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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 �xation 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 di�cult to model and measure. Standard theories do not apply well to
forests, and as such more e�ort is required to understand the exchange between the forests
and the atmosphere. However, precise measurements are made di�cult 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
in�ows and out�ows 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 di�cult 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 �oor.

In this thesis these issues are studied using `Distributed Temperature Sensing' (DTS),
where the temperature of a �ber optic cable is measured along its entire length, like a long
string of thermometers. The temperature of the �ber 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 pro�les as measured with DTS, and to then use these
pro�les to estimate evaporation of the forest and heat storage within the canopy. Next the
aim is to use the temperature pro�les 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 pro�les 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 pro�les of temperature
and humidity, it was determined that the energy storage in the air column of the forest
represents a very signi�cant part (20 � 40%) of the net radiation at a sub-hourly timescale.
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The pro�les 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 �uxes, the air temperature pro�les 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 �oor, the understory of
the forest was very regularly (~50% of the time) decoupled from the air above.

The decoupling is further studied with thinner �ber optic cables, which allow measur-
ing the air temperature at a much �ner 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 quanti�cation 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 su�cient wind data. In future research DTS can be used to
measure pro�les of the wind speed by actively warming the �ber optic cables. While the
vertical pro�les of temperature provided a lot of useful information, more temperature data
collected with horizontal pro�les 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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1
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 �rst 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 �rst reliable andreproduciblethermometer 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 scienti�c 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 �ow
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 �uxes, 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 di�erences (Lorenz, 1969). These
limitations mean that assumptions and simpli�cations have to be made, and that the models
and satellite observations have to be veri�ed with local �eld-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 su�cient and globally distributed ground-truth data is
essential. While some parts of the world have observations of atmospheric �uxes 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 di�cult to reverse, e�orts 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 quanti�ed at scales around 100 m to 1 km (Burba et al., 2010). A lot of work
has already been done in this �eld, 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 �uxes, 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 �eld of corn (Jiménez-Rodríguez et al., 2020b;
Coenders-Gerrits et al., 2020). The distribution of branches and leaves can also di�er 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 �oor, reducing the vertical mixing,
and restricting the water vapor and heat �uxes 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 �uxes 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 �ux can be determined. This is generally
applied to �uxes of heat, water vapor and CO2. To get a representative measurement, the
measurements have to be made su�ciently high above the treetops, on top of a (usually)
metal frame tower. Therefore, sites where the atmospheric �uxes are measured are often
referred to as `�ux towers'. As the sensors measure parameters in the moving air, the
information comes from an upwind area; the `�ux footprint', and not directly from the
forest below.

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

However, the �ux 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 *G S+A (1.1)

where the storage change over time (dQ
dt ) should be equal to the sum of the in�ows and

out�ows; the net radiation (RN ), sensible heat �ux (H), latent heat �ux (��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)

whereQH is the energy stored as heat in the air column,QE the energy stored in the air as
vapor,QB the biomass heat storage, andQP the energy stored through photosynthesis.

Despite great e�ort, achieving energy balance closure still remains very di�cult. The
lack of closure, and the lack of certain knowledge where the closure issue is originating
from makes it more di�cult to asses the accuracy of the �ux measurements. Most important
to get correct is instrument accuracy. Not only is it required to verify the manufacturer's
speci�cations, 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 �ux 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 �ux 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 di�erences will cause natural convection where the (`lighter') warm air will rise
and the (`heavier') cool air sinks down, as this strati�cation 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 strati�cation is `stable'. The stability of the atmosphere can impact �ux
measurements in multiple ways. When the atmosphere is more stable, the �ux footprint
will be much larger than during unstable conditions, due to the reduced turbulent mixing.
This causes the �ux measurements to be less representative of the area of interest. Besides
a larger footprint, the stable strati�cation can also cause part of the canopy to not be
turbulently connected to the atmosphere anymore. The combination of the air density
di�erences 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 �ow 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 �uxes, even in seemingly `homogeneous' terrain, and the
di�erent 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 �oor 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 �oor determines the di�erences in CO2 �uxes 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 veri�cation, �eld-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 �ber optic cable, like having a long string of thermometers. This
allows a much higher density of temperature measurements at �eld-sites, without the
required e�ort 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; Westho� 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 �ux (Jansen et al., 2011; Bense et al., 2016), groundwater �ow (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 �ber optic
(FO) cables are attached. Contained in these FO cables are one or more optical �bers which
can transmit light along their length through total internal refraction. The machine pulses
laser light into the optical �bers and analyzes the light scattered back to the machine. This
backscatter forms as optical �bers 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 o�' 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 e�ect. 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 �ber optic cables. This makes the use of Raman scattering well suited for
�ber optic temperature measurements (Dakin et al., 1985).

