H.J.J. van der Hagen,
voorzitter van het College voor Promoties,

in het openbaar te verdedigen
op woensdag 13 april 2022 om 15.00 uur

door

Bart SCHILPEROORT

Ingenieur in Civiele Techniek, Technische Universiteit Delft, Nederland,
geboren te Leidschendam, Nederland



Dit proefschrift is goedgekeurd door de

promotor: Prof.dr.ir. H.H.G. Savenije,
copromotor: Dr.ir. A.M.J. Coenders-Gerrits

Samenstelling promotiecommissie:

Rector Magnificus, voorzitter
Prof.dr.ir. H.H.G. Savenije, Technische Universiteit Delft, promotor
Dr.ir. A.M.J. Coenders-Gerrits, Technische Universiteit Delft, copromotor

Onafhankelijke leden:
Prof. dr. ir. N.C. van de Giesen Technische Universiteit Delft
Prof. dr. J. Vilà-Guerau de Arellano Wageningen University & Research
Prof. dr. J.S. Selker Oregon State University
Prof. dr. S.W. Tyler University of Reno, Nevada
Prof. dr. ir. R. Uijlenhoet Technische Universiteit Delft, reservelid

Overig lid:
Prof. dr. ir. B.J.H. van de Wiel, Technische Universiteit Delft

Keywords: distributed temperature sensing, evaporation, forest, heat flux, boundary
layer, temperature inversion, soil temperature

Printed by: Ipskamp Printing

Style: TU Delft House Style, with modifications by Moritz Beller
https://github.com/Inventitech/
phd-thesis-template

The author set this thesis in LATEX using the Libertinus and Inconsolata fonts.

ISBN . . .

An electronic version of this dissertation is available at
http://repository.tudelft.nl/.

https://github.com/Inventitech/phd-thesis-template
https://github.com/Inventitech/phd-thesis-template
http://repository.tudelft.nl/


No one ever measures the same forest twice, for it is not the same forest
and they are not the same person

adapted from Heraclitus
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Summary

Forests cover a large part of the globe, and are responsible for a large amount of evaporation
and the fixation of carbon. To be able to better understand this atmospheric exchange
of forests, and how the forests will behave under future climate change, both accurate
measurements as well as models are required. However, due to their height and hetero-
geneity they are difficult to model and measure. Standard theories do not apply well to
forests, and as such more effort is required to understand the exchange between the forests
and the atmosphere. However, precise measurements are made difficult due to a number
of issues. The most prominent are the non-closure of the energy balance, and so-called
‘decoupling’ of the canopy. Non-closure of the energy balance is where all the measured
inflows and outflows of energy do not add up to the measured change in energy storage
in the forest system. The size and heterogeneity of forests makes this difficult to assess.
Second is ‘decoupling’, where the vertical mixing of air within the canopy is hampered,
and measurements performed above the canopy are not representative of what happens in
the entire canopy down to the forest floor.

In this thesis these issues are studied using ‘Distributed Temperature Sensing’ (DTS),
where the temperature of a fiber optic cable is measured along its entire length, like a long
string of thermometers. The temperature of the fiber optic cable can be measured multiple
times per meter, for cables up to thousands of meters long. This allows measurements of
temperature and other variables at a resolution and scale which was previously not feasible.
This thesis revolves around studying the heat exchange in a coniferous forest, with the aim
to validate temperature and humidity profiles as measured with DTS, and to then use these
profiles to estimate evaporation of the forest and heat storage within the canopy. Next the
aim is to use the temperature profiles to characterize decoupling at the measurement site
and to study this at a higher detail than previously possible. The last goal is to use DTS to
get a higher resolution view on the soil temperature and thermal properties.

At the Cabauw Experimental Site for Atmospheric Research of the KNMI (Royal Nether-
lands Meteorological Institute) the temperature profiles as measured by the DTS were
validated against highly accurate air temperature sensors. This showed that both solar
radiation during the day and radiative cooling at night can cause large errors in the air
temperature estimation: up to 1.0 K. However, under the conditions within the studied
forest canopy the errors are generally within acceptable bounds for the processes studied
in this thesis.

The measurements in a coniferous forest were performed at the ‘Speulderbos’ measure-
ment site on the heavily forested ‘Veluwe’ ridge of hills in Gelderland, the Netherlands.
The trees have a height of around 34 m, and a 48 m tall measurement tower is present at
the site. Fiber optic cables were placed vertically along the tower. The cables measured the
air temperature, and, by wetting them, the humidity. Using these profiles of temperature
and humidity, it was determined that the energy storage in the air column of the forest
represents a very significant part (20 – 40%) of the net radiation at a sub-hourly timescale.



x Summary

The profiles of air temperature and humidity also allowed the calculation of the Bowen
ratio above the canopy, and thus the evaporation rate. The evaporation rate determined
with the DTS-Bowen ratio corresponds well to the standard Eddy Covariance method.
Besides the energy storage and fluxes, the air temperature profiles also allow studying
decoupling at the Speulderbos site over multiple seasons. The air in the lower understory
was nearly always colder, and thus denser, than the air above the forest, which suppresses
turbulent mixing. While some convection occurred near the forest floor, the understory of
the forest was very regularly (~50% of the time) decoupled from the air above.

The decoupling is further studied with thinner fiber optic cables, which allow measur-
ing the air temperature at a much finer timescale due to its low thermal inertia. These
measurements show that a sharp inversion layer was present in the forest very regularly.
The inversion was highly dynamic; moving with amplitudes up to 10 m, at timescales of 50
– 100 seconds. Due to these motions and the height of the canopy, this inversion can only
be detected using a very dense network of fast response temperature sensors. Thus, these
inversions could be very common at other sites but generally elude detection.

To improve the measurement of soil temperature, a DTS-based temperature probe was
designed and manufactured. The probe was able to measure the soil temperature at a very
high vertical resolution, which aids in estimation soil thermal properties, and can thus
improve measurements of heat storage in the soil.

The results demonstrate that with DTS it is possible to study the forest canopy in more
detail. It enables quantification of the energy storage in the air column and soil at a higher
resolution, and can be used to characterize decoupling at a measurement site. However,
the measurements often lacked sufficient wind data. In future research DTS can be used to
measure profiles of the wind speed by actively warming the fiber optic cables. While the
vertical profiles of temperature provided a lot of useful information, more temperature data
collected with horizontal profiles would be useful to describe the observed phenomena in
more detail. With DTS slowly reaching maturity within geosciences, more standardization
will make performing these types of measurements easier, and will allow to make full use
of the possibilities.
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Introduction

Nicolas Poussin - Paysage avec Orion aveugle cherchant le soleil (1658)
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2 1 Introduction

1.1 Background & Context

For millennia people have tried to explain and predict weather and the seasons. The
term ‘meteorology’ itself was first coined by Aristotle, as the title of a text in which he
describes weather phenomena such as evaporation, dew and frost. However, in its early days
meteorology was limited to broad descriptions of phenomena, as accurate instrumentation
beyond, e.g., manual rain gauges, was not available. It was not until the 18th century that
Daniel Gabriel Fahrenheit developed the first reliable and reproducible thermometer in
Amsterdam to measure temperature. Besides just temperature, this also allowed a more
reliable determination of humidity, by making use of the wet bulb temperature. This
was an improvement on earlier methods where the tension of hair was used to estimate
humidity. The development of reliable and reproducible instrumentation allowed the
accurate measurement of local weather. Stations measuring the weather were established
all around to globe, by various scientific institutes and governmental bodies. The collection
of this weather data generated a global dataset, and analysis of local and global trends
in this data lead to the birth of climatology. With this came an understanding of the
hydrological cycle, where evaporated water provides the vapor for the formation of clouds,
which rain out and feed into the vegetation, soil, groundwater, and rivers, which flow
down into lakes and the ocean. The importance of evaporation extends beyond just the
hydrological cycle. It enables a huge transfer of heat from the earth’s surface to the upper
atmosphere, accounting for more energy than the other fluxes, namely sensible heat and
(net) longwave radiation, combined (Trenberth et al., 2009; Loeb et al., 2009). In the form
of transpiration by vegetation, evaporation plays a central role in the carbon cycle as well,
as terrestrial plants need to transpire water to absorb carbon dioxide from the atmosphere.

Nowadays satellite observations and detailed numerical models cover the entire planet,
measuring and modeling the weather, water cycle, and the carbon cycle at a global scale.
However, these observations and models are limited. Satellites can only see so much, and
require continuous ground truth data to ensure their accuracy. While climate models are
able to forecast what will happen to the planet on a large scale over longer time periods
(Hausfather et al., 2020), this is not the case for weather. Despite increasing computational
power it is not possible to perfectly model the entire earth surface and atmosphere in
detail, as small errors will rapidly amplify into huge differences (Lorenz, 1969). These
limitations mean that assumptions and simplifications have to be made, and that the models
and satellite observations have to be verified with local field-scale measurements. It is
unfeasible to measure and model every leaf on every tree on the planet, and while every
forest is unique, common features like tree height of canopy density can be extracted to
describe and parameterize small scale, complex processes. This parameterization of small
scale complex processes is reliant on detailed measurements.

Inaccuracies in satellite observations and global models can have serious consequences.
A recent study found that satellite derived data is potentially severely underestimating
either current global warming or the amount of water vapor in the lower atmosphere
(Santer et al., 2021). For this reason sufficient and globally distributed ground-truth data is
essential. While some parts of the world have observations of atmospheric fluxes such as
evaporation and CO2 going back decades, these observations are concentrated in North
America, Europe, and Japan, covering just 5% of the total land surface area (Fluxnet, 2017).
To make matters worse, the number of observation sites is decreasing, for a large part in
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Europe, and nearly all observation sites in Africa are not maintained anymore. While this is
a trend which is difficult to reverse, efforts can be made to understand current measurement
sites better and in more detail. While this will never be a perfect replacement, improving
our understanding of the current sites could make them more generally applicable.

Many processes such as water, heat, and CO2 exchange between the land and atmo-
sphere are quantified at scales around 100 m to 1 km (Burba et al., 2010). A lot of work
has already been done in this field, especially concerning more ‘simple’ surfaces such as
open water or short vegetation. However, forests remain an issue due to their large height,
which complicates measuring their fluxes, and invalidates theories and approximations
used for other land surfaces (Barr et al., 1994; Katul et al., 1995). While the interaction
between forests and the atmosphere is less well understood, they cover a large part of the
land surface, and are very important components of the water and carbon cycles. Some
of the complications relate to the large storage space for heat and water vapor in the air
column; with a 30 meter tall canopy the air volume itself takes a lot of energy to heat up,
as compared to, for example, a 3 meter tall field of corn (Jiménez-Rodríguez et al., 2020b;
Coenders-Gerrits et al., 2020). The distribution of branches and leaves can also differ a lot
in forests, while many canopies are very open, with gaps letting in light and wind, others
can have a very enclosed roof. An enclosed canopy will prevent sunlight and wind from
penetrating through the canopy and reaching the forest floor, reducing the vertical mixing,
and restricting the water vapor and heat fluxes to the canopy top (Jiménez-Rodríguez et al.,
2020c).

1.1.1 Measuring atmospheric fluxes over forests

To quantify the amount of water that forests are evaporating, and to study the CO2

exchange between forests and the atmosphere, measurement sites use a set of equipment.
Most commonly, the main atmospheric fluxes are determined using the ‘eddy covariance’
technique (Burba et al., 2010), where both the wind speed and concentrations of, e.g., water
vapor and CO2 in the air are measured at high frequency (Aubinet et al., 2012b; Burba, 2013).
As turbulent eddies are transporting water vapor upwards, the concentration of water in
upgoing air will be slightly higher than downgoing air. By studying the covariance between
the concentration and vertical wind speed, the flux can be determined. This is generally
applied to fluxes of heat, water vapor and CO2. To get a representative measurement, the
measurements have to be made sufficiently high above the treetops, on top of a (usually)
metal frame tower. Therefore, sites where the atmospheric fluxes are measured are often
referred to as ‘flux towers’. As the sensors measure parameters in the moving air, the
information comes from an upwind area; the ‘flux footprint’, and not directly from the
forest below.

Often, other sensors are placed at the site to support the atmospheric fluxmeasurements.
These sensors measure parameters such as rainfall, incoming and outgoing radiation,
traditional sensors measuring air temperature and humidity, and soil heat flux sensors.
This equipment allows for verifying and improving the flux estimates, and to do more
in-depth studies to, for example, study patterns in the evaporation or CO2 fluxes.

However, the flux measurements are not perfect. First is the lack of closure in the
energy balance. If measurements were perfect, it would be expected that the amount of
energy stored in a system is in balance with the energy entering and leaving the system,
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as energy cannot be created or destroyed. The energy balance of a forest canopy can be
described with the following elements (Oliphant et al., 2004):

dQ
dt = RN −H −��E −GS +A (1.1)

where the storage change over time (dQdt ) should be equal to the sum of the inflows and
outflows; the net radiation (RN ), sensible heat flux (H ), latent heat flux (��E), photosyn-
thesis (P ), and any horizontally advected energy (A). The canopy storage term consists of
(McCaughey and Saxton, 1988):

dQ
dt = dQH

dt + dQE
dt + dQB

dt + dQP
dt (1.2)

where QH is the energy stored as heat in the air column, QE the energy stored in the air as
vapor, QB the biomass heat storage, and QP the energy stored through photosynthesis.

Despite great effort, achieving energy balance closure still remains very difficult. The
lack of closure, and the lack of certain knowledge where the closure issue is originating
frommakes it more difficult to asses the accuracy of the flux measurements. Most important
to get correct is instrument accuracy. Not only is it required to verify the manufacturer’s
specifications, properly maintaining the sensors over longer time periods is also required,
as just scratches, dirt, or even cobwebs can cause inaccuracies in some equipment (Culf
et al., 2004). But even with properly working equipment, energy balance closure remains
problematic. Due to sensors disturbing the soil, incorrect estimations of energy storage in
the top layer of the soil can be part of the reason at sites with low vegetation (Foken, 2008).
However, in forests with dense canopies the soil heat flux is quite minimal, but in that
case, the heat storage in the entire air column becomes an issue that has to be correctly
determined.

Another issue with flux measurements is the stability state of the atmosphere. For
example, during the day the sun warms up the land surface, which in turn will warm
up the air. When the air closer to the surface is warm, and the air higher up is cool, the
density differences will cause natural convection where the (‘lighter’) warm air will rise
and the (‘heavier’) cool air sinks down, as this stratification is ‘unstable’. This convection
will generate turbulence and strongly mix the atmosphere. At night, when the sky is clear,
the land surface can cool down strongly, which in turn will cool down the air. However,
this cold air will be more dense than the air above, and will work to reduce mixing in the
atmosphere, as this stratification is ‘stable’. The stability of the atmosphere can impact flux
measurements in multiple ways. When the atmosphere is more stable, the flux footprint
will be much larger than during unstable conditions, due to the reduced turbulent mixing.
This causes the flux measurements to be less representative of the area of interest. Besides
a larger footprint, the stable stratification can also cause part of the canopy to not be
turbulently connected to the atmosphere anymore. The combination of the air density
differences and the structure of the vegetation can reduce the turbulent mixing to a point
where it is negligible. In this so-called ‘decoupled’ state, any water evaporated or CO2
emitted by the soil or vegetation, will build up within the canopy, and either flow out of
the forest laterally (not passing the sensors above), or be emitted in a concentrated plume
which is likely to be missed by the instrumentation (Raupach et al., 1996; Finnigan, 2000).
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This leads to a heterogeneity of fluxes, even in seemingly ‘homogeneous’ terrain, and the
different scales at which each device measures complicates things even more.

Recent research has also shown that, when studying the net ecosystem exchange (NEE)
of CO2, measurements above the forest floor are essential (Jocher et al., 2017). Due to
decoupling, measurements above the tree tops are not able to properly represent what
goes on in the entire forest, leading to incorrect characterizations of the carbon storage or
release by forests (Aubinet et al., 2012b; Alekseychik et al., 2013). Chi et al. (2021) showed
that what happens on the forest floor determines the differences in CO2 fluxes between
(boreal) forests.

At the base of these issues lies the problem that traditional point sensors, while they
can be very accurate, are limited in their spatial scope. An air temperature sensor is only
able to measure the local air temperature, and not how the air temperature changes, e.g.,
over height. Eddy covariance measurements do measure an area in space, but the exact area
depends on the wind direction, wind speed, and stability state of the atmosphere. Proper
characterizations of forest sites, while possible (e.g., Dupont and Patton (2012)), requires
many sensors, which complicates measurement setups and increases its cost, both upfront
and in maintenance. Just as satellites see the bigger picture on a global scale, with point
measurements for verification, field-sites can be improved with a high density of local
distributed measurement at a scale of 1 – 1000 m. To aid in this, the novel measurement
technology Distributed Temperature Sensing can be of help, as it allows measurement
of temperature along a fiber optic cable, like having a long string of thermometers. This
allows a much higher density of temperature measurements at field-sites, without the
required effort and infrastructure discrete traditional sensors would require.

1.1.2 Distributed Temperature Sensing

A large part of this thesis revolves around measurements performed with the Distributed
Temperature Sensing (DTS) technique. This technique has seen increasing use in earth
sciences over the last 15 years, and has been used in a range of applications such as
measuring water temperature (Selker et al., 2006; Westhoff et al., 2007; Hilgersom et al.,
2016), soil temperature (Jansen et al., 2011) and air temperature (Thomas et al., 2012; De
Jong et al., 2015; Zeeman et al., 2015), but also soil moisture (Steele-Dunne et al., 2010),
ground heat flux (Jansen et al., 2011; Bense et al., 2016), groundwater flow (Bakker et al.,
2015; Selker and Selker, 2018; des Tombe et al., 2019), and wind speed (Sayde et al., 2015;
van Ramshorst et al., 2019).

DTS measurements are performed using a machine to which one or more fiber optic
(FO) cables are attached. Contained in these FO cables are one or more optical fibers which
can transmit light along their length through total internal refraction. The machine pulses
laser light into the optical fibers and analyzes the light scattered back to the machine. This
backscatter forms as optical fibers do not transmit light perfectly. This is not necessarily
due to imperfections or impurities in the glass, but along the way some light will interact
with the silica and germanium oxide molecules and is scattered in a random direction.
Most of this scattering is elastic, as the light ‘bounces off’ the molecule, while retaining
its original energy (Bolognini and Hartog, 2013). However, not all optical scattering is
elastic. Occasionally photons interact with a molecule through the Raman effect. This can
cause a photon to either absorb some vibrational energy of a molecule, thus decreasing
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its wavelength; so-called ‘Stokes’ scattering, or to lose some energy to the molecule and
increasing the wavelength; ‘anti-Stokes’ scattering (Raman, 1928). As the vibrational energy
of a molecule is dependent on temperature, Raman scattering is as well. The warmer a
molecule is, the likelier it becomes that the scattered photon gains energy (Hartog, 2017),
therefore causing the ratio of Stokes to anti-Stokes scattered light to be strongly related
to temperature. Apart from this temperature dependence, Raman scattering intensity is
determined by the molecular makeup of the medium, which does not change appreciatively
over time with fiber optic cables. This makes the use of Raman scattering well suited for
fiber optic temperature measurements (Dakin et al., 1985).

To perform temperature measurements using the Raman effect, a laser light is pulsed
into an optical fiber. The light scattered back through the fiber is analyzed by detectors,
where the focus lies on the Raman scattered light. The intensities of the Stokes and anti-
Stokes backscatter is measured, where the time-of-flight is used to determine the distance
along the optic fiber where the scattering took place (Hartog, 2017).

To be able to convert these Raman Stokes and anti-Stokes measurements to temperature,
the values of three parameters need to be known (Hausner et al., 2011; van de Giesen et al.,
2012; Hartog, 2017; des Tombe et al., 2020). First is the sensitivity of the Stokes and anti-
Stokes scattering to the fiber temperature (Bolognini and Hartog, 2013), which is a material
property of the fiber. Second, as the Stokes and anti-Stokes backscatter are of different
wavelengths, they do not experience the same attenuation while traveling from the point of
scattering to the detectors. This ‘differential attenuation’ has to be corrected for (Bolognini
and Hartog, 2013). Lastly, a lumped parameter, often referred to as C , corrects for any
differences in signal gain caused by, e.g., detector sensitivity and losses over connectors
(des Tombe et al., 2020). By use of reference sections, where the temperature of sections
of fiber is accurately measured, these parameters can be calibrated, and the temperature
along the entire fiber optic cable can be calculated.