To perform temperature measurements using the Raman e�ect, a laser light is pulsed
into an optical �ber. The light scattered back through the �ber 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-�ight is used to determine the distance
along the optic �ber 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 �ber temperature (Bolognini and Hartog, 2013), which is a material
property of the �ber. Second, as the Stokes and anti-Stokes backscatter are of di�erent
wavelengths, they do not experience the same attenuation while traveling from the point of
scattering to the detectors. This `di�erential attenuation' has to be corrected for (Bolognini
and Hartog, 2013). Lastly, a lumped parameter, often referred to asC, corrects for any
di�erences 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 �ber is accurately measured, these parameters can be calibrated, and the temperature
along the entire �ber optic cable can be calculated.

One downside of using Raman scattering for temperature measurements results from
Raman scattering being much more 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 �ber. 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 �ne 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 pro�les 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 �r forest, which is used to calculate the
latent and sensible heat �uxes. Additionally, the pro�les are used to estimate the storage of
energy within the canopy air column.

The thermal strati�cation within the Douglas �r 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 su�cient 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 pro�le 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 re�ects on the main �ndings and provides an outlook to further
research.
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Site descriptions

Jacob van Ruisdael - De molen bij Wijk bij Duurstede (1670)

Parts of this chapter are based on:
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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-�lled 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).

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 �r 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 classi�cation 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 �r 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 �oor is
covered by litter (Fig. 2.4a). A pro�le 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 �r 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 de�nitions of vertical sections, based on Parker
(1995) and Nadkarni et al. (2004)). The sections are illustrated in Fig. 5.2:

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

ˆ 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 �oor, 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 de�ne 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.

ˆ 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 �oor: 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 pro�le 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 di�ers 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.

Figure 2.5: Pro�le 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 �ber optic cables
in the air. While the temperature of the �ber 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 �ber 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 signi�cantly. 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 �ber optic cables suspended in the air.

As sunlight or radiative cooling a�ects the �ber 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 a�ected.
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 di�erent
e�ect at di�erent 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 �eld, maintained at 0.1 m height at the time
of the experiment. Water-�lled drainage ditches were at least 50 m from the setup. In the
measurement �eld the �ber 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 �xed di�erential attenuation and temperature scaling parameter. A
water bath located in a climate controlled room contained two loops of �ber optic cable
(outgoing and returning), and was used to determine the di�erential attenuation. The
temperature scaling parameter was based on previous measurements with the same cable.

At approximately 25 m 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 e�ects of radiation on the
aerial �ber temperature. Data from 1 � 14 June 2017 was used to determine the e�ect of
shortwave radiation, due to the long days with high solar intensity providing ample data
for this purpose. For studying the e�ect 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 pro�le than the local sonic anemometer. The �ber 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
di�erent e�ect 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 di�use and direct solar radiation



3

18 3 Radiative errors in aerial DTS

at Cabauw (Knap, 2017), to make an estimation of the shortwave radiation striking the
vertically oriented cable (Rs;E , W m-2):

Rs;E = Rs;di�use +cos.� /ÖRs;direct (3.1)

WhereRs;di�use is the di�use solar radiation (W m-2), � the solar altitude (°), andRs;direct is
the direct solar radiation (W m-2). Any re�ection 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 di�erence 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.

Figure 3.2: Di�erence between the psychrometer and DTS measured temperatures (� T) at 4 m (positive numbers
indicate a colder �ber 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 �ber 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
in�uence 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 di�erence 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: Di�erence between the psychrometer and DTS measured temperatures (� T) at 4 m (positive numbers
indicate a colder �ber optic cable), compared to net longwave radiation and 0.6 m wind speed.

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.

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 in�uence 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 signi�cant, 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 su�er from signi�cant errors.
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Using DTS for Bowen ratio
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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 �ow (Blume et al., 2013) and seepage into streams (Westho� et al.,
2007), to soil moisture (Steele-Dunne et al., 2010), soil heat �ux (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 �ux. A dry and wet
stretch of the same �ber 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 di�erent 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 su�er 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 �ux, 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 pro�le is available in high resolution
and precision, both above, inside, and under the canopy. DTS can also estimate di�erent
components of the energy balance, such as the heat storage in the air column, and the
soil heat �ux (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 signi�cant in�uence on
the cable temperature, which can be mitigated by providing arti�cial shadow. Lastly the
�uxes resulting from the method are compared to an eddy covariance (EC) system, and the
sources of di�erences 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)

whereRN is the net radiation (W m-2), ��E the latent heat �ux (W m-2), H the sensible
heat �ux (W m-2), GS the soil heat �ux (W m-2), anddQ

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 �ux 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 �ux to the latent heat �ux and can be approximated using the air temperature gradient
and the vapor pressure di�erence over the height (Bowen, 1926):

� =
H

��E
ù 


� Ta

� ea
(4.2)

where
 is the psychrometric constant (kPa K-1) (see Eq. 4.10),� Ta the di�erence in
air temperature between two heights (K) and� ea the di�erence 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:
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(4.3)

wherecp is the speci�c 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 speci�c humidity (kg kg-1) (See
Eq. 4.7) andz 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).
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whereTa is the air temperature (K), and� 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):

� =
g
cp

(4.5)

whereg is the gravitational acceleration (9.81 m s-2). The speci�c heat capacity of air
is determined by (Stull, 2015):

cp = 1:004 +1:84q (4.6)

And the speci�c humidity by (Pal Arya, 1988):

q = "
ea

P
(4.7)

where " is the ratio of molecular mass of water vapor to dry air (0:622), andP the
atmospheric pressure (kPa). The actual vapor pressure is determined by (Allen et al., 1998):

ea.Ta/ = es.Tw/ * 
 .Ta * Tw/ (4.8)

whereTw is the wet-bulb temperature (K), andes the saturation vapor pressure (kPa)
given by (Koutsoyiannis, 2012):
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es.Tw/ = 0:61�exp0
19:9�Tw

273 +Tw 1 (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 su�ciently ventilated, the
psychrometric constant is de�ned 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 �ux and sensible heat �ux 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 �uxes (RN , H and��E ) are measured, are represented bydQH

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 de�ned as (Barr et al., 1994):

dQH

dt
= ‰

z

0
� acp

dTa

dt
dz (4.15)

dQE
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= ‰

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 �ber
optic cables were placed vertically along a 48 m tall measurement tower. Two cables with
di�erent diameters were used. The �rst 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 e�ects 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.

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

The �ber 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 �lled 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 su�cient 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 in�uence 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 �owing 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 �uxes. 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 �ux were not measured.
The biomass heat storage change is estimated to have a maximum of 45 W m-2, and the
photosynthesis energy �ux is estimated to be in the order of 5 W m-2 (Barr et al., 1994;
Michiles and Gielow, 2008). For the soil heat �ux, the soil temperature was measured at
di�erent depths (1, 3, 4, 8, 20, 50 cm). Soil moisture was measured using Campbell Sci.
Inc. CS616 water content re�ectometers. Thermal conductivity was �tted to soil heat �ux
measurements done at 8 cm. The soil heat �ux 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 �ber 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 calculateTw 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 �t to the natural logarithm of the height, in the following form:

Ta;�t = a� ln.z/+b (4.17)

This allows making use of the entire temperature pro�le this way, rather than just a few
DTS measurement points, therefore reducing measurement uncertainty. A logarithmic
shape of the pro�les was assumed based on Monin-Obukhov similarity theory. A linear �t
was also looked at, but it resulted in a minimal di�erence in the resulting �t. From the �ts
the temperature di�erence over height is then calculated:
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Where� Ta;f it is the di�erence in air temperature (K) of the �tted temperature curve,
between the top and bottom of the height range used for the Bowen ratio.� ea;f it is the
di�erence in vapor pressure (kPa) of the �tted vapor pressure curve between those heights.
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� z is the di�erence in height (m). The coe�cients of determination of the regressions
of the temperature and vapor pressure,rTa;z andrea;z, can be used for determining the
goodness of �t. A high (positive or negative) regression means that the logarithmic slope
(of the 15 minute average) is very well de�ned.

To calculate the air column storage termsdQH
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 speci�c 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 �ags are used. The �rst �ag
tests the correlation coe�cient of the actual vapor pressure over height, for which we chose
a lower limit of 0.20 (Eq. 4.20). We do not considerrTa;z of the air temperature gradient as
it is always higher thanrea;z (as the uncertainty inea is higher due to the propagation of
errors inTa andTw). The second �ag is for the case where the Bowen ratio approaches -1,
which causes the uncertainty in the BREB �uxes to be very high, as the denominator of Eq.
4.12 and Eq. 4.13 approaches 0 (J. O. Payero et al., 2003).