One downside of using Raman scattering for temperature measurements results from
Raman scattering beingmuchmore rare than, e.g., Raleigh scattering. This causes the Stokes
and anti-Stokes signals to be extremely weak, and very sensitive detectors are required to
properly measure the signals (Bolognini and Hartog, 2013). The weak signals result in a
high uncertainty in the measurements, unless the measurements are integrated either over
a longer time period or over a larger stretch of fiber. This high uncertainty in the Stokes
and anti-Stokes signals will translate to high uncertainty in the temperature measurements
when using DTS at high measurement frequencies and fine spatial resolutions (des Tombe
et al., 2020).

1.1.3 The aim and structure of this thesis

This thesis revolves around studying the heat exchange in coniferous forests, with a focus
on the current knowledge gaps; the non-closure of the energy balance and the issue of
decoupling of the canopy. To this end, the aim of this thesis is to:

1. Evaluate the accuracy of DTS measurements of air temperature and humidity.

2. Use the profiles of the air temperature and humidity to estimate both evaporation
and the storage of energy in the forest air column.
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3. Asses decoupling at our measurement site, and increase our understanding of the
interaction between forests and the atmosphere with the higher resolution data.

4. Use DTS for a higher resolution of soil temperature data for a better view on the soil
thermal properties.

To put the rest of the chapters in context, chapter 2 contains descriptions of the mea-
surement sites featured in this thesis, characterizing them by their land cover, surrounding
terrain, and the structure of the vegetation.

In chapter 3 the possible errors due to short- and longwave radiation on DTS air
temperature measurements are studied and characterized, as the following chapters make
extensive use of air temperature measurements made with DTS.

DTS measurements of air temperature and wet bulb temperature are used in chapter
4 to measure the Bowen-ratio above a Douglas fir forest, which is used to calculate the
latent and sensible heat fluxes. Additionally, the profiles are used to estimate the storage of
energy within the canopy air column.

The thermal stratification within the Douglas fir canopy for data covering multiple
years and seasons is analyzed in chapter 5, with the aim to characterize how common and
dominant decoupling is at this site, and how high it reaches up into the canopy. From
these measurements it can be concluded that some ‘blocking layer’-like feature was present
within the canopy, but the measurements were not of sufficient quality yet to determine
the nature of this feature. To investigate this, more measurements were performed, and in
chapter 6 these measurements were analyzed, and showed the regular presence of a sharp
inversion layer within the canopy.

Chapter 7 contains the design and trial of a DTS-based soil temperature profile sensor,
able to measure soil temperature gradients at centimeter resolution, with the aim to be
able to provide a better estimate of heat storage within the top layers of the soil.

Finally, chapter 8 reflects on the main findings and provides an outlook to further
research.
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The measurements presented in this study were performed at two locations, the Cabauw
measurement site of the Royal Netherlands Meteorological Institute (KNMI), and the Speul-
derbos forest site owned by the Faculty of Geo-Information Science and Earth Observation
(ITC) of the University of Twente. The Cabauw site was chosen due to its world-class
instrumentation, to have highly accurate measurements to compare the DTS measured
temperatures and relative humidities to. In turn, the Speulderbos site was used to study
the heat exchange in a conifer canopy.

2.1 Cabauw

Located near the town of Cabauw, Utrecht, the Netherlands (51.971 ° N, 4.927 ° E) is a very
well equipped meteorological measurement site maintained by the KNMI. The main feature
of the ‘Cabauw Experimental Site for Atmospheric Research’ (CESAR) is a 213 meter tall
measurement tower, where the lower layer of the atmosphere is measured in detail. Most
of the surface near the tower (<500 m) is well maintained grass interspersed with small
water-filled drainage ditches (Bosveld et al., 2020). To the east of the site is the town of
Cabauw, and located to its south is the Lek river. Even in very dry summers, the vegetation
at the site experiences very little water stress due to the high groundwater and proximity
to the river. Data collected at the Cabauw site was used to verify the accuracy of DTS air
temperature measurements (Chapter 3).
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Figure 2.2: The location of the Cabauw Experimental Site for Atmospheric Research, along with a photo of the
landscape at the site.

2.2 Speulderbos site

All measurements from Chapter 4 onwards were carried out at the ‘Speulderbos’ research
site in Garderen, The Netherlands (52°15’N, 5°41’E, Fig. 2.3). A 48 m tall measurement
tower is located within a patch of Douglas fir trees (Pseudotsuga menziesii (Mirb.) Franco),
surrounded by a mixed forest consisting of patches of coniferous and broadleaved trees.
The study site has a Oceanic Climate (Cfb) under the Köpen classification system, with a
yearly average temperature of 9.8 °C and an average precipitation of 910 mm yr-1 (Sluijter,
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Figure 2.3: Forest type distribution around the tower site at the Speulderbos forest, the Netherlands.

Douglas fir trees were planted on the site in 1962, and they have since grown to be
~34 m tall (Cisneros Vaca et al., 2018a). Actual tree density is 571 trees per hectare, with a
mean trunk diameter at breast height of 35 cm (Cisneros Vaca et al., 2018b). At the site
only some sparse undergrowth is present (mosses, ferns), and most of the forest floor is
covered by litter (Fig. 2.4a). A profile of the plant area index is shown in Figure 2.5. The
canopy structure, uniformity of tree heights, and lack of sparse undergrowth is typical
for Douglas fir plantations across Western Europe, Canada and the Western United States
(Schmid et al., 2014; Winter et al., 2015; Douglas et al., 2013). The surrounding forest varies
in age and height, and is intersected by access roads, which creates gaps in the canopy. As
such, the overall area is heterogeneous on a scale of one kilometer (Fig. 2.3).

The canopy at the Speulderbos site is tall with a distinct vertical structure. For further
consistency, we adhere to the following definitions of vertical sections, based on Parker
(1995) and Nadkarni et al. (2004)). The sections are illustrated in Fig. 5.2:

• Above-canopy: includes the air mass located above the canopy layer, up to 48 m
where the vertical fluxes were determined using eddy covariance measurements.

• Overstory: consists of virtually all the branches with photosynthetically active
needles, located between 34 m and 20 m. This layer is fully illuminated from above
and all branches receive direct sunlight. From 20 m downwards live branches are
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Figure 2.4: The forest floor, showing the open understory (a) and a sky view from below (b), showing the more
dense canopy top. Photos taken in July 2018.

almost absent, and the present branches are dead remnants of earlier growth stages.
For further analysis we define three parts of the overstory:

– Tree tops: top of the overstory, from 30 to 34 m, occupied by the tops of the
tallest trees, but otherwise absent of vegetation.

– Central overstory: between 25 and 30 m, starting at the most dense part of
the canopy where most of the solar radiation is absorbed, to 30 m. Nearly all
branches are fully illuminated.

– Lower overstory: from 20 to 25 m, dominated by dense branches which are
partially shaded by the leaves/needles above.

• Subcanopy: the section between the ground and overstory, consists of three parts:

– Upper-understory: is composed by a region dominated by dead branches be-
tween 10 m to 20 m height.

– Lower-understory: comprises the region between 1 m to 10 m of the forest
stand. It includes the section dominated by bare tree stems, without branches
or bushes.

– Forest floor: the lower region along the forest canopy from 0 m to 1 m. At
the Speulderbos site, it is dominated by the presence of organic debris (litter),
mosses attached to the debris, and ferns scattered around the plot.

Speulderbos plant area index profile

To determine the vertical profile of the plant area index (PAI) at the research site, we took
10 images distributed over the height of the canopy, for 3 sides of the tower. The images
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were processed using Gap Light Analyser (Frazer et al., 1999). PAI differs from the more
common Leaf Area Index (LAI) by taking into account all parts of the plant, instead of only
the green leaf area. The results show that the bottom 20 m of the forest are bare, while the
bulk of the branches and leaves are concentrated around 20 - 30 m height (Fig. 2.5). The
PAI as determined here is ~2.0, lower than the 4.5 LAI what Cisneros Vaca et al. (2018b)
found in 2018. However the site experienced storms in 2018 and 2019, which removed a lot
of branches, reducing the PAI.
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Figure 2.5: Profile of the plant area index (PAI) at the Speulderbos site.

Elevation map

The site is located on a ridge on the eastern side of a hillslope (Fig. 2.6). The local terrain
varies in height from 40 – 56 meters above sea level. Within the Douglas Fir plot the surface
elevation varies between 48 and 53 meters, with a local grade of ~2.5%.
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Figure 2.6: Height map of the area surrounding the measurement site. Based on the open data of ‘Actueel
Hoogtebestand Nederland 3’ (AHN3). The red marker shows the location of the measurement tower.
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3.1 Introduction

In this thesis extensive use is made of distributed temperature sensing to measure air
temperature. The measurements are performed by vertically suspending fiber optic cables
in the air. While the temperature of the fiber optic cable can be determined with high
accuracy, this temperature does not perfectly represent the air temperature and can deviate.
As the DTS cables are not always shielded and not actively ventilated, (direct) sunlight
shining on the fiber optic cables can cause radiative errors. Part of this shortwave radiation
is absorbed by the cable, which will heat up. Darker colored cables will heat up more, but
even white cables can heat up significantly. A second source of radiative error is errors
due to the emission of longwave radiation. All matter continually emits energy in the form
of longwave radiation, proportional to its temperature (to the fourth power). However, the
emission of longwave radiation is generally compensated by the absorption of longwave
radiation emitted by other objects. Outdoors, during nighttime clear sky conditions, this is
not the case; due to its low temperature the clear nighttime sky emits much less longwave
radiation than the land surface. This causes strong cooling of all surfaces exposed to the
clear sky, and thus causes cooling of fiber optic cables suspended in the air.

As sunlight or radiative cooling affects the fiber optic cables, this causes a deviation
in the measured temperature. However, if this short- or longwave radiation error would
be constant in space, any spatial patterns in the measurements would not be affected.
Especially in land-atmosphere interactions we are interested in vertical gradients of tem-
perature. While the radiative heating or cooling rates are often constant over height, the
cable is warmed up or cooled down by the surrounding air. This rate of heat exchange is
dependent on the wind speed. As the wind speed varies over height, it will have a different
effect at different heights, and thus create an error in the measured gradient.

To investigate the exact magnitude of the errors that short- and longwave radiation
cause, both in absolute terms and as errors in vertical temperature gradients, we compare
distributed temperature measurements to high quality reference sensors.

3.2 Method

To estimate the radiation error on the DTS-measured vertical temperature gradients, data
from previous studies at the Royal Netherlands Meteorological Institute’s (KNMI) Cabauw
Experimental Site for Atmospheric Research (CESAR) was used (Izett et al., 2019; Monna
and Bosveld, 2013; Bosveld, 2020).

The measurements were set up in a grass field, maintained at 0.1 m height at the time
of the experiment. Water-filled drainage ditches were at least 50 m from the setup. In the
measurement field the fiber optic cable was attached vertically to a hydraulic tower (Fig.
3.1). The DTS cable had a diameter of 6 mm with a white PVC outer coating. Measurements
were performed using a Silixa Ultima-S device. The DTS data was calibrated using a single-
ended setup, with a fixed differential attenuation and temperature scaling parameter. A
water bath located in a climate controlled room contained two loops of fiber optic cable
(outgoing and returning), and was used to determine the differential attenuation. The
temperature scaling parameter was based on previous measurements with the same cable.

At approximately 25m from the hydraulic tower, a ventilated and shielded psychrometer
setup was located, measuring the air temperature at 1, 2, and 4 m height (Bosveld, 2020).
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The DTS temperatures at 1, 2, and 4 m height were calculated from the mean of the 3 data
points near each height, e.g., the 3 data points within the range 0.8 to 1.2 m, to reduce the
measurement uncertainty.

Figure 3.1: Overview of the measurement setup at CESAR, during the November 2017 experiment

Data from two separate periods were used to study the effects of radiation on the
aerial fiber temperature. Data from 1 – 14 June 2017 was used to determine the effect of
shortwave radiation, due to the long days with high solar intensity providing ample data
for this purpose. For studying the effect of longwave radiation data from 3 – 23 November
2017 was used, which was a period characterized by low-wind clear nights.

For both the DTS and the psychrometer measurements the 10 minute mean values
were calculated and used in the comparisons. For analysis all data during and 30 minutes
after rainfall were discarded. When humidity exceeded 98%, the data was also discarded,
to account for condensation during fog events. To calculate the gradients, the lower
temperature is subtracted from the upper temperature. The DTS measurement error is
calculated by subtracting the DTS-measured gradient from the psychrometer measured
gradient.

For the longwave radiation analysis only nighttime data was used (when the incoming
shortwave radiation was below 5 W/m2). In November 2017 a WindMaster Pro 1352 sonic
anemometer was located 6 m south from the hydraulic tower, with a measurement height
of 0.6 m. The data was binned based on this wind speed.

During the June 2017 experiment the data was binned based on the KNMI measured
wind speed at 0.6 m, which was measured locally but further away from the DTS measured
temperature profile than the local sonic anemometer. The fiber optic cable is placed verti-
cally and the measured radiation components are usually expressed in power per horizontal
square meter. This means that sunlight coming from a high angle, e.g., at solar noon, has a
different effect compared to solar radiation near sunset. For a stronger correlation between
incoming shortwave radiation and the radiative error, the solar radiation has to be corrected
for this fact. To this end we made use of measurements of diffuse and direct solar radiation
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at Cabauw (Knap, 2017), to make an estimation of the shortwave radiation striking the
vertically oriented cable (Rs,→, W m-2):

Rs,→ = Rs,diffuse +cos(�) ∙Rs,direct (3.1)

Where Rs,diffuse is the diffuse solar radiation (W m-2), � the solar altitude (°), and Rs,direct is
the direct solar radiation (W m-2). Any reflection of solar radiation by the grass, as well as
the absorption spectrum of the cable coating, has not been taken into account.

3.3 Shortwave radiation error estimation

3.3.1 Absolute error

To study the absolute error due to shortwave radiation we compare the difference between
the 10-minute mean DTS and psychrometer temperatures to the incoming shortwave
radiation. The measurement error due to shortwave radiation is approximately linear to
the incoming radiation (Fig. 3.2), and weakly related to the wind speed. At the highest
solar intensities the error is around 1.0 K, but up to 1.5 K in case of low wind speeds.
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Figure 3.2: Difference between the psychrometer and DTS measured temperatures (ΔT ) at 4 m (positive numbers
indicate a colder fiber optic cable), compared to horizontal component of the incoming shortwave radiation and
0.6 m wind speed.

3.3.2 Gradient error

While the absolute errors are very large, the picture is much better when looking at the
measured temperature gradients (Fig. 3.3). Mean errors are in the order of -0.02 K m-1,
and there is a weak correlation between the errors and wind speed (r = −0.10) or incoming
radiation (r = 0.24). The measurement error is mostly negative; this is consistent with the
expected error. As the wind speed closer to the ground is lower, the deviation in the cable
temperature from the air temperature is higher there. This causes a negative error in the
gradient.
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Figure 3.3: Error in the DTS-measured gradient between 1 and 4 m. Data are binned by the horizontal component
of the incoming shortwave radiation. Split into 0.6 m wind speeds under 2 m/s (blue, n=114) and over 2 m/s (red,
n=490). Grey lines indicate +/- 0.01 K. Error bars show +/- 1 standard deviation.

3.4 Longwave radiation error estimation

3.4.1 Absolute temperature error

To start we compare the absolute temperature of the fiber optic cable to the psychrometer
measured temperature (Fig. 3.4). The error is strongly dependent on the net longwave
radiation and wind speed, with an error of up to 1.0 K during strong cooling and a lack of
wind. The results are much more clear and conclusive than in the shortwave radiation case.
Closer to the surface the error is larger (up to 1.5 K at 1 m), as the wind speed is lower
there.

The strongest cooling rate at the surface was observed during higher wind speeds,
while with extremely low wind speeds cooling rates did not exceed 50 W m-2. This is to be
expected, as the surface will be able to cool down much more during low wind conditions,
and as it is colder it will emit less longwave radiation. During higher wind speed conditions
the air is able to resupply heat to the surface, keeping it at a higher temperature which lets
it emit more longwave radiation.

3.4.2 Gradient error

For the gradient between 2 and 4 m, the error for higher wind speeds was below 0.01 K m−1
across nearly the entire range of longwave radiation (Fig. 3.5). For low wind speeds, the
error varied stronger with longwave radiation, and the error had a much higher variation.
A reason for this high variation could be heterogeneity at the site, which has a stronger
influence during extremely stable atmospheric conditions.

The gradient between 1 and 4 m has a larger error compared to the 2 to 4 m gradient
(Fig. 3.6), as the difference in wind speed between 1 and 4 m is much greater. For the lower
range of cooling rate and with higher wind speeds, the error is not much greater than the
lapse rate correction. However, with strong cooling rates (RL,net > 20 W m−2) and a low
wind speed, the error becomes very large.
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Figure 3.4: Difference between the psychrometer and DTS measured temperatures (ΔT ) at 4 m (positive numbers
indicate a colder fiber optic cable), compared to net longwave radiation and 0.6 m wind speed.
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Figure 3.5: Error in the DTS-measured gradient between 2 and 4 m. Data are binned by the net longwave radiation.
Split into 0.6 m wind speeds under 1 m/s (blue, n=207) and over 1 m/s (red, n=544). Grey lines indicate +/- 0.01 K.
Error bars show +/- 1 standard deviation.
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Figure 3.6: Error in the DTS-measured gradient between 1 and 4 m. Data are binned by the net longwave radiation.
Split into 0.6 m wind speeds under 1 m/s (blue, n=207) and over 1 m/s (red, n=544). Grey lines indicate +/- 0.01 K.
Error bars show +/- 1 standard deviation.
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3.5 Conclusion

Both sunlight and radiative cooling strongly influence the accuracy of aerial DTS mea-
surements. Strong direct sunlight can cause errors of up to 1.5 K, and measuring under
these conditions will require shielding the cable from sunlight. However, when measuring
vertical gradients the errors are less significant, and depending on the accuracy required
no shielding would be necessary. Radiative cooling can also cause absolute errors of up to
1.5 K and gradient errors of up to 0.05 K m-1, but this is only in extreme conditions (strong
cooling and low wind speeds). Measurements performed under more modest cooling rates
(<25 W m-2) or with high wind speeds do not suffer from significant errors.
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View of the treetops at the Speulderbos measurement site
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4.1 introduction

In recent years distributed temperature sensing (DTS) technology has quickly improved
(Bao and Chen, 2012). The precision and spatial resolution now allow its widespread use
in hydrological and atmospheric sciences (Selker et al., 2006; Thomas et al., 2012), from
measuring groundwater flow (Blume et al., 2013) and seepage into streams (Westhoff et al.,
2007), to soil moisture (Steele-Dunne et al., 2010), soil heat flux (Bense et al., 2016), and
wind speed (Sayde et al., 2015). First introduced by Euser et al. (2014), DTS can also be
used for measuring the Bowen ratio, to estimate the evaporation flux. A dry and wet
stretch of the same fiber optic cable are installed vertically to obtain the so-called dry and
web bulb temperature gradient, respectively. This method mitigates some problems of the
conventional Bowen ratio, since usually at least two different sensors are used to measure
the temperature and vapor pressure gradients, of which each has its own independent
error (Angus and Watts, 1984; Fuchs and Tanner, 1970). The DTS based Bowen ratio does
not suffer from this drawback, by having a large amount of data points over the height (up
to 8 per meter) with only a single sensor. It can have a resolution of 0.06 K for 1 minute
averages, and will be more accurate when measuring over a longer time period, allowing
for very small temperature gradients to be measured.

In addition to estimating the latent and sensible heat flux, the measurements can also
be used to get a better understanding of the processes taking place in complex ecosystems,
such as forests. A vertical temperature and humidity profile is available in high resolution
and precision, both above, inside, and under the canopy. DTS can also estimate different
components of the energy balance, such as the heat storage in the air column, and the
soil heat flux (Jansen et al., 2011). Finally, it can be used to increase our understanding of
the energy exchange between the canopy and undergrowth layers by looking at the air
temperature gradient under the canopy.

Here we elaborate on the method of Euser et al. (2014), by considering more energy
balance components like the latent and sensible heat storage in the air column, including
a data-quality system, and using the potential air temperature. The performance of the
method is tested in a mixed forest in the Netherlands by looking at the accuracy of the DTS
measured air temperature and wet-bulb temperature, compared to reference temperature
and humidity sensors. It appears that solar radiation can have a significant influence on
the cable temperature, which can be mitigated by providing artificial shadow. Lastly the
fluxes resulting from the method are compared to an eddy covariance (EC) system, and the
sources of differences between the methods are shown.

4.2 Materials and Methods

4.2.1 Theory

The Bowen ratio energy balance method (BREB) combines the energy balance with the
Bowen ratio (Oliphant et al., 2004). The energy balance can be described by:

RN +A = ��E +H +GS + dQ
dt (4.1)

where RN is the net radiation (W m-2), ��E the latent heat flux (W m-2), H the sensible

heat flux (W m-2), GS the soil heat flux (W m-2), and dQ
dt is the change of energy storage in
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the system (W m-2). A represents a net advection of energy into the system (W m-2), but is
assumed to be 0. The energy flux associated with photosynthesis (GP ) was not measured,
and is therefore not included in the equation. The Bowen ratio (�) is the ratio of the sensible
heat flux to the latent heat flux and can be approximated using the air temperature gradient
and the vapor pressure difference over the height (Bowen, 1926):

� =
H
��E ≈  ΔTa

Δea (4.2)

where  is the psychrometric constant (kPa K-1) (see Eq. 4.10), ΔTa the difference in
air temperature between two heights (K) and Δea the difference in actual vapor pressure
between the two heights (kPa). However, when gradients are very small, the adiabatic
lapse rate can not be neglected (Barr et al., 1994). Therefore the potential temperature
should be used instead:

� =
H
��E =

cp
�
)�/)z
)q/)z =  )�/)z

)ea/)z (4.3)

where cp is the specific heat of air (MJ kg−1) (See Eq. 4.6), � the latent heat of vaporization
(2.45 MJ kg-1 K-1), � the potential temperature (K), q the specific humidity (kg kg-1) (See
Eq. 4.7) and z the height above the ground (m). The potential temperature gradient can be
approximated by the right-hand side of Eq. 4.4, as the ratio �Ta is nearly 1 (Pal Arya, 1988).

)�
)z =

�
Ta(

)Ta)z +Γ) ≈
)Ta)z +Γ (4.4)

where Ta is the air temperature (K), and Γ is the adiabatic lapse rate (typically around
0.01 K m-1). The numerical implementations of Eq. 4.3 & 4.4 are explained in section 4.2.3
Data Processing. Under dry and unsaturated conditions the lapse rate is equal to (Pal Arya,
1988):

Γ =
g
cp (4.5)

where g is the gravitational acceleration (9.81 m s-2). The specific heat capacity of air
is determined by (Stull, 2015):

cp = 1.004+1.84q (4.6)

And the specific humidity by (Pal Arya, 1988):

q = " eaP (4.7)

where " is the ratio of molecular mass of water vapor to dry air (0.622), and P the
atmospheric pressure (kPa). The actual vapor pressure is determined by (Allen et al., 1998):

ea(Ta) = es(Tw ) −  (Ta −Tw ) (4.8)

where Tw is the wet-bulb temperature (K), and es the saturation vapor pressure (kPa)
given by (Koutsoyiannis, 2012):
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es(Tw ) = 0.61 ⋅ exp( 19.9 ⋅Tw
273+Tw) (4.9)

The psychrometer constant is related to the air pressure and ventilation of the psy-
chrometer (Harrison and Wood, 2012; Allen et al., 1998). If sufficiently ventilated, the
psychrometric constant is defined by (Allen et al., 1998):

 =
cpP
"� = 0.665×10−3 ⋅P (4.10)

As the air pressure also varies over height, the measurements have to be corrected for
elevation using the following approximation (Stull, 2015, p. 8):

P (z) = P0 ⋅ exp(−z/7290) (4.11)

with P0 being the pressure at sea-level (kPa). By combining the Bowen ratio (Eq.
4.3) with the energy balance (Eq. 4.1), the latent heat flux and sensible heat flux can be
determined:

H = RN −GS − dQ
dt

1+ 1�
(4.12)

��E =
RN −GS − dQ

dt
1+� (4.13)

The storage component in the energy balance has multiple parts, ranging from the
storage of heat in the soil, to the storage of heat in the form of water vapor in the air
column:

dQ
dt =

dQH
dt +

dQE
dt (4.14)

The changes in storage of heat and water vapor in the air column below the height at

which the energy fluxes (RN , H and ��E) are measured, are represented by dQH
dt and dQE

dt
respectively (W m-2). The change in biomass heat storage (dQB

dt ) was not measured, and is

therefore not included in this equation. dQH
dt and dQE

dt are defined as (Barr et al., 1994):

dQH
dt = ∫

z
0

�acp dTa
dt dz (4.15)

dQE
dt = ∫

z
0

�a�dq
dt dz (4.16)
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4.2.2 Setup

The measurements were performed at the Speulderbos study site (Ch. 2), where fiber
optic cables were placed vertically along a 48 m tall measurement tower. Two cables with
different diameters were used. The first cable has a diameter of 6 mm and has both a dry
and a wetted stretch. To wet the cable it was wrapped in cloth, and water was supplied to
it continuously. A second cable with a diameter of 3 mm was used to study the effects of
solar radiation, as a thinner cable will warm up less (De Jong et al., 2015). However, this
method added additional uncertainties due to the required extrapolation and the 3 mm
cable was not used in this study. Both cables were connected to the same DTS machine (in
single-ended mode) and calibrated with a single calibration bath (see Fig. 4.2)

The DTS machine used was the Silixa Ultima (Silixa Ltd, 2017), which has a sampling
resolution of 12.5 cm, measurement resolution of 35 cm, and a measurement standard
deviation of 0.06 K at a 1 minute time resolution.

Ultima

46m

42m

38m

36m

32m

24m

26m

20m

16m

4m

36m

Temperature and humidity sensor

Eddy covariance setup

Cup anemometer

Net radiometer

Wetted fibre optic cable (6mm)

Dry fibre optic cables (6mm, 3mm)

Pump and water supply

Calibration bath

Soil heat flux setup

38m

46m

48m

44m

Water recapture bucket

Shade shielding

Maximum
canopy 
height

Average
canopy 
height

Start
canopy

Figure 4.2: Schematic overview of the measurement setup at the tower.

The fiber optic cable with a diameter of 6 mm was secured at the top of the tower, with
the dry stretch hanging 1.2 m away from the tower, and the wet stretch 0.25 m away. The
cable with a diameter of 3 mm was secured next to the dry 6 mm cable. The response times
of the cables are in the order of 2 - 3 minutes for the 6 mm cable, and 20 to 40 seconds
for the 3 mm cable. The cables were secured at multiple locations distributed over the
height (in and above the canopy, see Fig. 4.2), using loops (with a diameter of 5 cm) to
prevent direct contact with the support structure. For both cables a stretch of 10 m at both
the start and end was placed in a calibration bath, an enclosed Styrofoam box filled with
water, along with two Pt100 temperature probes that were connected to the DTS machine.
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An aquarium air pump was installed in the Styrofoam box to ensure a homogeneous
temperature distribution. The cables were shielded from direct solar radiation using screen
gauze secured onto PVC rings, see Fig. 4.3. Only the southern 180 degrees of the cables
was shielded, to allow for sufficient ventilation. The screen gauze had holes 1.5 mm wide,
and the mesh material had a diameter of 0.3 mm. Two layers of the gauze were used. Each
segment of shield was 2 m long, and was secured to the tower with a horizontal beam.
Due to the angle of the incident sunlight the gauze was able to block most direct sunlight,
except during the early morning. To supply the wet cable with water, a reservoir was
installed near the top of the tower, along with a pump. The pump speed was set to 1500 ml
h-1 during sunny days without rainfall, and to 800 ml h-1 on other days, which was enough
to keep the cable wet over the entire height, while keeping the influence of relatively warm
water at the top of the cable at a minimum. As water supplied at the top has a higher
temperature than the wet bulb temperature, the top two meters of wet cable data was
excluded from the data analysis to allow the slowly flowing water to reach the wet bulb
temperature.

Figure 4.3: Schematic of one 2 m segment of the solar screen construction.

A net radiometer (Kipp & Zonen CNR4) was located on the top of the tower (48
m), measuring both incoming and outgoing short- and longwave radiation. One minute
averages were logged. On the tower six humidity and temperature sensors were located
over the height, at 4, 16, 24, 32, 36 and 46 meters above ground level. The lower four were
Rotronic HC2-S3C03 sensors (with active ventilation), and the top two were Campbell
CS216 sensors with passive ventilation. The sensors were inter-calibrated to the sensor at
24 meters. The temperature and humidity was logged at one minute averages.

At the top of the tower an eddy covariance system was installed to measure the sensible
and latent heat fluxes. It consisted of a Campbell CSAT3 sonic anemometer and a Li-Cor
Biosciences LI7500 gas analyzer connected to a CR5000 Campbell data logger, to which the
data was logged at 20 Hz.

Two cup anemometers (Onset S-WSB-M003) were used to measure the wind speed,
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one at the top of the tower (48 m), and one below the canopy (4 m). The data from the
lower anemometer lacks the resolution to properly measure the low wind speeds below
the canopy, which are at times too low to be registered. One minute average wind speeds,
along with the maximum gust speeds were logged.

The biomass heat storage change and the photosynthesis energy fluxwere not measured.
The biomass heat storage change is estimated to have a maximum of 45 W m-2, and the
photosynthesis energy flux is estimated to be in the order of 5 W m-2 (Barr et al., 1994;
Michiles and Gielow, 2008). For the soil heat flux, the soil temperature was measured at
different depths (1, 3, 4, 8, 20, 50 cm). Soil moisture was measured using Campbell Sci.
Inc. CS616 water content reflectometers. Thermal conductivity was fitted to soil heat flux
measurements done at 8 cm. The soil heat flux was then determined using the harmonics
method (van der Tol, 2012).

4.2.3 Data Processing

The DTS machine was set to measure the cable temperature at one minute averaging inter-
vals. For the comparison with reference temperature sensors, this one minute resolution
data is used. To compare the wet-bulb temperature measured by the fiber optic cable to
the reference sensors, the reference wet-bulb temperature is iteratively derived from the
reference air temperature and relative humidity (as no analytical ‘reverse’ equation exists
to calculate Tw from Ta and relative humidity (Stull, 2011)). For the purpose of calculating
the Bowen ratio, the temperature and actual vapor pressure are averaged over time for 15
minute time periods. For DTS Bowen ratio calculations, the temperatures between 38.5 m
and 44 m are used. This area is shaded from the sun by the screen gauze, and at the top of
the stretch the new water on the wet cable has reached the wet-bulb temperature.

When calculating the gradients for the Bowen ratio, the 15 minute average temperature
and vapor pressure are fit to the natural logarithm of the height, in the following form:

Ta,fit = a ⋅ ln(z) +b (4.17)

This allows making use of the entire temperature profile this way, rather than just a few
DTS measurement points, therefore reducing measurement uncertainty. A logarithmic
shape of the profiles was assumed based on Monin-Obukhov similarity theory. A linear fit
was also looked at, but it resulted in a minimal difference in the resulting fit. From the fits
the temperature difference over height is then calculated:

)�
)z ≈ )Ta)z +Γ(z) ≈ ΔTa,fitΔz +Γ(z)

≈ Ta,fit(z = 44)−Ta,fit(z = 38.5)
44−38.5 +Γ(z̄ = 41.25)

(4.18)

)ea)z ≈
Δea,fit
Δz =

ea,fit(z = 44)− ea,fit(z = 38.5)
44−38.5 (4.19)

Where ΔTa,f it is the difference in air temperature (K) of the fitted temperature curve,
between the top and bottom of the height range used for the Bowen ratio. Δea,f it is the
difference in vapor pressure (kPa) of the fitted vapor pressure curve between those heights.
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Δz is the difference in height (m). The coefficients of determination of the regressions
of the temperature and vapor pressure, rTa ,z and rea ,z , can be used for determining the
goodness of fit. A high (positive or negative) regression means that the logarithmic slope
(of the 15 minute average) is very well defined.

To calculate the air column storage terms dQH
dt and dQE

dt (Eq. 4.15 & 4.16), the DTS
measured temperature and vapor pressure are used, except for the center of the canopy
where DTS data is not accurate due to the sunlight and lack of screens in the canopy. The
temperature and specific humidity are integrated over the height from 0 to 41 m, up to the
height of the Bowen ratio measurements.

As quality control scheme for the DTS-Bowen ratio, two flags are used. The first flag
tests the correlation coefficient of the actual vapor pressure over height, for which we chose
a lower limit of 0.20 (Eq. 4.20). We do not consider rTa ,z of the air temperature gradient as
it is always higher than rea ,z (as the uncertainty in ea is higher due to the propagation of
errors in Ta and Tw ). The second flag is for the case where the Bowen ratio approaches -1,
which causes the uncertainty in the BREB fluxes to be very high, as the denominator of Eq.
4.12 and Eq. 4.13 approaches 0 (J. O. Payero et al., 2003).

Flag 1 ∶ r2ea ,z > 0.20 (4.20)

Flag 2 ∶ � < −1.1 or � > −0.9 (4.21)

If flag 1 is true, the outcome of the Bowen ratio calculation is considered reliable. The
other data points are removed from further analysis. If flag 2 is also true, then the Bowen
ratio can be used for calculating the atmospheric heat fluxes.

After processing the eddy covariance data using LI-COR’s EddyPro® software (LI-COR
Inc., 2016), several quality flags are available. The quality flag system used is from Mauder
and Foken (2006), ranging from 0 (best) to 2 (worst). The eddy covariance fluxes with a
quality flag of 0 or 1 are used in this research.

To summarize, the method of this paper differs in a few points from Euser et al. (2014).
The fit of the Bowen ratio temperature and vapor pressure profiles is done separately, to get
the correct ratio, as )T

)z /)ea)z ≠ )T
)ea

. More energy balance storage terms are taken into account,
namely the latent and specific heat storage in the air column. The potential temperature is
used instead of the air temperature, to correct for the lapse rate. The local air pressure is
taken into account in the calculations, as it has an influence on the psychrometric constant,
specific heat capacity and specific humidity. Lastly, a system for simple quality flags is
introduced to allow for simple objective quality control.

4.3 Results and Discussion

4.3.1 Meteorological Conditions

For the comparison of the DTS temperature with the reference temperature data (Section
4.3.2), the days 10-22 August 2016 are used.

For a good comparison between DTS and EC, both devices should work properly. Due
to several technical problems with data collection, only 11 days within the measurement
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campaign have both eddy covariance and DTS data available, namely 10, 12-14, 19-22, and
28-30 August 2016. On the other days data is missing in either the eddy covariance or
the DTS. The meteorological conditions of these days are shown in Figure 4.4. All days
were partially clouded, or completely clouded. The wind direction was mainly west and
north-east. Above the canopy the wind speed varied between 2 and 6 m s-1, while under
the canopy the wind speed was often too low to be measured with the cup anemometer
(under 0.4 m s-1).
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Figure 4.4: Meteorological conditions during the days that both DTS and eddy covariance data was available.
From top to bottom: wind speed at the top of the tower, wind speed at the bottom of the tower, wind direction
at the top of the tower, and the measured energy fluxes (green: net radiation, red: soil heat flux, black: energy

storage change dQ
dt ).

4.3.2 Temperature validation

In Fig. 4.5 the comparison between the 6 mm DTS cable and the reference sensor is shown.
For the above canopy comparison, the 46 m reference sensor is compared to the cable
temperatures at 44 m height, as the temperatures at the top are unreliable due to influence
from the sun and the warm water from the reservoir. Below the canopy the dry cable
temperature correlates perfectly with the reference sensor temperature (Fig. 4.5e). In and
above the canopy incoming solar radiation warms up the fiber optic cable (Fig. 4.5a, 4.5c),
which causes an error at 34 m where no screen was installed. This error is a deviation
of up to 3 K from the reference sensor temperature (for 1 minute temperature averages).
The comparison at 34 m also has an offset, this is a constant error of about 1 K, due to the
reference temperature sensor drift and inter-calibration problems. The addition of screens
above the canopy largely reduces the error from solar radiation to under 1 K, leading to a
very good agreement between the two sensor types (Fig. 4.5a).
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Below the canopy the wet cable temperature is in good agreement with the reference
wet-bulb temperature (Fig. 4.5f), even though wind speeds were often low. This shows
that the wet cable gives a good estimate of the wet-bulb temperature. At 34 m, where no
screens were placed, the error in the wet-bulb temperature is larger than the error in the
air temperature. Deviations of up to 4 K occur in the measurement period. The shielded
top part of the wet cable performs much better (Fig. 4.5b), and errors are small (under 1 K).

4.3.3 Bowen ratio verification

The Bowen ratio resulting from the BR-DTS method (�DTS) is compared to the eddy
covariance Bowen ratio (�EC), at a 15 minute averaging interval. In Figure 4.6 the correlation
between the eddy covariance Bowen ratio estimate and the BR-DTS is shown. It shows
a grouping around the 1:1 line, and a good correlation (r2 = 0.59). The eddy covariance
Bowen ratio was only calculated for fluxes with an absolute value larger than 10 W m-2, as
the uncertainty of the eddy covariance Bowen ratio is very high when the fluxes are small.
Even the negative (night-time) values seemed to be accurate, since they passed the quality
control flags. However, both eddy covariance and BR-DTS have problems measuring the
night-time Bowen ratio. For eddy covariance this is due to the lower friction velocity at
night (Wilson, 2002), while for the BR-DTS method the gradients are very small due to the
small fluxes.
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Figure 4.6: Correlation between the DTS measured (�DTS) and eddy covariance measured (�EC) Bowen ratios.
Daytime data is between 7:00 and 18:00. Data from 10, 12-14, 19-22, and 28-30 August. R2=0.59. RMSE=0.81.n = 319 data points.

One drawback of the DTS based Bowen ratio, is the assumption that the eddy diffusivity
of heat and water vapor are the same. In reality these eddy diffusivities can be dissimilar
(Irmak et al., 2014). This can cause an error (both a bias and extra noise) in the Bowen
ratio as measured by the temperature and vapor pressure gradients compared to the eddy
covariance Bowen ratio. Another source of differences between �DTS and �EC, is that the
two are measured at different heights.
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Figure 4.5: Comparison between the 6 mm DTS cable and reference temperatures. Grey line shows 1:1 correlation.
Data from 10-23 August 2016. a: Dry cable at 44 m and reference air temperature at 46 m, the cable is shielded
by the screen. b: Wet cable at 44 m and reference wet-bulb temperature at 46 m, the cable is shielded by the
screen. c: Dry cable and reference air temperature at 34 m, the cable is exposed to direct sunlight. d: Wet cable
and reference wet-bulb temperature at 34 m, the fiber optic cable is exposed to direct sunlight. e: Dry cable and
reference air temperature at 16 m, under the canopy so less direct sunlight hits the fiber optic cable. f: Wet cable
and reference wet-bulb temperature at 16 m, under the canopy so less direct sunlight hits the fiber optic cable.
Shown are the linear correlation coefficients; the coefficient of determination (r2), the slope (s), and the intercept
(i).
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During the measurement period the 80% fetch of the EC system was between 200 and
300 m. By applying the findings of Stannard (1997), the Bowen ratio 80% equilibrium ratio
would be reached at a fetch to height ratio of 20 to 40. This corresponds to a distance of 350
to 700 m. The fetch of the Bowen ratio will therefore not be equal to the eddy covariance
fetch, which could cause some differences in measured fluxes.

4.3.4 Energy balance closure

A known problem in measuring fluxes is that the energy balance often does not close well.
This is caused by differences in fetch between the used devices, device inaccuracies, and
possibly problems with the eddy covariance method (Wilson, 2002). Part of the difference
between the BR-DTS method and the eddy covariance method may be explained by this
energy balance closure problem. Eddy covariance measurements have a fetch, which does
not include the area close to the flux tower. The available energy in the BR-DTS method

depends on measurements of net radiation, ground heat flux and heat storage change (dQdt )
close to the tower. Heterogeneity in the fetch may cause differences between the two

methods. In addition, the biomass heat storage change (dQB
dt ) was not measured for the

BR-DTS method, and assumed to be 0 W m-2. The photosynthesis energy flux (GP ) was
also assumed to be 0 W m-2.