Flag1 : r2
ea;z > 0:20 (4.20)

Flag2 : � < *1:1 or � > *0:9 (4.21)

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

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

To summarize, the method of this paper di�ers in a few points from Euser et al. (2014).
The �t of the Bowen ratio temperature and vapor pressure pro�les is done separately, to get
the correct ratio, as)T)z _)ea

)z q )T
)ea

. More energy balance storage terms are taken into account,
namely the latent and speci�c 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 in�uence on the psychrometric constant,
speci�c heat capacity and speci�c humidity. Lastly, a system for simple quality �ags 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).

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 �uxes (green: net radiation, red: soil heat �ux, black: energy
storage changedQ

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 in�uence
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 �ber 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 o�set, 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 �uxes with an absolute value larger than 10 W m-2, as
the uncertainty of the eddy covariance Bowen ratio is very high when the �uxes are small.
Even the negative (night-time) values seemed to be accurate, since they passed the quality
control �ags. 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 �uxes.

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 = 319data points.

One drawback of the DTS based Bowen ratio, is the assumption that the eddy di�usivity
of heat and water vapor are the same. In reality these eddy di�usivities 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 di�erences between� DTSand� EC, is that the
two are measured at di�erent 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 �ber 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 �ber optic cable.f : Wet cable
and reference wet-bulb temperature at 16 m, under the canopy so less direct sunlight hits the �ber optic cable.
Shown are the linear correlation coe�cients; the coe�cient 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 �ndings 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 di�erences in measured �uxes.

4.3.4 Energy balance closure

A known problem in measuring �uxes is that the energy balance often does not close well.
This is caused by di�erences in fetch between the used devices, device inaccuracies, and
possibly problems with the eddy covariance method (Wilson, 2002). Part of the di�erence
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 �ux tower. The available energy in the BR-DTS method
depends on measurements of net radiation, ground heat �ux and heat storage change (dQ

dt )
close to the tower. Heterogeneity in the fetch may cause di�erences 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 �ux (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 �uxes in the following equations, wheredQ

dt is the storage term from Eq. 4.14:

BDTS= RN * GS*
dQ
dt

(4.22)

BEC= HEC+��E EC (4.23)

whereBDTS is the energy available for heat �uxes in the BR-DTS method (W m-2) and
BEC is the sum of the eddy covariance measured heat �uxes (W m-2).

To compare the two measurement methods, a Tukey mean-di�erence (or Bland-Altman)
plot was made (Fig. 4.7) (Altman and Bland, 1983). The mean of the two measurement
methods is plotted against the di�erence between them. The mean di�erence (� ) between
BDTSandBEC is a 3.4 Wm*2 underestimation by the BR-DTS method. At low �uxes (below
100 W m-2), the BR-DTS method measures less energy available for �uxes compared to
eddy covariance. At high �uxes (over 400 W m-2) the opposite is visible. One possible
reason for this is that the biomass heat �ux (dQB

dt ) was not measured, which causes an
underestimation of the available energy inBDTSduring the night, and an overestimation
during the day.
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Figure 4.7: Tukey mean-di�erence plot comparingBDTS andBEC. With � = *3:4 W m-2, RMSE= 76W m-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 di�erence plots comparing the latent and sensible heat
�uxes of the eddy covariance method to the BR-DTS method. The BR-DTS �uxes are
calculated above the canopy, using only temperature data from the shielded cables. The
Tukey mean-di�erence plot for the latent heat �ux shows no large bias when comparing
the BR-DTS method to eddy covariance, with the mean di�erence being a 18.7 W m-2

overestimation by the BR-DTS method (Fig. 4.8).

Figure 4.8: Tukey mean-di�erence plot comparing��E EC and��E DTS. With � = 18:7 W m-2, RMSE= 90W m-2.
(15 minute averages). Data from 10, 12-14, 19-22, and 28-30 August 2016.

The Tukey mean-di�erence plot comparing the sensible heat �ux (Fig. 4.9) shows a
strong negative bias for negative �uxes, resulting from the negative bias in the energy
balance comparison (Fig. 4.7). At positive �uxes there seems to be a positive bias (HDTS>
HEC). The mean di�erence is small, being a 10.6 W m-2 underestimation by the BR-DTS
method.
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Figure 4.9: Tukey mean-di�erence plot comparingHEC andHDTS. With � = *10:6 W m-2, RMSE= 82W m-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 �uxes. The
daytime �ux estimates correspond well, and follow the same trends. The night-time BR-DTS
estimates of the sensible heat �ux are more negative than the EC estimates, one possible
reason being the energy balance di�erences 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 �ltered out by the quality control �ags.