To investigate the energy balance closure for the two methods, we summed up the

available fluxes in the following equations, where dQ
dt is the storage term from Eq. 4.14:

BDTS = RN −GS − dQ
dt (4.22)

BEC = HEC +��EEC (4.23)

where BDTS is the energy available for heat fluxes in the BR-DTS method (W m-2) andBEC is the sum of the eddy covariance measured heat fluxes (W m-2).

To compare the two measurement methods, a Tukey mean-difference (or Bland-Altman)
plot was made (Fig. 4.7) (Altman and Bland, 1983). The mean of the two measurement
methods is plotted against the difference between them. The mean difference (�) betweenBDTS and BEC is a 3.4 W m−2 underestimation by the BR-DTS method. At low fluxes (below
100 W m-2), the BR-DTS method measures less energy available for fluxes compared to
eddy covariance. At high fluxes (over 400 W m-2) the opposite is visible. One possible

reason for this is that the biomass heat flux (dQB
dt ) was not measured, which causes an

underestimation of the available energy in BDTS during the night, and an overestimation
during the day.
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Figure 4.7: Tukey mean-difference plot comparing BDTS and BEC. With � = −3.4Wm-2, RMSE = 76Wm-2, n = 741

data points. (15 minute averages). Data from 10, 12-14, 19-22, and 28-30 August 2016.

4.3.5 Energy fluxes

Figures 4.8 and 4.9 show the mean difference plots comparing the latent and sensible heat
fluxes of the eddy covariance method to the BR-DTS method. The BR-DTS fluxes are
calculated above the canopy, using only temperature data from the shielded cables. The
Tukey mean-difference plot for the latent heat flux shows no large bias when comparing
the BR-DTS method to eddy covariance, with the mean difference being a 18.7 W m-2

overestimation by the BR-DTS method (Fig. 4.8).
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Figure 4.8: Tukey mean-difference plot comparing ��EEC and ��EDTS. With � = 18.7Wm-2, RMSE = 90Wm-2.
(15 minute averages). Data from 10, 12-14, 19-22, and 28-30 August 2016.

The Tukey mean-difference plot comparing the sensible heat flux (Fig. 4.9) shows a
strong negative bias for negative fluxes, resulting from the negative bias in the energy
balance comparison (Fig. 4.7). At positive fluxes there seems to be a positive bias (HDTS >HEC). The mean difference is small, being a 10.6 W m-2 underestimation by the BR-DTS
method.
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Figure 4.9: Tukey mean-difference plot comparing HEC and HDTS. With � = −10.6Wm-2, RMSE = 82Wm-2. (15
minute averages). Data from 10, 12-14, 19-22, and 28-30 August 2016.

Figure 4.10 shows the time series of the BR-DTS and EC measured heat fluxes. The
daytime flux estimates correspondwell, and follow the same trends. The night-time BR-DTS
estimates of the sensible heat flux are more negative than the EC estimates, one possible
reason being the energy balance differences discussed before. On many days, during the
early morning and start of the evening, the BR-DTS has missing values, which is mainly
due to the inversion of the gradient, as the temperature gradients changes from negative
(stable conditions) to positive (unstable conditions) and vice versa. This inversion causes
uncertainty, which is filtered out by the quality control flags.
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Figure 4.10: Plot comparing the BR-DTS and EC measured sensible (H ) and latent (��E) heat fluxes over time. (15
minute averages). Data from 10, 12-14, 19-22, and 28-30 August 2016.

4.4 Conclusions and recommendations

This technical note investigates the use of the BR-DTS method above a forest canopy, and
introduces a number of improvements on the method as presented by Euser et al. (2014).
The performance is investigated by comparing the measured DTS cable temperatures to
reference sensors, looking at energy balance closure, and comparing the measured Bowen
ratio, sensible heat flux, and latent heat flux to eddy covariance measurements.
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When comparing the fiber optic cable temperature to reference sensors, it shows that
the wet-bulb and air temperatures can be well represented. Under the canopy, where the
cables are shaded from direct sunlight, the DTS cable and reference sensors are in near
perfect agreement. However, above the canopy direct sunlight may cause a large error,
up to 3 K. This error can be largely mitigated by placing screens to block the sunlight,
reducing the error to less than 1 K. Hence screens are effective and should also be placed
in the canopy.

The Bowen ratio measured by DTS correlates well with eddy covariance estimates
(r2 = 0.59). A simple quality control method, using the goodness of fit of the vapor pressure
gradient, also works well, and filters out most outliers and errors. The small gradients
above the forest canopy are hard to measure accurately, which increases the uncertainty
during days where fluxes (and thus gradients) are small. The Bowen ratio assumption that
the eddy diffusivities of heat and vapor are equal was not studied, but can be a source of
differences between the BR-DTS and eddy covariance methods. The difference in fetch for
the two methods can also be a cause for differences.

The energy balance closure between the BR-DTSmethod and eddy covariance is in good
agreement, with the mean difference being a 3.4 W m-2 underestimation by the BR-DTS
method, and an uncertainty of RMSE = 76 W m-2. However, the BR-DTS method estimates
a more negative amount of available energy during night-time, and a more positive amount
during daytime compared to eddy covariance. One cause could be the lack of biomass heat
storage change measurements, which is in the order of 45 W m-2. Another source for the
difference is that the energy balance components of the BR-DTS method are generally
point measurements, while eddy covariance and the Bowen ratio both have a large fetch.
As a result, heterogeneity can cause large differences in the available energy for latent and
sensible heat fluxes.

When comparing the latent heat flux of the two methods, they are in agreement,
although the uncertainty is high (RMSE = 90Wm-2). The BR-DTS method slightly overesti-
mates the latent heat flux, with a mean difference of 18.7 Wm-2. The results for the sensible
heat flux are similar, with an uncertainty of RMSE = 82Wm-2, and the BR-DTS method
underestimating the sensible heat flux by 10.6Wm-2. However, the underestimation mainly
takes place during night-time, which can be caused by differences in available energy.

While the average profiles can be useful and valuable, extra information could be gained
by opting for a smaller diameter fiber optic cable, and measuring at a high frequency (1
Hz). This could give new insights into surface interactions and could show convective cells
transporting heat upwards.

A way to improve the performance of the BR-DTS method is to find an independent
estimate for the sensible heat flux (H ), to avoid the uncertainties in the energy balance

components (RN , dQdt ). Through the universal functions of the Monin-Obukhov similarity
theory estimates of the sensible heat flux can be made. This could be done either by
measuring the wind speed over height (Stricker and Brutsaert, 1978) using DTS (Sayde
et al., 2015), or by applying the Flux-Variance method (Katul et al., 1995). The Bowen ratio
can then be used to calculate the latent heat flux.
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5.1 Introduction

Measuring atmospheric fluxes over complex ecosystems such as forests has always been
problematic due to the height of the roughness elements, which typically extends several
tens of meters (Wilson, 2002; Barr et al., 1994). The large roughness layer above a tall
canopy also makes it difficult to apply many theories of wall flows as well as to apply and
validate traditional similarity theory (Katul et al., 1995). As compared to, for example, a thin
grass layer, the tall geometry and internal structure of the forest may allow large turbulent
structures within the canopy layer, which will interact with the overlying atmospheric flow
(Raupach, 1979). This turbulence may either be generated by wind shear from interaction
with the canopy geometry, or be generated and suppressed by local buoyancy effects
(Baldocchi and Meyers, 1988). When the air near the surface is warmer than ambient air
(and thus less dense), convection is generated. Likewise, when the air near the surface
is colder, mixing is suppressed due to the density stratification. These local turbulent
exchange regimes will greatly influence the exchange rates of energy and matter away
from the forest to the higher atmosphere.

Considering energy and gas exchange from the surface to the atmosphere, the different
exchange regimes will cause parts of the canopy to be ‘coupled’ or ‘decoupled’ from each
other and the atmosphere above. When a canopy is coupled to the atmosphere, exchange
of heat and gasses such as water vapor and CO2 takes place between the canopy air and the
atmosphere. When a canopy is decoupled from the atmosphere, little turbulent exchange
takes place. Different exchange regimes can occur, ranging from a fully decoupled canopy,
a partly decoupled canopy, to a fully coupled system where there is turbulent exchange
between the subcanopy and the atmosphere (Göckede et al., 2007). These regimes vary per
site and are dependent on both the forest structure and the ambient weather conditions.

In particular, nighttime decoupling of the subcanopy is an issue in flux measurements;
the so-called ‘nighttime (flux) problem’ (Aubinet et al., 2012a). This usually occurs when
the atmosphere is stably stratified and wind speeds are low (Thomas et al., 2017). If the
flow above the canopy is (partly) decoupled from the within canopy flow, above-canopy
observations are a poor representative of the overall dynamics (Jocher et al., 2017). This
will affect the interpretation of on-site above-canopy flux measurements such as heat,
water vapor and CO2 (Fitzjarrald and Moore, 1990). Especially when determining the net
ecosystem exchange of CO2, decoupling has to be taken into account (Jocher et al., 2017).
In cases where the forest floor is sloped, the combination of decoupling and density flows
and the subsequent advective transport can play a big role in the transport of heat and
gasses (Alekseychik et al., 2013).

In previous studies decoupling has been approached in a number of ways. A commonly
used method for flux measurement quality control is the so-called ‘u∗ filtering’ (Goulden
et al., 1996; Papale et al., 2006; Barr et al., 2013; Alekseychik et al., 2013). In this method
data with low friction velocities (u∗) is flagged to ensure that there is sufficient turbulence
for eddy covariance. This means decoupling issues are partially addressed automatically.
The threshold for u∗ is generally based on the sensitivity of the CO2 flux to u∗, and can
vary in time. Barr et al. (2013) derived a u∗ threshold for varying sites and found a stable
threshold value for 28 out of 38 tested sites. These site specific stable u∗ values are higher
than in studies where the threshold varied in time. Ten sites lacked a well defined threshold.
Besides the method not being applicable to every study site, u∗ filtering also does not take
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into account any buoyancy forcing (Jocher et al., 2020). To incorporate this, Bosveld et al.
(1999) proposed to use an aerodynamic Richardson number, based on the friction velocity
above the canopy, and the temperature difference between forest interior and atmosphere
above. However, determining the decoupling threshold requires a highly accurate air
temperature profile above the canopy and radiometric surface temperatures of the canopy,
which are generally not available.

To address the shortcomings of u∗ filtering, methods have been developed that make
use of vertical wind speed (w) measured within the canopy. Thomas et al. (2013) introduced
a method based on the standard deviation of the vertical wind speed (�w ) measured both
above and in the canopy. When the canopy is fully coupled, the relationship between
above and in canopy �w is linear. This linear relationship breaks down during decoupling.
Jocher et al. (2020) applied telegraphic approximation (TA), the proportion of the data
where the directions of w above and below the canopy are aligned (Cava and Katul, 2009).
A high value of TA means that the two air masses are well coupled, while low values
indicate decoupling. A second method used by Jocher et al. (2020) was the cross-correlation
maximum between above and below canopy w , calculated for each flux averaging interval.

With measurements both above the canopy and in the subcanopy, an improved esti-
mation of the fluxes above the canopy is possible (Thomas et al., 2013; Jocher et al., 2018).
Hence better knowledge on whether the subcanopy is decoupled or not will increase the
accuracy of the interpretation of flux data, and consequently forest behavior. Usually,
however, eddy covariance measurements are only available above the canopy.

In the past some high density vertically-distributed measurements have been performed
in canopies, namely in a walnut orchard (Patton et al., 2011) and in a very open boreal forest
(Launiainen et al., 2007). Several sonic anemometers were distributed along the height of
the canopy. However, in both cases the canopies were very open, and decoupling was not
an issue at these sites. The main focus of the studies was boundary layer parameterization
and profiles of turbulent statistics. Instead of considering discrete point observations along
the height of the canopy, we search for a more continuous probing of temperature to get
a more detailed view on the influence of static stability on decoupling along the entire
height of the canopy.

By using distributed temperature sensing (DTS) technology (Smolen and van der Spek,
2003; Selker et al., 2006), it is possible to measure temperature with a high spatial resolution
(30 cm) using a single fiber optic cable. If this cable is placed vertically along a flux tower, a
full temperature profile from the forest floor to above the canopy can be measured. As the
entire cable is calibrated continuously, it can be used to accurately measure small gradients
(Schilperoort et al., 2018; des Tombe et al., 2018; Izett et al., 2019). Additionally, the cable
can be installed in a coil configuration to measure at even higher (<1 cm) spatial resolutions
(Hilgersom et al., 2016).

The main goals of this chapter are to see how common decoupling is at the Speulderbos
site, and to study the influence of shear and buoyancy on decoupling, especially along
the height of the canopy. By using high resolution DTS measured temperature profiles
we aim to get a more detailed view on decoupling along the entire height of the canopy,
the response of the atmosphere-canopy system, and if vertical mixing by turbulence is
suppressed or enhanced due to thermal stratification.
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5.2 Materials and Methods

5.2.1 Setup

The temperature of fiber optic cables was measured at the Speulderbos forest site (Ch.
2) for 250 days between 2015 and 2018. From the DTS machine a fiber optic cable was
routed through a calibration bath, up to the top of a 46 m tall scaffold tower, down along
the tower, and back to the calibration bath (Fig. 5.2). The cable was guided by PVC rings
secured to horizontal wooden beams. The part of the cable closest to the tower was a
wetted cable, for the determination of the wet bulb temperature (not used in this study).
The cable further from the tower was used for the air temperature measurements, and was
kept at a distance of ~1.2 m away from the tower. To increase the measurement resolution
closer to the forest floor a coiled cable was used (Hilgersom et al., 2016). A cable was routed
through the calibration bath, over the forest floor to a coil configuration, and then back to
the calibration bath. The coil contains 8 m of cable in a coil of 1 m height.

Both cables were 6 mm in diameter, with braided steel wire and a wrapped stainless
steel coil around the core, and coated with PVC. The integration time of the DTS device
was set to 1 minute, as the response time of the FO cables was up to 5 minutes in air. While
the cables have a slow response time, they are robust and able to survive for years without
needing replacement. This makes long-term measurement easier than with a less protected
(thinner) fast response cable. The FO cables were connected to a Silixa Ultima-S DTS device
(Silixa Ltd., Elstree, UK), or to a Silixa XT-DTS from February to March 2018. The FO cables
were spliced together and placed in a single ended configuration. To calibrate the cables a
calibration bath at ambient temperature with a Pt100 resistance thermometer was used.
The water bath was kept well mixed using an aquarium pump. Calibration was performed
using the Python package ‘dtscalibration’ (des Tombe and Schilperoort, 2019; des Tombe
et al., 2020).

When measuring air temperature with DTS, direct sunlight will warm up the FO
cable, which will therefore deviate from the air temperature. To shield the above canopy
section of FO cable from direct sunlight, shade shielding was placed from 38 m to 46
m (Schilperoort et al., 2018). The shielding was not present in the years 2015 and 2018,
however a comparison to reference sensors showed that while the daytime gradients were
overestimated compared to reference sensors, the absence of shielding did not have a large
effect on the measured stability. Below the canopy, direct sunlight rarely reaches the cables.

Beside solar radiation, FO cables are affected by radiative cooling. To estimate the
magnitude of the error, we can use the results from Chapter 3. While the environments are
different, we assume a similar error because the meteorological conditions (that determine
the radiative cooling) are comparable. Under the conditions encountered in the understory,
the absolute error will be between 0 and 0.10 K. Errors in the gradient will be up to 0.01 K
m-1. All measured temperature gradients were not adjusted or corrected, but left as is.

As the full vertical profile was measured right next to the tower, the tower itself will
have an unknown influence on the measurements. The tower itself has a scaffold structure,
with a base size of 3.7 by 2.1 m. The scaffold structure is made from 47 mm diameter
stainless steel tubes.

At the top of the tower (48 m) an eddy covariance (EC) system was installed, consisting
of a Campbell CSAT3 sonic anemometer and a LI-COR Biosciences LI7500 gas analyzer,
logged at 20 Hz. The raw data from the eddy covariance system was analyzed using
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Figure 5.2: Schematic overview of the measurement setup at the tower. On the left the different sections are
shown. There is a gap in the sections from 34 to 38 m, as the unshielded DTS data there is not reliable.

LI-COR’s EddyPro® software (LI-COR Inc., 2016). The combined quality flag system from
Foken et al. (2004) is used. Only the fluxes with a quality flag of 0 or 1 are used in this
research. These flags represent fluxes suitable for general analysis, based on steady state
tests, integral turbulence characteristics and horizontal orientation of the sonic anemometer.
The eddy covariance systemwas installed on the SouthWest corner of the tower. To account
for influences of the tower, all EC data coinciding with a wind direction between 350 and
80 degrees was removed.

At 0.8 m a Gill Instruments Windmaster Pro 1352 sonic anemometer measured 3-
dimensional wind speed and sonic temperature, however due to equipment malfunctioning
it was only available for a 20 day period in December 2017. This period did not overlap
with the DTS or EC equipment. A Kipp & Zonen CNR4 at 44 m measured the incoming
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and outgoing short- and longwave radiation. Not all sensors were available for the full
measurement period. The DTSmeasurements were done intermittently, during late summer
/ early fall in 2015, 2016 and 2017, from January until April 2018 and in June 2018.

5.2.2 Method

To characterize the effect of thermal stratification on turbulent mixing regimes, we calculate
the local static stability of the potential temperature profile. Static stability of the atmosphere
is related to the local temperature gradient. When the temperature gradient is negative, i.e.)�)z < 0, the air closer to the surface is warmer, and natural convection will transport heat
upwards. As such it is unstably stratified. When the temperature gradient is positive, the
air closer to the surface is colder, no natural convection takes place and turbulent mixing
by wind is suppressed. This makes the air stably stratified. When there is no temperature
gradient the stability is neutral.

To characterize the dynamic stability of the atmosphere, both the effect of thermal
stratification and mixing by wind shear have to be taken into account. The ratio of the
buoyancy and shear forces can be described using the Richardson number. Following the
definition of Bosveld et al. (1999), the aerodynamic Richardson number for decoupling can
be calculating using the temperature difference between the air above the forest and the
understory:

RiA = gℎ
T

�ℎ − �iu∗2 (5.1)

where g is the gravitational acceleration (9.81 m s-2), ℎ is the height at the top of the canopy
(m), T is the absolute temperature in the subcanopy (K), �ℎ is the temperature at the top of
the canopy (K), �i is the temperature in the subcanopy (K), and u∗ is the friction velocity
(m -1). When RiA > 1 buoyancy dominates the flow, when RiA < 1 shear dominates the flow.
To determine when the canopy would become decoupled, Bosveld et al. (1999) calculated
the difference between �ℎ and the radiative surface temperature of the canopy, as well as
the aerodynamic surface temperature. The aerodynamic surface temperature is derived
from extrapolating the roughness-sublayer temperature profile to the height of the canopy.
By comparing RiA to the difference between the temperature above the canopy and both
the radiative surface temperature and the aerodynamic surface temperature, an inflection
point was found at RiA ≳ 2, where the aerodynamic and radiative temperatures diverged
and consequently decoupled was assumed.

The friction velocity u∗ can be calculated as follows (Stull, 1988):

u∗ = (u′w′2 +v′w′2) 14 (5.2)

where u′w′ and v′w′ are the covariance between both horizontal wind speed components
and the vertical wind speed component (m s−1).

Also, we utilize the so-called parcel method (Thorpe et al., 1989) in order to estimate
the vertical extent that an air package will rise due to natural convection in a steady-state
environment. The height to which, e.g., a parcel of air from the forest floor will rise is the
height at which the local (potential) temperature �(z) exceeds the temperature of the forest
floor parcel.
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In all analyses we only make use of the dry adiabatic lapse rate. Condensation of
moisture can contribute to convection in forests (Jiménez-Rodríguez et al., 2020a), but this
effect has not been taken account in this study due to lack of accurate data.

5.2.3 Data Processing

To accurately determine the stability, we need to make use of the entire profile over which
we estimate the stability (Schilperoort et al., 2018). To achieve this we fit the data points of
each section to a second order polynomial, minimizing the squared error. The temperature
gradient is calculated from the profile fit, and consequently, the potential temperature lapse
rate is computed (Kaimal and Finnigan, 1994):

)�
)z ≈ )Ta)z +Γ ≈ ΔTa,fitΔz +Γ (5.3)

where Ta,fit is the fit temperature, and Γ is the dry adiabatic lapse rate (~0.0098 K m-1). The
polynomial fits were calculated separately for each section (e.g., lower-understory). The
average root-mean-square error of the polynomial fits was ~0.1 K for the main profile, and
0.02 K for the forest floor coil profiles.

To split up the data into the three conditions; stable, (near-)neutral and unstable, we
defined the neutral class for a finite interval of gradients between -0.01 and 0.01 K m-1 (the
same order of magnitude as the lapse rate).

For the calculation of the aerodynamic Richardson number, we used the 10 m DTS
temperature as the canopy internal temperature and the 44 m temperature as the top-of-
canopy temperature. The 10 m temperature is in the center of the understory, and therefore
represents the general temperature of the understory well. It could be possible to use a
profile integrated temperature but this will not change the results significantly. Note that
the cable at 44 m height is shielded against direct sunlight, in contrast to the cable between
34 and 38 m. The friction velocity measured at 48 m was used.

To split data between daytime and night we have to define these relative to the local
time of sunrise and sunset. To account for the uncertainty around dusk and dawn, we
define daytime as starting one hour after sunrise and ending one hour before sunset.
Nighttime starts one hour after sunset and ends one hour before sunrise. Local sunrise
and sunset times for the measurement site were determined using the Pysolar Python
package (Stafford, 2018). We removed all data points both during rainfall and 60 minutes
after rainfall (32% of DTS data), to allow for the understory sensors to be fully dry.

5.3 Results

5.3.1 Characteristic temperature profiles

As a demonstration, two typical profiles are shown in Fig. 5.3. 15 October 2017 was a
sunny day, causing the overstory to heat up due to solar radiation. In the subcanopy the air
stayed cooler, and the profile within the canopy is stable to near-neutrally stratified, with
the coldest point at the forest floor. During the night there was strong radiative cooling
at both the central overstory and the forest floor. Note that also the forest floor is able to
cool through longwave radiation as it partly ‘sees’ the open sky (Fig. 2.4). This will cause
a stable stratification above the canopy and above the forest floor, while the bulk of the
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canopy (2 - 26 m) is unstably stratified due to the colder air in the overstory. On 11 October
2017, an overcast and humid day, the canopy was only slightly warmer during the day,
and the entire profile was near neutral during the night. Animations of the temperature
profiles are available on Zenodo (Schilperoort et al., 2019).

Figure 5.3: Example of potential air temperature ( �(z) ) profiles to illustrate the DTS measurements (15 minute
average temperature). 15 October 2017 (left) was a sunny day and a clear night. 11 October 2017 (right) was a
cloudy day and night. Times are in UTC+1

5.3.2 General climatology: temperature gradient statistics

In order to generalize the features observed in Fig. 5.3, an in-depth statistical analysis of the
local gradients in terms of external forcings was made for the full data set. To this end we
grouped the DTS gradients in bins of day and night. The bins are split over the four seasons,
where winter is from December to February, spring from March to May, summer from June
to August, and fall from September to November. For each of these bins, the occurrence
of each local stability condition is summed up and compared to the total amount of data
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points in the bin. This shows the relative occurrence of stable/neutral/unstable conditions
(Fig. 5.4).

Figure 5.4: Comparison of the local static stability of each cable section (above-canopy, central overstory, upper-
understory, lower-understory, forest floor) over time. Y-axis shows the cumulative occurrence of stable/neu-
tral/unstable conditions. Results are split over daytime (left) and nighttime (right), and aggregated over the
different seasons. *Central overstory daytime data is not shown due to errors created by solar radiation.

The gradient above the canopy shows the expected diurnal pattern, being mostly
unstable during daytime and stable at night. In contrast, the other sections do not show this
strong diurnal pattern. This discrepancy is an indication that the system in the canopy is
often ‘decoupled’ from the flow above (at least partly), due to the geometry of the vegetation
itself, with most of the biomass in the top.

The upper-understory section is mostly stable during daytime and neutral at night.
The lower-understory section is nearly always stable, both during daytime and at night.
The forest floor section can be both stable and unstable, both during daytime and at night.
This may result in persistent mechanical ‘blocking’ of buoyant air parcels (see below). The
unstable gradient at the forest floor section means that convection takes place locally, but
due to the stable stratification of the understory this convection would have to travel against
the stable gradient in the lower-understory to reach the overstory or atmosphere above
the forest. These counter-gradient fluxes are still possible and are likely to occur during
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larger sweeps (Denmead and Bradley, 1985), where large scale motions are responsible for
transport.

However, the results suggest that the stable conditions in the overstory act as a capping
inversion for the buoyancy in the lower understory. The question is, what is the actual
vertical extent of the convection driven by surface heating. To study this in more detail
we used the parcel method to calculate the maximum height for a floor parcel to rise by
convection. Figure 5.5 shows that at night convection from the forest floor rarely exceeds
5 m in height. During the day convective air parcels can rise higher. In 5% of the daytime
data they reach 15 m in height, possibly due to sunlight warming up the forest floor. Most
likely this occurs at high solar angles during summertime (Fig. 5.4).
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Figure 5.5: Cumulative probability distribution of the convective rising height of a parcel of warm air from forest
floor.

From this data it can be expected that there is barely any direct convective transport
from the forest floor to the top of the canopy. Also, mixing generated by ambient wind
shear over the canopy is largely damped by the thermal stratification of the understory.
This may have implications not only for heat transport but also e.g. for the transport of
water vapor, CO2 and trace gases.

5.3.3 Decoupling: the Aerodynamic Richardson number

To characterize decoupling of the understory, both the effects of buoyancy and shear have
to be taken into account. To this end we utilize the Richardson number as defined in Eq.
(5.1). We restrict ourselves to nighttime cases, which are predominantly influenced by local
wind shear above the canopy, and hence by u∗.

A cumulative distribution function of the aerodynamic Richardson number is shown
in Fig. 5.6. Only the positive Richardson numbers are shown. However, ~22% of the
data points have a negative aerodynamic Richardson number, meaning that the forest
interior is warmer than the air above the forest and thus not decoupled. According to
Bosveld et al. (1999), decoupling occurs when the aerodynamic Richardson number exceeds
approximately 2. In our case this implies that decoupling occurs ~50% of the time at night,
showing that decoupling is common at this study site at night.
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Figure 5.6: Cumulative probability distribution of the aerodynamic Richardson number, for nighttime data.
Negative RiA values are represented in the maximum of 78% probability of exceedance, i.e., ~22% of the nighttime
RiA values are negative. Vertical line shows RiA = 2, which was defined as the ‘decoupling threshold’ in Bosveld
et al. (1999).

The aerodynamic Richardson number was derived by Bosveld et al. (1999) for nighttime
conditions, and is not valid under daytime conditions where the friction velocity will be
strongly affected by turbulence generated by convection from the top of the canopy. The
suppression of mixing by the stable stratification of the understory during daytime is also
not taken into account in the aerodynamic Richardson number.

5.3.4 Influence of shear and buoyancy on decoupling

Magnitude of the temperature difference between the subcanopy and

atmosphere

While wind shear over the canopy will induce mixing, a temperature difference between
the atmosphere can either suppress or drive mixing. To study the buoyancy forcing, we
compare the temperatures at 44, 10 and 2 m height (Fig. 5.7). In ~78% of the available data
the middle of the understory was colder than the air above, despite the proximity to the
biomass and soil. This was previously observed at this site by Bosveld et al. (1999). Closer
to the ground, at two meters height, the air was generally even colder. During the day, the
understory was nearly always colder (~99% of the available data). This was to be expected
as most incoming sunlight is absorbed at the top of the canopy, heating up the atmosphere
above as well, while the understory stays cool.
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Figure 5.7: Cumulative probability distribution of the difference in temperature between the forest interior and
the air above the forest (at 44 m). Solid line shows the nighttime distribution for 10 m, dashed line shows the
nighttime difference for 2 m, thin line shows the daytime difference at 10 m. Positive numbers denote a colder
forest interior.

The relationship between the ambient friction velocity and the local

static stability

While stable thermal stratification can suppress mixing, wind shear at the top of the
canopy will enhance mixing. Therefore we compare the above canopy friction velocity
with the in-situ observed temperature gradient at several heights (Fig. 5.8). To relate theu∗-temperature gradient relationship to decoupling, the aerodynamic Richardson number
is shown by coloring the plot markers.

At night the gradient above the canopy is inversely related to u∗, as expected (Fig.
5.8a). At high shear conditions the air above the canopy is well mixed, resulting in small
temperature gradients and a coupled canopy. At low shear conditions it is possible for the
top of the canopy to cool considerably, allowing strong local gradients to occur.

Interestingly, the understory gradients (Fig. 5.8b, c) show a characteristic L-shaped
behavior with a kind of threshold value for u∗: below u∗ ≈ 0.4 large gradients are able to
occur, while small gradients are observed for large u∗. This threshold value is in line with
the u∗ values associated with decoupling of evergreen needleleaf forests found by Barr et al.
(2013), although the u∗. threshold is strongly site specific, and it is not always possible
to derive a u∗. threshold. Especially the upper-understory gradient shows a distinct split
between the two coupling regimes; when the canopy is coupled (RiA < 2), the local gradient
is grouped tightly around 0. When the canopy is decoupled, strong gradients can form,
with u∗ values ranging between 0 and 0.4 m s-1.

The relationship between u∗ and the forest floor gradient is less clear (Fig. 5.8d), however
the Richardson number highlights the positive correlation: the forest floor is unstably
stratified when u∗ is low and the canopy is decoupled, and stably stratified when u∗ is
high and the canopy is coupled. The relationships between the understory gradients and
friction velocity show that the temperature gradients can serve as a proxy for decoupling;
when the understory is strongly stably stratified the canopy is decoupled. However, the
understory can still be decoupled even without strong thermal stratification, as shown by
the data points in the lower left corners of Fig.5.8b, c. When the friction velocity is below
~0.2 m s-1, the canopy is always decoupled. It is likely that at very low friction velocities
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the wind will not be able to mix the canopy even though there is no strong temperature
gradient (e.g., very low wind, overcast conditions).

While at night turbulent mixing is driven by wind shear (hence friction velocity),
during daytime convection generated at the top of the canopy is also important for creating
turbulence. Indeed, as shown in Fig. 5.8e, f, g, and h, the dependence of local temperature
gradients on (externally driven) u∗ is less well defined and sometime even absent. Unlike
the nighttime data, the lower- and upper-understory gradients have no clear threshold or
correlation at all.

5.3.5 Discussion

The results show that the subcanopy is nearly always stably stratified, both during the day
and at night, and will primarily be decoupled during low-wind conditions. The gradient
above the forest floor may become unstably stratified, but convection does not rise high
enough to penetrate the overstory. The understory shows consistent decoupling and seems
to act like a kind of mechanically ‘blocking layer’ between the forest floor and overstory.
In the overstory, nighttime convection is common. Heat stored in the leaves, branches, and
trunks warms up the air in the lower overstory, causing within-canopy convection.

This results in four typical exchange regimes observed at the Speulderbos, schematically
illustrated in Fig. 5.9. Two daytime (a and b), and two night-time (c and d) situations. Fig
5.9a displays the daytime high wind shear regime. The wind is strong enough to penetrate
into the subcanopy and mix the entire canopy. In Fig 5.9b wind shear is not strong enough,
and the subcanopy is decoupled. Convection can take place above the forest floor but does
not progress further upward into the canopy.

At night, exchange between both the subcanopy and top of the canopy, and the atmo-
sphere is dominated by wind shear. In Fig. 5.9c wind shear is strong enough to mix the
entire canopy and prevent strong stable stratification. Local convection can take place
within the canopy due to heat released by the leaves, branches and trunks. Fig. 5.9d the
wind is not strong enough to enter the subcanopy, and the subcanopy is stably stratified.
Convection from the forest floor is possible, but does not reach the overstory. For nighttime,
the subcanopy is decoupled in approximately 50% of the available data. Convection above
the forest floor takes place in ~50% of the low wind shear conditions. To determine if the
subcanopy is fully coupled requires local measurements, either of a temperature profile or
of turbulence.

As explained, wind shear above the canopy has a large influence on the thermal
stratification of the canopy. We observe strong stratification at night when u∗ is below
0.4 m s-1, which is in line with previous research (Barr et al., 2013; Papale et al., 2006).
It is important to note that this is not necessarily a fixed threshold, but that some form
of hysteresis might be present (van de Wiel et al., 2017). When the subcanopy is already
strongly thermally stratified, more wind shear is needed to mix it, while a canopy which is
not stratified will stay mixed more easily. It would be interesting to explore the impact of
understory stratification on the friction velocity threshold value, by assessing effects of
conditional sampling.

We note that effects of heterogeneity and advection may also play a role in the convec-
tive coupling between the forest floor and the overstory. Localized transport (consisting of
convective plumes (Jiménez-Rodríguez et al., 2020a)) could transport heat from the forest
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Figure 5.9: Typical exchange regimes observed at the Speulderbos site. The cyclic arrows denote convection/non-
local transport.

floor through the canopy. As this transport is very local, the measured 15-minute mean
vertical profile might not be representative for the entire forest. Among others, Alekseychik
et al. (2013) proved that drainage flows, where dense cold air flows down slope, can be of
influence for decoupling. This could be an important mechanism at this site as well, as the
slope of the forest floor is non-negligible; approximately 2.5%. Due to the open understory,
advection in the subcanopy could be an important process, with wind speeds ranging from
0.5 to 2 m s-1, and gusts of up to 4 m s-1. While it is possible to asses advection and drainage
flows if a sonic anemometer is located near the forest floor (Staebler and Fitzjarrald, 2004;
Jocher et al., 2017), we did not study this further due to a lack of sonic anemometer data.

Another limitation of this study is the low measurement frequency (which is limited
by the response speed of the fiber optic cables). Any exchange mechanisms that have a
timescale under 10 to 15 minutes, such as sweeps or ejections (Gao et al., 1989), will be
missed.

5.4 Conclusions and recommendations

Due to the tall vertical structure of forests, parts of the canopy can be turbulently decoupled
from the overlying atmosphere. If this decoupling is not properly taken into account in
above-canopy flux measurements, it can lead to incorrect estimates of gas fluxes, in turn
reducing the accuracy of estimates of the net ecosystem exchange of CO2, or evaporation
(Fitzjarrald and Moore, 1990; Alekseychik et al., 2013; Jocher et al., 2017).

In this chapter we used vertical DTS profiles to study the thermal stratification and
the potential of decoupling within the forest canopy. We found that on the Speulderbos
measurement site stable stratification of the subcanopy is the dominant state over multiple
years and seasons, even though convection can take place just above the forest floor both
at night and during the day. The local convection above the forest floor rarely exceeded 5
m height at night, and 15 m during the day, and did not reach the overstory.
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Local temperature gradients in the understory were nearly always stable, and showed
no strong diurnal pattern. The temperature gradient above the forest floor was stable
~70% of the time, and did not show a strong diurnal pattern either. Besides the stable
temperature gradients, dynamic stability indicators such as the aerodynamic Richardson
number also indicated decoupling of the understory, up to 50% of the time at night. The air
temperature of the subcanopy was mostly colder than the air above the forest, at night
(~78%) and especially during the day (~99%). When comparing the temperature gradients
to the friction velocity, we found that at night decoupling could occur when u∗ < 0.4 m s-1.

Although it is not possible to determine decoupling with DTS temperature profiles
alone, with the DTS temperature profiles we were able to study the canopy-atmosphere
interaction in detail. However due to the fiber optic cables not being shielded or actively
ventilated some uncertainty remains in the measured temperatures and gradients. This
prevents conclusive interpretation in cases when temperature differences are small. A
second shortcoming is the limited time resolution of the cables, which means that fast
processes could not be studied. In the next chapter we use a thinner fiber for a fast thermal
response to show more detail and unveil other processes which are not visible in the data
discussed in this chapter. Finally, the current optical fiber technique may also be employed
in a actively ‘heated’ form. In this ‘hotwire modus’ high resolution observation of wind
speed is possible, as explained in Sayde et al. (2015), van Ramshorst et al. (2019), and Lapo
et al. (2020). Such data would be complementary to the present study, and would give more
insights into the wind shear and dynamic stability throughout the entire canopy. This could
aid in studying canopy-atmosphere interaction at forest sites, and would allow determining
decoupling along the full height of the canopy. In turn this will increase the knowledge
on the general drivers of decoupling in forests, to improve the representativeness of flux
measurements above forests.
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Nighttime inversions

within the canopy

(Artificial) fog flowing through the forest at the Speulderbos measurement site

Parts of this chapter are based on:

Bart Schilperoort, Miriam Coenders-Gerrits, César Jiménez-Rodríguez, Antoon van Hooft,
Bas van de Wiel, Hubert Savenije, Detecting nighttime inversions in the interior of a Douglas
fir canopy, Agriculture and Forest Meteorology, under review (2021).

http://dx.doi.org/-
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6.1 Introduction

Forests cover a large area of the earth’s land surface and form important components
of both the water and the carbon cycle. However, due to their intrinsic height scale and
complexity, measuring their contribution to these cycles has remained very challenging
(Wilson, 2002; Barr et al., 1994). In particular during nighttime, when fluxes are modest
in magnitude, measuring exchange of carbon dioxide, water vapor, and heat between the
forest canopy and atmosphere is difficult.

During the day, strong convection will ensure strong mixing of air which enables
frequent exchange of air masses between the forest and the atmosphere above. Likewise,
high wind conditions favor such exchange. In contrast, during low wind and clear-sky
nights current models and theories fail, as non-turbulent flows and spatial heterogeneity
becomes more dominant (Katul et al., 1995). An issue affecting nighttime measurements
specifically in forests is decoupling; a lack of turbulent exchange between the canopy and
the atmosphere (Aubinet et al., 2012a). This lack of turbulent exchange makes experimental
quantification of water, carbon, and energy fluxes above forests difficult, as measurements
above the canopy are not representative for what is happening inside the canopy (Jocher
et al., 2017). Decoupling is caused by the lack of generation of turbulence due to the
absence of sufficient wind shear, and also due to the suppression of turbulence by stable
stratification; when the canopy, or parts of it, are colder than the atmosphere above
(Baldocchi and Meyers, 1988; Thomas et al., 2017; Schilperoort et al., 2020). If not taken
into account, decoupling will affect the interpretation of forest fluxes such as water and
CO2 (Fitzjarrald and Moore, 1990; Alekseychik et al., 2013).

There are different (proxy) methods to assess whether the canopy is in a decoupled
state or not. So-called u∗ (friction velocity) filtering is often used to filter flux data for
periods with low wind shear (Goulden et al., 1996; Papale et al., 2006; Barr et al., 2013).
Other methods use the relationship between the standard deviation of vertical wind speed
(�w ), both above and below the canopy (Thomas et al., 2013), or look at (cross-)correlation
between the measurements of vertical wind speeds (Cava and Katul, 2009; Jocher et al.,
2020). However, the above methods are only proxies for the momentum exchange, and do
not actually detect the density stratification over the full canopy-atmosphere continuum. By
detecting such stratification one could assess whether indeed temperatures vary smoothly
with height or that ‘separated’ or ‘decoupled’ layers are being formed.

Besides it has to be realized that decoupling is not a binary state. A range of different
exchange regimes can occur, from a fully coupled canopy, to a decoupled subcanopy, to
lastly a fully decoupled canopy (Göckede et al., 2007). Strong temperature inversions,
where air lower down is colder and thus denser than air above, within or over the canopy,
can both affect as well as be the result of the decoupling. By knowing if such an inversion
exists, and at which height it is, the degree of coupling of a canopy can be studied in much
more detail. In this study therefore, we present high-resolution (~0.3 m) observations of
in-canopy temperature using the so-called DTS technique.