Figure 4.10: Plot comparing the BR-DTS and EC measured sensible (H) and latent (��E ) heat �uxes 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 �ux, and latent heat �ux to eddy covariance measurements.
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When comparing the �ber 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 e�ective 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 �t of the vapor pressure
gradient, also works well, and �lters out most outliers and errors. The small gradients
above the forest canopy are hard to measure accurately, which increases the uncertainty
during days where �uxes (and thus gradients) are small. The Bowen ratio assumption that
the eddy di�usivities of heat and vapor are equal was not studied, but can be a source of
di�erences between the BR-DTS and eddy covariance methods. The di�erence in fetch for
the two methods can also be a cause for di�erences.

The energy balance closure between the BR-DTS method and eddy covariance is in good
agreement, with the mean di�erence being a 3.4 W m-2 underestimation by the BR-DTS
method, and an uncertainty ofRMSE= 76W 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
di�erence 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 di�erences in the available energy for latent and
sensible heat �uxes.

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

While the average pro�les can be useful and valuable, extra information could be gained
by opting for a smaller diameter �ber 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 �nd an independent
estimate for the sensible heat �ux (H), to avoid the uncertainties in the energy balance
components (RN , dQ

dt ). Through the universal functions of the Monin-Obukhov similarity
theory estimates of the sensible heat �ux 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 �ux.
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5.1 Introduction
Measuring atmospheric �uxes 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 di�cult to apply many theories of wall �ows 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 �ow
(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 e�ects
(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 strati�cation. These local turbulent
exchange regimes will greatly in�uence 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 di�erent
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. Di�erent 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 �ux measurements;
the so-called `nighttime (�ux) problem' (Aubinet et al., 2012a). This usually occurs when
the atmosphere is stably strati�ed and wind speeds are low (Thomas et al., 2017). If the
�ow above the canopy is (partly) decoupled from the within canopy �ow, above-canopy
observations are a poor representative of the overall dynamics (Jocher et al., 2017). This
will a�ect the interpretation of on-site above-canopy �ux 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 �oor is sloped, the combination of decoupling and density �ows
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 �ux measurement quality control is the so-called `u< �ltering' (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 �agged to ensure that there is su�cient turbulence
for eddy covariance. This means decoupling issues are partially addressed automatically.
The threshold foru< is generally based on the sensitivity of the CO2 �ux to u<, and can
vary in time. Barr et al. (2013) derived au< threshold for varying sites and found a stable
threshold value for 28 out of 38 tested sites. These site speci�c stableu<values are higher
than in studies where the threshold varied in time. Ten sites lacked a well de�ned threshold.
Besides the method not being applicable to every study site,u< �ltering 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 di�erence between forest interior and atmosphere
above. However, determining the decoupling threshold requires a highly accurate air
temperature pro�le above the canopy and radiometric surface temperatures of the canopy,
which are generally not available.

To address the shortcomings ofu< �ltering, 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 ofw 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 canopyw, calculated for each �ux averaging interval.

With measurements both above the canopy and in the subcanopy, an improved esti-
mation of the �uxes 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 �ux 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 pro�les 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 in�uence 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 �ber optic cable. If this cable is placed vertically along a �ux tower, a
full temperature pro�le from the forest �oor 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 con�guration 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 in�uence of shear and buoyancy on decoupling, especially along
the height of the canopy. By using high resolution DTS measured temperature pro�les
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 strati�cation.
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5.2 Materials and Methods
5.2.1 Setup
The temperature of �ber optic cables was measured at the Speulderbos forest site (Ch.
2) for 250 days between 2015 and 2018. From the DTS machine a �ber optic cable was
routed through a calibration bath, up to the top of a 46 m tall sca�old 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 �oor a coiled cable was used (Hilgersom et al., 2016). A cable was routed
through the calibration bath, over the forest �oor to a coil con�guration, 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 con�guration. 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 packagèdtscalibration' (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
e�ect on the measured stability. Below the canopy, direct sunlight rarely reaches the cables.

Beside solar radiation, FO cables are a�ected by radiative cooling. To estimate the
magnitude of the error, we can use the results from Chapter 3. While the environments are
di�erent, 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 pro�le was measured right next to the tower, the tower itself will
have an unknown in�uence on the measurements. The tower itself has a sca�old structure,
with a base size of 3.7 by 2.1 m. The sca�old 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










































































































