Distributed Temperature Sensing (DTS) is a measurement technique that has found
increasing use in atmospheric measurements, for measuring air temperature (Thomas et al.,
2012; Zeeman et al., 2015; Izett et al., 2019; Peltola et al., 2020) as well as wind speed profiles
(van Ramshorst et al., 2019; Lapo et al., 2020). DTS measurements are made by shining a
laser down a fiber optic (FO) cable, and analyzing the Raman backscatter signal. As this
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Raman backscatter is only sensitive to temperature, the temperature along the entire FO
cable can be monitored continuous in space (Smolen and van der Spek, 2003; Hartog, 2017).
This is akin to having a long string of standard temperature sensors. In a previous study
by Schilperoort et al. (2020) decoupling was investigated in a Douglas fir canopy with the
use of a DTS measured vertical temperature profile. It was hypothesized that a ‘blocking
layer’ existed within the understory, which reduces the turbulent exchange between the
forest floor and the rest of the canopy. A drawback in their data analysis was that the data
had high spatial resolution (30 cm) but that it was limited in its temporal resolution. This
was due to the type of FO cables used: thick cables which respond slowly to changes in air
temperature. To expand on this study, an adjusted measurement setup was placed on the
site, which is capable to detect air temperature variations at a high frequency (~0.5 Hz).
This enables us to make more definitive conclusions about the nature of the blocking layer
and to detect dynamical features such as internal gravity waves.

Using these high frequency air temperature profiles, we will look at the presence of
temperature inversions within the Douglas Fir canopy. We will study their formation and
distribution within the canopy, and look at inversion dynamics at different scales. Next we
will discuss the reasons why these inversions within the canopy can often elude detection,
i.e., why they are not observed more often using more traditional point sensors. Finally,
to explain why and under which conditions the inversions form, we present a simple 1-D
conceptual model to support our hypothesis on the mechanism behind the layer formation
within the canopy.

6.2 Materials and Methods

6.2.1 Setup

To measure a vertical profile of air temperature, a thin fiber optic (FO) cable was placed
vertically at the Speulderbos site, from the forest floor up to 32 meters (Fig. 6.2) along a
48 m tall measurement tower. The ‘j-BendAble Robust’ OM3 fiber (j-fiber GmbH, Jena,
Germany) had a translucent acrylic coating, and a diameter of 500µm. The FO cable was
not extended beyond 32 meters due to the fragility of the thin cable. To hold it in place, it
was connected to horizontal wooden beams which were extended from the measurement
tower. The beams were placed every 4 meters, starting at the surface, increasing to every 2
meters from 26 m upward. The thin fiber was spliced to two different FO cables on both
ends, which were routed down the tower, through the calibration baths and connected in a
double-ended configuration to the DTS machine (van de Giesen et al., 2012). The thin-fiber
temperature profile was measured from 21 August 2019 until 17 October 2019, when the
FO cable broke.

The DTS machine used was a 2 km range Ultima-S device (Silixa Ltd., UK). The mea-
surement period was configured to 1 second per channel. This results in a double-ended
calibrated temperature with an increased measurement period of ~2.3 s due to processing
overhead. The raw data was calibrated using the python package ‘dtscalibration’ (des
Tombe and Schilperoort, 2019).

The data was calibrated in a double-ended configuration, using a well-mixed bath
at ambient temperature and a different bath maintained at 30 degrees Celsius. As the
calibration was performed over splices, this could result in an offset and bias in the final
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temperatures (des Tombe et al., 2020). However, to detect strong temperature inversions
we are mostly interested in the variations over air temperature over time and height, so a
possible small bias in the absolute temperature is acceptable. DTS measurements suffer
from inherent uncertainty in the measurements. With our Ultima-S device the expected
measurement noise at the highest resolution has a standard deviation of �DTS ≈ 0.24 K. By
averaging in space and time this uncertainty can be reduced.

At the top of the measurement tower, at 48 m, an eddy covariance setup was placed
consisting of a CSAT3 sonic anemometer (Campbell Sci., USA) and a LI7500 gas analyzer
(LI-COR Biosciences, USA), both logged at 20 Hz. At 44 m a CNR4 Net Radiometer (Kipp
& Zonen, the Netherlands) was placed, logging at 1 minute averages. On the forest floor,
at ~0.8 m, a Young-81000 sonic anemometer (R.M. Young, USA) was placed, which was
logged at 32 Hz. As this sonic anemometer did not have active heating, condensation on
the transducers caused measurement disturbances on some nights. At 2 m another CNR4
Net Radiometer was set up, logging at 1 minute averages. All dates and times are in UTC.

Ultima

46 m

32 m

26 m

20 m

Eddy covariance setup

Fibre optic cable

Calibration baths

Sonic anemometer

34 m

Maximum
canopy 

height

Average
canopy 

height

Start
canopy

48 m

Net radiometer

Figure 6.2: Schematic overview of the measurement setup at the tower.
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6.2.2 Method

To be able to properly detect inversions within the DTS-measured temperature profiles we
corrected all temperature values for the dry adiabatic lapse rate, so as to get the potential
temperature � (K, in reference to the ground level), hereafter just referred to as temperature.

Preliminary inspection of temperatures learned that sharp inversion commonly oc-
curred within the canopy. These inversions are characterized by a temperature jump of
1 - 2 K over a very small distance (< 0.3 m). For a general analysis we need a method to
automatically detect the presence and features of these sharp inversions, such as the height
at which the inversion is centered on (zinv , m), and the strength (i.e., temperature jump) of
the inversion (Δ�inv, K).

However, DTS measurements with high-frequency results in rather high measurement
uncertainty, because statistical convergence decreases with decreasing averaging time.
Uncertainty in the temperature will lead to difficulties in detecting inversions, when the
signal (Δ�inv) to noise ratio is too small. To solve this, we used cross-correlation to detect
step changes in the temperature profile. In the cross-correlation method, a sliding dot
product is calculated between the vertical temperature profile and a step function (i.e., the
sign/signum function):

sgn(n) ∶=
{
−1, if n < 0,
0, if n = 0,
1, if n > 0.

for n =[−N2 , N
2 ]

(6.1)

where N is the window size (ℝ) of the step function. The inversion height is determined
to be at the height of the maximum value of the cross-correlation (Fig. 6.3). The cross-

‘

T(z)

sgn(n)

T(z) sgn(n)*

Figure 6.3: Example of the convolution of a synthetic temperature profile (T (z), with white noise) and the sign
function, and the resulting cross-correlation. The detected height of the inversion is at the maximum value of the
cross-correlation.

correlation method was tested on synthetic data. This showed that we could reliably detect
sharp inversion layers down to a minimum strength of Δ�min ≈ 0.34 K, if a window size of
32 datapoints was used (corresponding to a physical filter window of 4 m).
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After the height of a possible inversion is detected using the cross-correlation method,
the temperature difference over the inversion can be determined. To do this, we calculate
the difference between the temperature above (�above) and below (�below) the inversion
height. To reduce the measurement uncertainty, we take the mean temperature in a range
from 0.5 to 1.5 meters distance from the detected inversion height. The specific range is a
compromise between reducing the uncertainty and how representative the data points are
of the inversion strength.

�above = ∫
zinv+1.5

zinv+0.5
�(z)
Δz dz, �below = ∫

zinv−0.5
zinv−1.5

�(z)
Δz dz (6.2)

where Δz = 1 m. The temperature difference over the inversion can then be calculated
with;

Δ�inv = �above − �below (6.3)

Lastly, we preformed a data screening. As the dataset is limited in time, a visual analysis
of the temperature data can be performed to find events where, e.g., a sudden breakup of a
strong inversion occurs, these events can then be studied in detail. In a preliminary look at
the data, wave-like motions were clearly visible in the inversion height. These motions
were visible in both the micro scale, as well as the submeso scale. We will analyze these
events to describe their properties and discern their source.

6.3 Results and Discussion

6.3.1 Example inversion

As an illustration, Figure 6.4 shows the potential temperature over height and time, as
measured with DTS. The inversion height that was detected using the cross-correlation
method is displayed over the temperature plot with a red line. During the night, the
temperature along the entire profile falls gradually by about 2 K, both above and below the
inversion layer. The local inversion has a strength of ~2 K, and varies a in height from 5
to 20 meters. Besides the larger changes in height, the inversion shows regular smaller
oscillations of about 2 m at timescale of 1 – 2 minutes.

6.3.2 Inversion statistics

Out of a total of 58 observed nights, persistent inversions (present for more than half of
the night) were observed in 14 nights (24%). Eleven nights (19%) had some intermittent
inversions, and the remaining 33 nights (57%) had no inversions within the canopy. These
statistics indicate that the formation of inversion layers is a regular phenomenon, rather
than an occasional event. The inversions were mostly present from 21 August 2019 to 23
September 2019, a period characterized by clear nights and low friction velocities (Fig. 6.5).
During the last three weeks of the measurement period wind above the canopy was more
turbulent and the sky was cloudy. Consequently, no inversions were detected during this
period.

Due to the mechanics of its formation and evolution, the inversion layer will be con-
strained by canopy morphology (e.g., the Plant Area Index). Figure 6.6 shows the distribu-
tion of the inversion layer over height, for two different inversion strengths. The stronger
inversions are most likely to occur between ~10 – 20 meters. Inversions were also regularly
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Figure 6.4: Example of DTS measured potential temperature profile in time, along with the detected inversion
height (where Δ�inv > 1K). Data of 14 September 2019. The 2D temperature plot has been smoothed using a
Gaussian filter in time and space.

detected just above the forest floor (0 – 5 m) and near the canopy top (28 – 30 m). Within
the overstory inversions are rare. It is likely that the dense branches reduce turbulent
mixing so that any inversion would quickly rise in height to the top of the canopy.

A reason for the preferential height could be that shear-driven mixing is enhanced
both near the forest floor and just above and below the dense part of the canopy (at 20
– 26 m height). This enhanced shear results from the interaction between the wind and
rigid (no-slip) surfaces such as the ground and the tree biomass at the top. This could
result in a local minimum of the diffusivity between the forest floor and canopy. With the
right conditions (i.e., the strength of the overall bulk inversion) this local minimum can
exhibit a self-reinforcing effect, where the low diffusivity allows for a local sharpening of
the temperature gradient, which in turn lowers the local turbulent diffusion. We analyzed
the essence of this positive feedback, by a simple 1-D conceptual model in Section 6.4.

Formation of inversions

To study what could drive the formation of the inversions, the strength of the inversion is
compared to the friction velocity and the net radiation, both above and below the canopy
(Fig. 6.7). It is that likely these play a role, as a low friction velocity would allow the
formation of a stable stratification due to a lack of mixing, and a strong net radiative
cooling would allow for large temperature differences.

As expected, the friction velocity above the canopy has to be low for a strong inversion
to form or persist (Fig. 6.7a). The friction velocity below the canopy (Fig. 6.7c) shows an
even stronger relationship, but causality can not be derived from this as the presence of a
strong inversion would cause a very low u∗ value at 1 m height as well. The net radiation
above the canopy also needs to be highly negative (Fig. 6.7b); meaning clear sky conditions
with strong radiative cooling. However, interestingly, the net radiation below the canopy
shows no clear relationship with the strength of the inversion (Fig. 6.7d).
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Figure 6.5: Nighttime conditions during the measurement period of the wind speed at 48 meters (a), average
friction velocity at 48 meters (b), and net radiation (c). The round markers denote the mean nighttime values, and
the error bars the 25th and 75th percentiles.

This lack of correlation between the inversion strength and the net radiation in the
understory could mean that the source of the cold air under the inversion is not the cold
forest floor. The cold air has to be supplied somehow however, either in the form of cold air
plumes falling down from the top of the canopy (Dupont and Patton, 2012), or a different
non-local source of cold air (i.e. advection). It could also be that the net radiometer in the
understory is located in a warm spot with less exposure to the open sky, and is therefore
not fully representative of the whole understory.

Double inversions

On some occasions a double inversion was visible in the measured temperature profiles.
An example of this is shown in Figure 6.8. There are two clear temperature jumps visible in
Fig. 6.8a, first at 14 m, and a second at 26 m. Both temperature jumps are ~1 K in magnitude.
As can be seen in Fig. 6.8b, the inversions are not static in height, but oscillate with a
period of about 80 seconds and an amplitude of 3 m. The two inversions seem to move
in-phase, although small phase differences are small difficult to detect with the limited
measurement frequency and the high measurement uncertainty. Due to the oscillations
the top inversion dips in and out of view periodically; only when the inversion is below
32 meters it is measured. Therefore the inversion at the top of the canopy could be very
common, but remains undetected by the current DTS setup.

6.3.3 Wave-like motions of the inversion

On multiple days strong wave-like motions are visible in the inversion within the canopy.
The motions have amplitudes between 2 and 10 meters, and a well-defined period of 50 –
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Figure 6.6: Height at which inversions were detected, with two thresholds of minimum temperature differences;
1.0 K (red), and 1.5 K (blue). The gray shaded area shows the most dense part of the canopy.

100 seconds. These motions are already visible in Figure 6.8, both in the inversion at 15
meters, as well as the second inversion when it dips down to 30 meters. While the DTS
measurement noise makes it difficult to study the wave-like motions in detail, the motions
are very clearly visible in the sonic anemometer data from the top of the measurement
tower.

Wave-like motions with similar amplitudes and periods are frequently observed in
atmospheric stably stratified layers of all kind. Recently, fascinating Kelvin-Helmholtz
billows have been reported by e.g., echo sodargrams at Dome C in Antarctica (Petenko et al.,
2019), where the homogeneous terrain and steady meteorological conditions allows detailed
studies of the mechanics of the stable boundary layer. During the ‘CHATS’ experiment
in a walnut orchard (Dupont and Patton, 2012) wave-like motions were visible during
stable conditions as well, and were described as Kelvin-Helmholtz type structures. Kelvin-
Helmholtz structures are formed due to shear stress between two layers of different densities.
The discontinuity of temperature over those layers typically coincides with a discontinuity
in wind speed, or rather an occurrence of velocity inflections points. Flows with such
inflection points are known to be hydrodynamically unstable (van der Linden et al., 2020;
Kundu et al., 2016; Banta et al., 2007). Shear instabilities may quickly amplify and growing
waves may become unstable and break (mixing events). Figure 6.9 shows a wave-like event
on 22 August, where the absolute value of vertical wind speed at 48 m (Fig. 6.9b) was
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Figure 6.7: Scatter plots of the nighttime friction velocity (a, c) or net radiation (b, d), and the inversion strength.
Both above (a, b) and below the canopy (c, d).

initially both small and steady, until, until an oscillating motion began. The amplification
of this oscillation is clearly visible in the sonic temperature (Fig. 6.9c). However, after a few
oscillations the vertical wind speed becomes more noisy, and the friction velocity increases
(Fig. 6.9a). During this period of increased turbulence the air in the overstory (20 – 30
m height) increases by over 1 K in less than 10 minutes (Fig. 6.9d). This wave activity is
generated not within the canopy but rather in the atmospheric boundary layer itself. It is
possible that this increased turbulence is the result of Kelvin-Helmholtz waves breaking.
However, as our measurements lack any spatial distribution like in Newsom and Banta
(2003); Banta et al. (2007), this cannot be stated conclusively. The wave-like motions are
visible in the inversion inside the canopy as well, as the vertical motion above the canopy
is transferred into the canopy. Due to the low frequency of the motion, the canopy does
not dampen the oscillations.

Although wave speed need not to be equal to the average wind speed (except in a
symmetric shear layer generating Kelvin-Helmholtz billows), it is tempting to apply Taylor’s
frozen tubulence hypothesis to assess what horizontal size scale the structure have in case
they are purely advected (as in Petenko et al. (2016) and Petenko et al. (2019)f). This allows
us to make a rough estimation of the wavelength (�) using the wave period (� ) and wind
speed within the wave layer (Vl ): � = Vl� . For the 27 August event this would lead to
a wavelength of 100 – 200 m. The vertical scale has to be estimated, as we only have a
single data point above 32 m height. However, the waves are visible at the top of the DTS
measured temperature profile, and at the sonic anemometer on top of the tower (48 m
height). This means the vertical scale is likely at least in the 20 – 30 meters range .
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Figure 6.8: Data from an occurrence of a double inversion on 10 September 2019. Figure a shows the DTS
temperature measurements from one point in time (2:14:30) in blue, with a 1 meter mean in red. The wide
distribution of the blue data points is largely due to measurement noise. Figure b shows a color plot of the
potential temperature in space and time.

However, as we only have data along a single vertical line, and not up or downstream
of the tower (like in Heusinkveld et al. (2020)), we can not definitively determine the cause
or horizontal size of the wave-like motions. Apart from internal shear instabilities, waves
could be induced more directly from a smooth stratified flow over an ‘undulating’ canopy
top or undulating underlying terrain topography.

6.3.4 A wave-like submeso-scale motion

Besides the small scale wave motions, larger scale motions also occurred during the
measurement campaign. On the night of 22 – 23 August 2019 a single wave like motion of
significant amplitude was visible in the inversion height (Fig. 6.10). The event consisted of
three sinusoidal disturbances in the height of a present inversion layer, with a time scale of
~20 minutes. During the disturbances the inversion changed height by 5 – 15 meters. The
event was only detectable in the 1 m wind speed and the DTS temperature profile. The 3D
wind speed measurements (u, w , v) at 48 m did not show any sign of the event. This might
indicate that the disturbance is of advective origin rather than transported from above.
Some signal of the event was visible in the sonic temperature at 48 m. Before and during
the event the wind direction both above the canopy and at 1 m was ~200°(south-southwest).

The temperature decrease of the air under the inversion layer corresponds with a
cooling rate of approximately 6 W m-2, assuming no advection or mixing takes place.
During the event there is no radiative cooling of the forest floor (~0 W m-2), a negligible
sensible heat flux at 1 m (3 W m-2), and barely any ground heat flux (-2 W m-2). While
there is strong radiative cooling at the canopy top (-70 W m-2), a top-down convective
transport is somewhat unlikely due to the presence of the inversion. Thus it is likely that
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Figure 6.9: Friction velocity above the canopy (a), 1 second mean vertical wind speed (b, in yellow), 5 second mean
vertical wind speed (b, in red) above the canopy, sonic temperature above the canopy (c), and the DTS-measured
temperature profile (d) during a wave-like event on 27 August 2019.

the source of the cold air is not local.

However, the slope at the site is approximately southeast (Fig. 2.6), and the wind
direction below the canopy is south-southwest. This would make it seem less likely that
the origin of the event would be pulsating cold air drainage or density flows (Mahrt, 2007),
as those would likely follow the direction of the slope.

6.3.5 Why could inversions within the canopy often

elude detection?

While inversionswithin the canopy occurred frequently during this measurement campaign,
it had not been clearly detected before at this site, both in studies without (Bosveld et al.,
1999) as well as with DTS measurements (Schilperoort et al., 2018, 2020). In Schilperoort
et al. (2020) it was inferred that some ‘blocking layer’ was present, but as armored DTS
cables were used, the time response of the cable was insufficient to see a sharp inversion.
The inversion often moves around and oscillates with a period of around 1 – 2 minutes.
This makes detecting the presence of a sharp inversion difficult if the time response of the
used sensors is longer than 15 – 30 seconds (1/4 of the period of the oscillations, to avoid
aliasing).

Besides only time response, the vertical spatial resolution is also important in detecting
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Figure 6.10: Wind speed (a), wind direction (b) and temperature data (c) from the wave-like event on the night
of 22 – 23 August 2019. Note that the wind speed (a) has two different scales for the two measurement heights.
After an inversion at around 18 meters lasting until 23:00, a clear wavelike feature can be seen starting at 23:20,
and lasting until 00:15.

the inversions. If DTS is used this is generally not a problem because these devices typically
have a spatial resolution between 0.25 and 1 m. However, when using classical discrete
sensors, the density of sensors can become an issue. A large amount of fast response
sensors (e.g., fast-response thermocouples or sonic anemometers) would be required, one
every ~2 m. For a subcanopy with a height of 20 meters this will quickly become a practical
and financial issue.

Because detection of local inversions requires a very high measurement resolution,
they are difficult to see with classic point sensors. This could mean this type of inversion
is very common, but that they have thus far eluded detection.

6.4 Conceptual model for temperature-gradient

sharpening

To test the hypothesis that layer formation is due to increased (turbulent) mixing near the
canopy and forest floor, we created a conceptual model with the minimum ingredients to
form a sharp inversion in the middle of the canopy. The 1-D numerical model describes
the evolution of the (vertical) temperature profile with an effective turbulent diffusivity K ;

)�
)t = )

)z K
)�
)z (6.4)
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where K is modeled by considering the effects of a constant background diffusivity (Kb), a
stability correction, and a height-dependent correction in a dimensionless setting;

Kc = Kb(1+4
Ckz2c (z (z − zc ))) (6.5)

which will create a parabolic profile, where zc represents the height of the canopy, and Ck
determines the minimal value (namely (1−Ck )Kb) in the center of the profile. The parabolic
profile is chosen to represent increased mixing at the ground surface and canopy crown
compared to the trunk region, as wind shear is highest near the ground surface and canopy.
Note that the surface flux is computed as H = K )�)z . A stability correction is applied to Kc ,
to account for the suppression of mixing by stable stratification;

K = Kce−� )�)z (6.6)

with � as an inverse temperature-gradient scale, which controls the stability correction.
For the numerical implementation a minimal diffusivity (Kmin) is needed to prevent the
diffusivity to approach 0. As the exact source of the cold air is unknown, and to simplify the
model, a constant temperature difference of Δ� is maintained between the top (z = zc ) and
bottom (z = 0) of the profile. Equation 6.4 is solved using the freely available Basilisk toolbox
(Popinet, 2015) and the setup details can be found online (van Hooft and Schilperoort,
2021).
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Figure 6.11: The formation of an inversion layer based on the 1-D model. a shows the initial conditions, b shows
the onset of the collapse, and c shows the resulting inversion layer. The dashed orange line shows a profile with
the maximum sustainable temperature gradient (see text). If the actual gradient is sharper than this theoretical
limit a local inversion jump is formed.

Figure 6.11 shows how the inversion layer forms in the 1-D model. The temperature
gradient in the center of the profile will become sharper, until the gradient matches the
maximum sustainable value. After reaching this the system quickly collapses forming a
discrete temperature change in the center of the profile. Values of Ck and � were tuned to
generate layer formation.
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In order to better understand the details of the presented conceptual system, we analyze
the existence of steady-state solutions. A steady state solution is characterized by a heat
flux which is constant over height. For a system that is not collapsed;

H = K )�
)z = Kce−� )�)z ⋅ )�)z (6.7)

which has a maximum gradient for )�)z (z = 0.5zc ) = �−1. With stronger temperature gra-
dients the heat flux will decrease and the system will collapse, following the theory of
maximum sustainable heat flux (Van de Wiel et al., 2012a,b). This concept is illustrated
by Fig. 6.12, which shows the heat flux as a function of the temperature gradient. With
an increasing gradient the heat flux reaches a maximum at )�/)z = �−1 = ~1.67 K m-1,
after which it decreases. At the left hand side of the maximum a negative feedback occurs:
a larger temperature inversion result in a larger flux, which decreases the temperature
contrast over the inversion. On the right hand side however, a positive feedback occurs:
a stronger inversion decreases the heat flux, which results in a stronger inversion. The
positive feedback is enabled by the non-linear dependency of K with respect to )�)z .
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Figure 6.12: The heat flux H (scaled by Kc ), shown against the temperature gradient. With an increasing gradient,
the heat flux will increase up to )�)z ≈ ~1.67 K m-1, after which the heat flux decreases with increasing gradient.

The maximum sustainable heat flux is illustrated by the dashed line, which is at )�)z = �−1 K m-1

As the height-average of )�)z is equal to ⟨ )�)z ⟩ = Δ�/zc , and the fact that the temperature
gradient is strongest in the middle of the profile (z = 0.5zc ), we can derive that the system
is always (mathematically) unstable when for the overall or bulk inversion;

Δ� > zc� , (6.8)

and will collapse for any value of Ck . Higher values of � will cause the system to collapse
at a lower bulk Δ� . Note that higher values of Ck can allow the collapse to occur before the
bulk condition (Eq. 6.8) is met. This is because a higher value of Ck allows Kc to become
small locally. The local )�)z can then already reach the critical value of �−1 while the overall
(bulk) gradient is modest and smaller than in Eq. 6.8. This is illustrated in Figure 6.11b.
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These results agree with our hypothesis and findings, and thus the simple model
ingredients could hint at a potential mechanism for the formation of sharp inversions.
However, this can not be conclusively stated from this simplified model and with the
available measurement data.

6.5 Conclusions and recommendations

This study demonstrated the presence of a previously not directly observed phenomenon;
a spatially localized and highly dynamic inversion in the understory of a tall forest canopy.
The presence of an inversion below the canopy will have a large effect on vertical transport
of gasses such as carbon dioxide. The forest floor and soil are large sources of carbon
dioxide, and any gas released at night during an inversion will not be transported vertically
to the sensors above the canopy. The strong inversion was mostly present five to ten meters
below the dense overstory, and formed during nights with strong radiative cooling and low
friction velocities. The inversions did not build up from the forest floor. Instead, the source
of the cold air was either cold air falling down from the canopy top or supplied through
advection. However, in the locally measured temperature profile the air near the forest
floor was generally 1 – 2 K colder than the air in the canopy top, leaving advection as the
most likely candidate.

A possible mechanic that could explain the formation of sharp inversions within the
canopy could be a local minimum in the diffusivity. There is top-down mixing near the
canopy top, and shear near the forest floor, while the middle of the understory is very bare.
This mechanic was studied using a conceptual model with minimal ingredients, which gave
results in line with the hypothesis. We found that a sharp inversion layer would always
form within the canopy if the temperature difference between the forest floor and canopy
top was large enough.

The inversion within the canopy was not the only one present. Above the canopy a
second inversion regularly occurred, as would be expected under nocturnal conditions.
Wave-like motions of this second inversion, possibly due to Kelvin-Helmholz billows,
induced waves in the inversion inside the canopy. These wave-like motions had a period
of 50 – 100 seconds, with an amplitude of at least 20 – 30 meters above the canopy, and a
reduced amplitude of 5 – 10 meters within the canopy. Wave-like motions at larger scales
were also detected. These submeso-scale motions were more transient and their source
could not be conclusively determined.

While persistent temperature inversions within the canopy could be a feature specific
to this study site, it is possible that this is a more regular feature in similarly structured
canopies. Due to the vertical oscillations of the sharp inversion, sensors with a fast time
response (better than 15 – 30 seconds) have to be vertically distributed over the height of
the canopy. Traditional temperature sensors do not respond fast enough, and sensors that
do, like ultrasonic anemometers, are too costly to place at the required density. Due to
these practical issues, features such as a sharp inversion within the canopy can often elude
detection.

The fiber support structures did influence the data analysis, either when leaving them
in (the fiber temperature will be affected by them), or when leaving gaps in the data. In
follow up research a straddled support structure could be used to overcome this issue,
where two stretches of optical fiber are placed in close proximity to each other without
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sharing the same support structure at the same heights. This would allow for a continuous
temperature profile to be measured without gaps or artifacts. An increase in the number of
fibers would also allow averaging them, thus lowering the measurement noise, allowing
more subtle features to be detected.

By additionally using actively heated fiber optics, a continuous wind speed profile
could be measured in addition to just the air temperature. The wind speed profile would
aid in describing the interaction between the atmosphere and the canopy, as it would allow
studying the wind shear, which is the driver of the turbulent mixing. To be able to study the
wave-like features of the inversions in more detail, and to be able to conclusively determine
their source, spatially distributed measurements, e.g., upstream and downstream of the
tower, would additionally be required. With such a setup, it would be possible in the near
future to finally explain the observed inversions and wave-like motions.
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View of the forest floor at the Speulderbos measurement site
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7.1 Introduction

The exchange of heat between the atmosphere and the land surface is one of the main
components of the local energy balance, together with irradiation and the sensible and
latent heat fluxes. This heat exchange takes place at the surface, but is driven by the
temperature gradient between the surface and soil deeper down. The process is strongly
affected by soil cover, the soil type and the hydraulic and thermal properties of the soil.

In order to study land-atmosphere heat exchange knowledge of the surface-skin tem-
perature is important (Holtslag and De Bruin, 1988; Heusinkveld et al., 2004). Unfortunately,
from an observational perspective, measuring this ‘skin’ temperature is very challenging
(Van de Wiel et al., 2003). With traditional sensors the upper soil is easily disturbed, as the
observation should be done as close to the surface as possible. Moreover, the soil near the
surface tends often is strongly heterogeneous due to enhanced organic matter content as
compared to deeper mineral layers. As measurements of the ‘skin temperature’ are made
at finite depth, it can thus be questioned how representative these are.

Alternatively, modeling approaches can be followed in order to infer the skin tempera-
ture from the deeper soil temperatures: as the surface temperature varies with the diurnal
rhythm, many analyses focus on the amplitude damping (van Wijk and de Vries, 1963; Van
de Wiel et al., 2003), phase shifts, or harmonics (Verhoef, 2004; Heusinkveld et al., 2004;
van der Tol, 2012; van der Linden et al., 2021) to model the propagation of heat through the
soil. With these methods, the soil temperature and heat flux measured at certain depths are
interpolated and extrapolated to obtain an entire profile, or the heat flux and temperature
at the surface. However, these methods are sensitive to the parameterization of, among
others, ‘how easily heat moves through the soil’, i.e. the soil thermal diffusivity (Xie et al.,
2019). For determining the soil thermal diffusivity, the soil temperature at at least three
depths is required (although if one assumes the soil to be homogeneous over depth, two
can suffice). This means that high resolution profiles of thermal diffusivity require an even
higher density of temperature measurements.

Not only are the soil temperature models sensitive to the parameterization, great care
has to be taken in the placement of the sensors themselves. Near the surface temperatures
can be very heterogeneous, due to differences in soil cover or vegetation height. Deeper
down this is less of an issue, as any surface differences will smooth out due to lateral
diffusion. Note due to strong gradients near surface a small change in depth will result in a
large change in temperature. Thus, exact determination of the depth at which the sensors
are located is very important as uncertainties in this will propagate through the analysis
(Dong et al., 2016). Some soil sensors already take this into account, by affixing multiple
temperature sensors to a solid structure which is placed into the soil, ensuring that the
relative spacing is accurate down to the millimeter.

In recent years distributed temperature sensing (DTS) has become more prominent in
studies of soil temperature and properties. Many of these studies have aimed to measure
the spatial distribution of soil moisture, either with passive measurements combined with
the soil properties (Steele-Dunne et al., 2010), or by actively heating the fiber-optic cable to
gain more information on the soil (Sayde et al., 2010; Shehata et al., 2020; Wu et al., 2021)
Other studies focused on measuring the spatial distribution of the soil or surface heat flux
(Jansen et al., 2011; Dong et al., 2016; Bense et al., 2016). In nearly all these studies the
fiber-optic cables were placed horizontally in the soil, sometimes with a specially designed
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plow. Even then, horizontal cable placements will have some uncertainty and small errors
in the placement depth strongly affect results (Steele-Dunne et al., 2010). However, simply
placing a cable vertically has no use due to the spatial resolution of DTS measurements,
which is 0.25 m at its best. To overcome this, the cable can be placed in a fixed coil shape
(Hilgersom et al., 2016; Schilperoort et al., 2020; Wu et al., 2020). Affixing the cable to a coil
effectively increases the vertical resolution, and can ensure that the distance between each
measurement point is both fixed and more accurate than with separate sensors or cables.

To this end we designed a DTS-based soil temperature probe that can be placed in the
soil using a fiber-optic cable as the screw-thread. In this chapter we discuss the design of
the probe, how to build it, and we test the probe in the field with a comparison to reference
sensors. We present the temperature profiles and derived diffusivity profiles that can be
measured using the probe, as compared to standard discrete sensors. Lastly, we will discuss
the limitations of the design and give an outlook to improvements and future use cases.

7.2 Materials and Methods

7.2.1 Probe design

The concept behind the design is twofold; place more optical fiber in a smaller space for a
higher resolution, and create a helical screw thread. When the fiber optic (FO) cable that
is used for the probe has a large diameter, the cable itself can act like the screw thread to
ensure good contact with the soil. This is required to get a representative temperature
measurement, and will also prevent water from flowing straight down along the tube. Such
a probe could be constructed by 3D printing or adding a spiral groove in, e.g., a PVC pipe
with a lathe. Besides good soil contact, a cable with a low heat capacity and low thermal
conductivity is also required to avoid disturbing the temperature profile of the soil. As
cables with a large diameter often have metal inside them, which is highly conductive,
we chose to use a thin fiber optic cable as an alternative. However, with smaller diameter
cables, the ‘screw thread’ would not protrude out from the core as far. This could cause
insufficient contact with the soil. A second issue is that smaller diameter cables have less
protection of the fiber, which increases the chance of the fiber being damaged during
installation.

To mitigate these problems, a protruding screw thread is incorporated into the design
used in this chapter (Fig. 7.2). This creates a screw that makes good contact with the soil,
and provides a groove to install the fiber optic cable into.

Inside the probe is an empty central tube. This space runs vertically through the probe,
and allows the routing of the fiber optic cable back to the top of the probe. During assembly
it is filled in with expanding polyurethane foam to prevent heat transport and to seal
out moisture. Hexagonal protrusions and slots are present on the top and bottom of the
segments to make alignment easier during assembly.

7.2.2 Fused filament 3D printing

To manufacture this design we used consumer grade 3D printing technology. The most
common consumer 3D printers make use of the ’fused filament fabrication’ method, where
a computer guided extruder heats up plastic filament and deposits it in the right location
to form an object (Chua, Chee Kai; Leong, Kah Fai; Lim, 2003). The extruder can only print
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Figure 7.2: 3D render (a), a side view (b) and a vertical cross-section (c) of a segment of the DTS probe. A photo of
the probe with all elements assembled is shown in (e).

lines with a width of the nozzle (most commonly 0.4 mm). The printing is done layer by
layer to slowly build up an object in the vertical axis. A limitation of this method of 3D
printing is that new layers have to be supported by layers below, which puts a limitation
on the shapes that can be printed without adding support material. So-called ‘overhangs’
are possible, but have a maximum angle of around 50 degrees before the plastic will droop.

For our sensor the plastics PLA and PETG can be used as printing material. These
two are easily printable on consumer printers, without the need for post-processing or
special enclosures. PLA is not recommended for parts in sunlight, or in places where soil
temperature exceeds 50 °C, as it is not heat resistant or UV-stable.

The bulk density of printed objects can be substantially lower than the material density,
as only the shell is made of solid plastic. In contrast, the internal volume is printed with so
called ‘infill’. This infill can take on different structures. Generally, the infill of a print is set
to a certain percentage of the volume, e.g., an infill of 40% means that 40% of the internal
volume consists of plastic and the remaining 60% is air. The bulk density of a printed part
can be determined by dividing the final weight of the printed part by the volume the part
takes up (as derived from the 3D model). The chosen infill structure will depend on the
required properties. In this case we chose for a ‘cubic’ infill, which will fill the volume
with tessellated cubes. This structure will create enclosed pockets of air, which will hinder
convection and as such reduce the heat flux through the printed part.

The pure plastic out of which the probe is constructed has quite a high heat capacity (Ta-
ble 7.1). However, due to the hollow structure of the 3D printed parts and the polyurethane
foam core of the probe, the thermal conductivity and heat capacity will be lower than the
soil.

A middle section of the probe printed in PLA plastic has an effective infill of 48%; more
than half of the volume of the object consisted of air pockets. This results in a heat capacity
which is lower than most soils, even when the soil has a high fraction of air-filled pores.
The effective thermal conductivity is at least a factor of 4 lower than dry soils, thus causing
a minimal effect of the probe itself on the distribution of temperature in the soil.
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PLA probe Sandy, silty

PLA PETG section or clay soils

(bulk) density (kg m-3) 1240a 1270a 595

specific heat capacity (J kg-1 K-1) 1590b 1300c 1590

volumetric heat capacity (103 J m-3 K-1) 946 1200 – 2800d

thermal conductivity (W m-1 K-1) 0.11b 0.21c 0.05 0.2 – 2.2d

Table 7.1: Thermal properties of 3D printed plastics and a section of the printed probe, compared to typical values
of sandy, silty or clay soils. aPrusa Research (2018, 2020).bAt ~50 °C (Farah et al., 2016). c Rigid.ink (2017). dOver
the full range of volumetric water content and air-filled porosity (Ochsner et al., 2001).

7.2.3 Probe assembly

The parts are 3D printed on a Prusa Mk3 printer (Prusa Research, Prague, Czech Republic),
using Prusament PLA filament for all segments embedded in the soil and Prusament PETG
filament for the top (Prusa Research, 2018, 2020). No post-processing of the printed parts
was needed. All segments are glued together using cyanoacrylate adhesive (superglue).
We used five segments, making the total length of the probe 50 cm, out of which 45 cm has
a groove for the fiber optic cable.

A fiber optic cable with a diameter of 1.6 mm is routed via the top through the hole
at the bottom of the helix. The cable is then coiled around, using the groove as a guide.
While coiling the cable it is glued in place using cyanoacrylate glue, which will provide
a good bond between the cable and the PLA or PETG plastic. When getting near to the
end of the spiral, the rest of the cable will have to be routed through the top hole. After
this is done the remaining part of the spiral can be glued in place. When the spiral is in
place, the bottom cap can be added to the probe, and the core can be filled with expanding
polyurethane foam. This filling will prevent vertical transport of heat or water ingress
through the core of the probe. After this the top cap can be installed to finish the probe.

7.2.4 Probe and reference sensor installation

The soil probe was tested at the Speulderbos study site, between 15 July 2020 and 30
September 2020. To install the probe, a layer of moss and needles was carefully removed
and placed to the side. A hole was pre-drilled using an auger, and the probe was inserted
into the soil by screwing it in place, leaving the top sticking out. A specially designed tool
was used to insert the DTS probe into the soil (Fig. 7.3). After this some of the sand that
was removed with the auger was flushed back in using water, until no more sand flushed
down. Some removed moss and needles was carefully placed back around the probe, to
restore the previous soil cover.

For reference, four Onset TMCx-HD temperature sensors were placed into the soil at a
distance of ~50 cm from the DTS probe. The sensors were connected to an Onset HOBO
4-Channel External Data Logger (HOBO U12-008). In this setup the temperature sensors
have a manufacturer specified accuracy of ±0.25 K. A hole was dug and the sensors were
horizontally inserted into the soil at depths of 0, 10, and 30 centimeters (Fig. 7.4). The litter
layer consisting of moss, twigs and needles has a depth of varying between 2 and 5 cm.
Another temperature sensor was inserted in the litter layer, approximately 2.5 centimeters
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Figure 7.3: Installing the DTS probe using the installation tool (left), the probe during installation (center), and
the probe after removal (right).

above sensor at the soil-litter interface. The depth of this sensor will be represented by a
value of -2.5 cm.

Figure 7.4: Installation of reference sensors. One sensor was placed in the litter layer, the others at 0, 10 and 30
cm depth relative to the soil-litter interface. Notice the decreasing organic content with depth.

7.2.5 Fiber optic configuration and calibration

For performing the DTS measurements an Ultima-M (Silixa Ltd., Elstree, UK) DTS unit
was used. The Ultima-M was housed in a small container on the forest floor. The DTS
probe consisted of one long FO cable without splices. From the DTS machine the cable
was routed out of the container, through a heated bath, and through a bath at ambient
temperature. Both baths were kept mixed using aquarium air pumps with air stones. After
the baths the cable was lead to the measurement location under a suspended steel cable, to



7.2 Materials and Methods

7

79

avoid rodents and to protect the fiber from falling branches. After going through the 3-D
printed probe, the FO cable was routed back under the steel cable, through both baths, and
back into the container. Originally the setup was supposed to be double-ended; where the
fiber is interrogated from both sides as to improve calibration. Due to rodent damage at
the container, which occurred near the start of the measurement period, the fiber was only
measured in a single-ended configuration. This could cause a small systematic error in areas
where the fiber is strained, such as in the tight coil of the probe. To ensure the accuracy of
the measurements the data from the first day, when the fiber was not damaged yet, was
calibrated in both single- and double-ended configurations. The difference between the two
was insignificant and as such we proceeded with calibrating the DTS data in single-ended
configuration during the entire measurement period.

As the DTS measurements will only provide temperature as a function of the length
along the optical fiber, these coordinates have to be transformed into depth values. This
consists of two steps; translating the scale from meters along the fiber to centimeters along
the coil by using the dimensions of the coil (radius, pitch, height), and aligning the soil
surface of the probe. The surface can be aligned (‘benchmarked’) by doing a heat trace
experiment, where a specific section of the coil (e.g., part sticking out above the surface)
is heated or cooled, and the location along the length of the fiber where there is a sharp
temperature spike is noted down. Alternatively, the probe can be aligned by comparing its
temperature to the temperature of a reference temperature sensor at a known depth, and
minimizing the difference between the two. In this study the final depth alignment of the
probes was performed using the reference sensor at 10 cm. This depth was chosen because
small local effects will average out across the soil. To avoid misalignment due to a constant
bias between the two sensors, the amplitude of the diurnal temperature oscillation was
used for alignment.

7.2.6 Determining soil diffusivity

The thermal diffusivity of a medium can be determined using a measured temperature
profile through time. If we assume that the medium is homogeneous, the diffusion of heat
through the soil can be described by the following equation:

)T
)t = D)2T

)z2 = �
C
)2T
)z2 (7.1)

where T is the soil temperature (K) at a certain depth z (m), t the time (s), D the thermal
diffusivity (m2 s-1). With only a temperature profile over time, we cannot discern between
the thermal conductivity, � (W m-1 K-1), and the heat capacity, C (J m-3 K-1). This would
require that soil properties are determined in a lab, or a heat flux plate is installed next to
the measured profile. Note that in Eq. 7.1 the effects of latent heat fluxes or heat transported
by the movement of air or water are neglected (Steele-Dunne et al., 2010).

Since the observations provide information of the soil temperature over depth and
time, in principle the ‘effective’ D could be calculated directly from the discretized version
of equation 7.1. However, attention has to be given to proper estimation of the second
derivative, because small observational errors may lead to a large uncertainty. Here we
choose to estimate the diffusivity by fitting a numerical model of Eq. 7.1 to the measured
temperature data, assuming that the diffusivity is constant in time over the period that
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is studied. We used a (second-order) central finite difference equation (Vuik et al., 2007)
to describe the evolution of temperature through time, for a section between two depths.
The measured temperatures at the top and bottom of this section are prescribed, and the
temperature in the middle is modeled with an estimate for the diffusivity. By comparing
the modeled temperature to the measured temperature the difference can be minimized,
and the apparent diffusivity determined.

)T (z)
)t ≈ DT (z +Δz) − 2T (z) +T (z −Δz)

(Δz)2 (7.2)

Due to the large amount of measurement points of the DTS probe, this equation can be
used to determine the thermal diffusivity of the soil as a function of depth over the entire
vertical profile. This could be expanded upon by incorporating more nearby measurement
points for more accuracy, instead of the three points of Eq. 7.2.

While Eq. 7.2 has equidistant spacing, this is not necessarily required. For an irregularly
spaced sampling, such as with the separate reference probes, the equations can be adjusted
(Fornberg, 1988; Taylor, 2016). However, as the reference sensors only measured at four
locations in depth, the thermal diffusivity can only be calculated for two (overlapping)
sections.

7.3 Results and Discussion

7.3.1 Sample temperature profile

To demonstrate what the data from the probe looks like, Fig. 7.5 shows the evolution of
the soil temperature profile over a 24 hour period; 1 August 12:00 until 2 August 12:00.
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Figure 7.5: Temperature over depth as measured by the DTS probe. Hourly data from noon at 1 August 2020 (dark
color) to noon 2 August 2020 (light color). The highest and lowest surface temperature occurred at 13:00 and 5:00
respectively.

Starting at midday, the temperature profile is warmest at the top, cooling monotonously
towards the deepest measurement at 40 cm depth. Soon after this point in time the soil
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near the surface starts cooling continuously until early morning. However, the soil below
around 30 cm depth continues warming throughout the entire period shown (probably as
a result of a long-time scale trend in the weather). Note the extremely large gradients near
surface. In particular those gradients are difficult to measure with traditional temperature
sensing. During the night the surface cools down the most, creating a zone 10 – 15 cm
below the surface which is warmer than both the soil above and below. This local maximum
persists until the soil warms up in the morning and a monotonous profile returns. Due to
the very exact vertical spacing and high resolution of the DTS probe, phenomena such as
this ‘hockey stick’ profile can be observed.

The soil temperature deeper down was continuously coldest, as both 1 and 2 August
were relatively warm days. A downward heat flux at 40 cm was observed from the start of
the measurement period (15 July) until the late September.

7.3.2 Comparison with reference sensors

To compare the probe with the reference temperature sensors, the root mean square error
between the DTS probe and the reference sensors is computed. However, to reduce any
systematic biases between the probe and reference sensors, the data is first detrended based
using a five-day moving average. Systematic biases in the temperature can have their origin
in, for example, a slight difference in calibration between the probe and reference sensors.
The mean biases between the four reference and the DTS probe ranged between 0.10 and
0.30 K, within the expected uncertainty of the reference sensors and DTS measurements.
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Figure 7.6: Root mean square error (RMSE) of the DTS probe temperature compared to the reference sensors, for
the four available depths.

Figure 7.6 shows a good agreement between the DTS probe and the reference sensors,
apart from the reference sensor at the soil-litter interface. Even though the probe and
reference sensors were placed in relatively close proximity to each other, variations in the
thickness of the litter layer could case discrepancies near the surface. Note that the largest
error is also expected near the top where the diurnal amplitude is largest (no scaling of the
error is applied).

A second way to compare the probe to the reference sensors is to study how much the
diurnal variations in temperature are dampened as depth increases. By comparing the data
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in this fashion, biases in the absolute temperature are not relevant. Figure 7.7 shows the
temperature variance as a function of depth, after detrending using a 5-day running mean.
The variance decreases most strongly in the litter layer, and flattens off deeper into the soil.
The reference sensors agree mostly with the DTS probe. As calibration was done with the
10cm probe both agree by definition, but also the litter and the 30cm sensors seem to agree
well. The sensor at the soil-litter interface deviates again, just as it did in the previous
results. Again, it seems that the deviating reference sensor should be at ~4 cm depth, just
as Fig. 7.6 shows. However, the physical distance between the reference sensors in the
litter and the deviating sensor is 2.5 cm, as can be seen from the ruler in in Fig. 7.4. The
source of the deviation is unlikely to be a too-low spatial resolution of the DTS data, as its
spatial resolution is 3 cm.

Between the depths of 15 to 40 cm the DTS probe shows an approximately linear
decrease in the logarithm of the temperature variance. This exponential dampening is
expected, as long as the soil thermal properties do not vary significantly over depth. That
the stronger the slope is, the stronger the dampening. Just above the surface, which is
covered by a layer of moss and litter, dampening is strongest. Deeper down the dampening
is higher as there is less organic matter in the soil.
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Figure 7.7: Relationship between the temperature variance and depth for DTS probe and reference sensors. Depth
values smaller than 0 cm denote parts of the coil possibly sticking out above the surface.

7.3.3 Thermal diffusivity

The availability of an almost continuous temperature profile by the DTS, allows for deter-
mination of the soil thermal diffusivity. As there are many data points distributed over
the depth, the thermal diffusivity can be estimated in many more intervals compared to
standard sensors, as at least 3 measurements of temperature are needed to compute the
diffusivity. For the reference sensors only 2 diffusivity values could be computed, using
either the sensors at -2.5, 0 and 10 cm, or the sensors at 0, 10 and 30 cm. For the DTS
probe data we chose to estimate the diffusivity over increasingly large intervals, from a 2.5
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cm wide interval near the surface, to a 10 cm wide interval near the deeper measurement
points. This was required as the signal becomes weaker the deeper you go down into
the soil, making the uncertainty in the estimate of diffusivity higher. A difficulty of the
separate reference sensors is that any uncertainty or error in the relative depths will directly
translate into uncertainty or errors in the diffusivity estimate. If, for example, sensors
are slightly further away in reality compared to how they are assumed to be, a higher
diffusivity value will be found.
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Figure 7.8: a: Mean diffusivity as a function of time, of both the reference sensors and the DTS probe. The red
dashed line shows the reference if the second sensor depth is assumed to be at 4 cm depth instead of 0. b: The
diffusivity as measured by the DTS probe as a function of depth and time. c: Mean diffusivity as a function of
depth, of both the reference sensors and the DTS probe.

Figure 7.8 shows the computed diffusivity values as both a function of time and space. In
time the DTS probe and the reference sensors show a very similar pattern in the variations
of diffusivity, with just a slight difference in the absolute value. As in Figure 7.7 we saw that
the second reference sensor correlated better with the probe’s temperature at 4 cm depth,
the diffusivity values of the reference data with this adjusted sensor was calculated. This
data shows a pattern in the diffusivity over time that correlated less with the DTS probe
data, although the mean error is smaller. The adjusted data shows barely any variation in
diffusivity over depth.
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The change in diffusivity over time is likely related to soil moisture, however for sandy
soils this is non-linear with very low moisture contents (under 0.07 kg kg-1, Abu-Hamdeh
(2003)). With higher moisture contents the thermal diffusivity of sandy soils is insensitive
to moisture, and typically has values around 5×10−7 m2 s-1 (Abu-Hamdeh, 2003).

Over depth the data of the DTS probe shows a lot more resolution, from the poorly
conducting litter layer at the top (dark blue), to higher diffusivity values deeper down
(green and yellow). These values of diffusivity vary due to variations in the soil composition
and structure, depending on the content of organic matter or, e.g., gravel. Near the surface
the reference sensors at the DTS probe agree in the diffusivity, but for the deeper layers
the reference sensors estimate a higher value. The value derived using the DTS probe is
closer to the expected value for sandy soils. The two methods previously agreed in the
temperature variance at the depths of 10 and 30 cm, and as such the deviating sensor at
0 cm would be the most likely cause of the error. Even a slight misalignment such as
inserting the sensor on an angle could cause the actual measurement depth to deviate by a
centimeter or more.

7.4 Conclusions and recommendations

In this study we presented a design for a DTS-based soil temperature probe, and we tested
its performance in the field. The results were in general agreement with the reference
sensors, and were able to show more detail than standard sensors are capable of. It was
possible to determine the thermal diffusivity of the soil in resolutions down to 2.5 cm,
which is a many times better than the capabilities of discrete probes. With the higher
resolution temperature data, the thermal properties of layers in the soil can be determined
at a higher resolution.

While the DTS-based soil temperature probe does perform well, and could provide
more information than conventional sensors, it is important to consider the cost of DTS
interrogators. With the high cost associated with these devices, and the many other
possible applications for them (Selker et al., 2006; De Jong et al., 2015; Hilgersom et al.,
2016; des Tombe et al., 2018; Izett et al., 2019; Heusinkveld et al., 2020), it would not be
logical to use them for soil temperature measurements alone. Even so, the probes can be
integrated within a network of other DTS measurement of, for example, air temperature or
horizontally distributed soil temperature. As long as the DTS interrogator has available
measurement length the FO cables of the different setups can be spliced together into a
single continuous fiber, and the entire setup can be measured at once.

To make calibration easier and less dependent on calibration baths, two standard soil
temperature sensors could be integrated into the probe. This would allow calibration of
the probe even if its more fragile FO cable is spliced to a more manageable and rugged FO
cable. As a bonus the calibration baths would not be required anymore, which can simplify
the setup.

Although this study only looked at the accuracy of the temperature measurement,
the sensor can be expanded upon by using active heat tracer experiments. This would
involve integrating an electrical conductor into the probe, e.g., a metal-tube fiber optic
cable, and heating this using its electrical resistance (Bakker et al., 2015; van Ramshorst
et al., 2019). If the power is supplied in a pulsed manner, the transient response can be
studied to derive the the heat capacity and thermal conductivity over depth (Sayde et al.,
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2010; Striegl and Loheide II, 2012). Using these properties the soil moisture over depth
can also be inferred, e.g., as in Wu et al. (2020). In this case two separate probes can be
used, where one measures the undisturbed background soil temperature, and the other
measures the thermal properties of the soil. As soil moisture it is an important variable in
surface hydrology and land-atmosphere interactions, the continuous monitoring with a
combination of vertical and horizontal distributed measurements could provide the best of
both; capturing spatial heterogeneity while not sacrificing any accuracy.

7.5 Design availability

The design files for all parts of the 3D printed probe are available on github.com/
BSchilperoort/dts_soil_coil, including 3D renders of all parts.

github.com/BSchilperoort/dts_soil_coil
github.com/BSchilperoort/dts_soil_coil
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8.1 Main findings

In the previous chapters, several ways were discussed to study heat exchange in coniferous
forests, specifically to help to tackle the issues of non-closure of the energy balance and
canopy decoupling. This chapter summarizes the findings of these, and discusses their
implications both for current and future research. Finally an outlook is given to what
developments may lay ahead, and which role distributed temperature sensing can play in
these.

8.1.1 On the measurement of air temperature with DTS

Centrally to this thesis are measurements of air temperature with a fiber-optic cable. As the
cable will be suspended in the air and subject to the elements, it is essential to characterize
the errors that can be expected. In chapter 3 the influence of both sunlight striking the
cable, and radiative cooling of the cable was studied. Sunlight causes a �6 mm fiber-optic
cable to deviate up to 1.0 K from the true air temperature, especially at very low wind
speeds. As is to be expected, more intense insolation causes larger errors. If a higher
accuracy is required, the cables have to be shielded from direct sunlight, as is usually done
with conventional air temperature sensors.

At night, the FO cable cools down through the emission of long wave radiation. The
long-wave cooling rates are an order of magnitude lower than solar radiation, but can still
cause very large deviations from the air temperature. During particularly cloudless and
low-wind nights, the error can be up to 1.0 K. However, even a small breeze will prevent
the error from exceeding 0.5 K. Unlike with sunlight, a screen does not fix the error, as the
screen itself will cool down by emitting longwave radiation. For this reason, conventional
sensors require active aspiration (Georges and Kaser, 2002), but this is unfeasible for DTS
measurements. The results of chapter 3 do show however, that the errors found are very
strongly correlated with the net longwave radiation and wind speed, likely due to the low
amount of turbulence on clear sky low-wind nights. As such, an empirical relationship can
be used to correct the measurements if a higher accuracy is required.

Apart from accuracy, the time response in FO cables is also important to consider. If
the cable takes 5 minutes to adjust to a change in air temperature, it is not possible to study
processes that happen on smaller time scales. While the thick cables can be attractive due
to their robustness, they are too slow to respond for many applications. Thin cables, while
fragile, allow studying more transient events and processes. An added advantage is that the
thinner cables are less affected by radiation (De Jong et al., 2015), and that an error in the
absolute temperature can be irrelevant if the main focus is on variations of air temperature.

8.1.2 Use of dry and wet cable profiles

In chapter 4 the evaporation rate of the Speulderbos forest site was determined using the
Bowen ratio, calculated using temperature profiles of a dry and a wet DTS cable. With
sufficient shading, the results are in agreement with the standard Eddy Covariance method,
despite the very small temperature gradients observed at the site. However, setting up
these measurements proves to be very laborious, and as such they are not as useful if the
standard methods are available.

However, the dry and wet profiles give more insight into the storage of sensible and
latent heat within the canopy. In short canopies, such as most crops, the amount of
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heat stored in the air column of the canopy is negligible. In tall canopies, such as at the
Speulderbos site, these two storage terms can amount to such a significant portion of the
energy balance that they have to be taken into account (20 – 40% of the net radiation, as
demonstrated in chapter 4).

Besides energy storage, the air temperature profile as measured with DTS can be used
to study decoupling of the understory (Ch. 5) over multiple months and seasons. The
understory at the Speulderbos forest site was nearly always colder than the air above
the forest, which suppresses turbulent mixing by the wind. However, this temperature
difference is both a driver and a result of the decoupling, and knowledge about the wind
shear is essential to asses decoupling of the canopy. During the day there usually is enough
wind to keep the air in the forest mixed with the air above, but at night the forest regularly
(~50% of the time) was in a decoupled state. Interestingly, the air near the forest floor
was commonly warmer than the air in the center of the understory. This temperature
difference can drive local convection. Nevertheless, the measured continuous temperature
profiles can be used to asses to which height this convection could rise. The convection
height generally was limited to 5 m during the day, and a maximum of 15 m at night.
Thus this convective mixing was confined to the understory due to the stable stratification
conditions in the overstory, akin to a capping inversion. The dominance of decoupling at
this site again demonstrates that it is very important to take decoupling into account when
analyzing above-canopy flux measurements.

8.1.3 Uncovering previously unseen processes

Thin fiber optic cables (�0.5 mm) allow studying of the previously theorized capping
inversion in more detail, as they take on the air temperature much more rapidly than the
previously used thick cables (�6 mm). These provide profiles of the air temperature in
the forest at a 1 – 5 second resolution. The data now clearly regularly showed a sharp
inversion at night, which could not be measured previously. The inversion formed during
cloudless low-wind nights, and usually was located in the upper-understory. The inversion
was highly dynamic and was generally not stationary in height, moving with wave-like
motions at time scales of 50 – 100 seconds and with amplitudes of 5 – 10 meters. With a
simple 1-D model a hypothesis was tested, namely that the sharp inversions formed within
the canopy due to a local minimum in the diffusivity. The results of the model are in line
with the hypothesis, and found that a sharp inversion will always form if the temperature
difference between the canopy and forest floor was large enough.

Due to the dynamic nature of the inversions, only a network of very dense (every 2
meters) and fast response (under 30 seconds) is able to measure them. It is possible that
they have therefore mostly eluded detection up to now, and could be a very regular feature
in similar forests.
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8.1.4 Soil temperature probe

The designed DTS-based soil temperature probe is able to measure the soil temperature
with high accuracy, although there were some differences between the probe and one of
the reference sensors. The main advantage over the reference sensors is that with the
very high density of temperature measurements the thermal diffusivity of the soil could
be determined at a very high resolution. With more improvements, such as two reference
temperature sensors integrated into the probe itself, the probe can be manufactured to be
‘plug and play’. This allows users with less intimate knowledge of DTS to still make use
of the technology. While the soil thermal diffusivity was determined with high accuracy,
the thermal conductivity or heat capacity are still unknown. These parameters can be
determined with an additional actively heated DTS probe, to get a full picture of the heat
flux and soil composition.

8.2 An outlook

Often the measurements in this thesis lacked sufficient wind data. While the DTS provided
measurements of air temperature along the entire profile of the forest, wind speeds were
only available from standard sensors at the forest floor and top of the tower. With a profile
of wind speed many of the processes studied in this thesis could have been described in
much more detail and with more certainty, as wind shear is the driver of turbulent mixing.
With actively heated fiber optic cables it is possible to measure a continuous wind speed
profile, and for future research this should be considered to be of the highest priority.

Beside wind speed, more spatially distributed measurements can aid in describing the
formation of the inversions and help determine the source of the cold air in the subcanopy,
which is something not possible to ascertain with the available data. With additional
temperature measurements ‘upstream’ and ‘downstream’ of the main temperature profile,
the scale, motion and extent of the inversions could be determined, and the influence of
advection in the local energy balance can be studied. Such data could be acquired with a
combination of horizontal stretches of fiber and additional vertical profiles. A combination
of this additional wind and temperature data, and more advances in computation models
of turbulence could lead a more generalized description of the findings in this thesis.

As all the forest measurements in this thesis were performed at the same site, it would
be very important to perform similar measurements at different (intensively measured)
forest sites, where the species and canopy structure are different. This can be of twofold
use; this could show if the canopy inversions are common, and it could uncover other
features or processes that have been missed up to now. For other land covers, such as
crops or grassland, the DTS measured vertical profiles will have less added-value as these
elements have a much lower height.

Data such as presented here, especially with DTS-measured wind speed profiles, can
aid in improving canopy mixing-layer models, which currently do not work well under
strongly stable or unstable conditions (Brunet, 2020). Especially the presence of inversions
and gravity waves are problematic, and thus determining when these could form can
improve the accuracy of these models. The data will also allow for validation of canopy
models in large eddy simulation. The continuous profiles can ensure the entire vertical
continuum is validated, rather than only a few discrete points along the height of the
canopy.
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However, a big hurdle for making DTS more common is not the cost of the equipment,
but rather the non-standardized nature of the equipment. Even of a single manufacturer the
characteristics of the same model DTS machine will differ per unit. This, combined with
the complexity of setting up the fiber optic cables, makes every setup unique, and means
that a DTS expert is required to be on site regularly for the measurements to be feasible
and efficient. More standardization of the equipment and setups is therefore required to
stimulate continued use of DTS in these kinds of studies. The soil probe was an attempt to
make a DTS-based sensor that could be more ‘plug and play’. The first step required is to
show that this type of measurements can be performed. With more effort the method can
become more mature and full use of its abilities can be made.
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