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The terrestrial sink of carbon is still a large source of uncertainty in global, regional
and local carbon cycle studies. To get more insight on how this terrestrial sink
behaves we investigate the exchange of CO2 and O2 between the forest and the
atmosphere. Our main goal is to quantify the diurnal variability of the budget of
CO2 and O2 above a boreal forest and more specifically the ratio of CO2 and O2
concentrations, called the Exchange Ratio (ER). The ER can give us a better understanding of the diurnal behaviour above the forest. The ER of the global terrestrial
sink is usually estimated as a constant of -1.1. We here hypothesize that at the
canopy scales, the ER depends on the forest photosynthesis characteristics, but also
on the surface and the boundary-layer dynamics, and therefore it can deviate from
this constant value.
In this thesis, systematic analysis is carried out at the canopy level of the CO2
and O2 behaviour and variability of the ER, using a coupled soil-plant-atmosphere
conceptual model (mixed-layer model CLASS) and continuous measurements of meteorology, O2 and CO2 taken at the boreal forest in Hyytiälä during two consecutive
campaigns in 2018 and 2019 (OXHYYGEN18/19). The budget equation of the
mixed layer for both O2 and CO2 is calculated for a representative day. The modelled CO2 concentration and net ecosystem exchange compared satisfactorily with
CO2 observations. The calculation and observations comparison with the O2 budget yields encouraging results, but shows the need of further observations and more
systematic modelling studies. First, the modelled O2 concentrations are within the
range of the diurnal variability of the observations. Second, the O2 flux calculated
with the gradient between the two measurement levels above the canopy gives a
large error range because of using only two measurement levels and the low gradient
of the O2 data. Third, The ER resulting from these O2 and CO2 modelled and observed concentrations, departs from the global estimate -1.1, and it is characterized
by a large range during the day.
To improve our interpretation of this behaviour, we derive an expression that
in the future could connect the ER calculated with the O2 and CO2 observations
time series to the ER calculated with the profile measurements. This expression is
partly tested with profiles and evolutions of potential temperature and carbon dioxide. Overall our findings show the need to integrate the dynamics of the interaction
between the canopy and the atmosphere to represent the O2 diurnal budget. Our
results also provide preliminary indications of the use of ER as a metric to study
the forest photosynthesis in boreal regions under different weather and climate conditions.
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Table with all the variables
Table 1.1: All the variables and abbreviations used in this thesis with their explanation
and units

Variable Description
a
Constant
b
Constant
c
Constant
D
Displacement height
g
Acceleration by gravity Earth
h
Boundary layer height
Kψ
The exchange coefficient of a specific quantity φ
κ
von Kàrmàn constant
L
Moning Obukov lenght
LW
Long wave radiation
ER
Exchange Ratio
q
Specific humidity
ra
Aerodynamic resistance
rs
Canopy resistance
RSL
Roughness Sublayer layer
SW
Short wave radiation
u∗
friction velocity
we
Entrainment velocity
0
0
flux of a specific quantity ψ
(w ψ )
0
0
(w ψ )s
Surface flux of a specific quantity ψ
(w0 ψ 0 )e
Entrainment flux of a specific quantity ψ
z
height of a measurement
z∗
roughness sublayer height
z0
Height above displacement height
∆ψ
Jump of a specific quantity ψ
γ(ψ)
Lapse rate of a specific quantity ψ
Adv(ψ) Advection of a specific quantity ψ
∂ψ/∂z
Gradient of a specific quantity ψ
θ
Potential temperature
θv
virtial potential temperature
ΦH
Flux gradient relationship of heat
φHRSL
Flux gradient relationship of the roughness sublayer

4

Unit
m
m s2
m
m2 s−1
m
W m−2
g kg−1
s m−1
s m−1
m
W m−2
m s−1
m s−1
[unit ψ]·
[unit ψ]·
[unit ψ]·
m
m
m
[unit ψ]
[unit ψ]·
[unit ψ]·
[unit ψ]·
K
K
-

m s−1
m s−1
m s−1

...
m s−1
m−1
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Introduction

The atmospheric CO2 concentrations are increasing because of fossil fuel burning
and industry emissions (Figure 2.1). CO2 is a greenhouse gas and causes global
warming, therefore it is important to understand the trend in CO2 concentrations
and the perturbations over time. The pink line in Figure 2.1 indicates the budget
imbalance between the sources and the sinks. This imbalance could be partly caused
by the large fluctuations in the land sink, but there is a large uncertainty around the
absolute values and trends on the terrestrial sink. The terrestrial sink is important in
reducing global warming by taking up CO2 and therefore it is crucial to understand
the behavior of this sink (Friedlingstein et al., 2019).

Figure 2.1: Global carbon budget from 1850 until 2019, with all the contributing components (Friedlingstein et al., 2019)
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The large uncertainties in the terrestrial sink are caused by the many ecosystems
that are involved, which make this flux heterogeneous. These many ecosystems cause
the large fluctuations in the land sink, which can be seen in Figure 2.1 (Houghton,
2007). The net terrestrial sink is the balance between photosynthesis (a sink) and
respiration (a source). Both these terms are highly climate dependent and are influenced by the increasing CO2 concentration and temperature (Friedlingstein et al.,
2006). The plant photosynthesis and the soil respiration have both an optimum value
at a specific air temperature. However, when this optimum value is exceeded, the
plants and the soil experience stress and the photosynthesis decreases and respiration
increases. This temperature increase in turn also decreases the soil moisture which
enhances this stress even more. The plant stress increases the plant respiration.
The increase in atmospheric CO2 concentrations enhances both the photosynthesis
and the respiration of the plant and the soil. To which extend these climate change
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factors influences the plant and soil is unclear (Cox et al., 2013). How the net terrestrial sink or source reacts to future climate is important to represent in climate
models (Ballantyne et al., 2012). The terrestrial uptake of CO2 has increased in the
past 50 years, how this uptake will change in the future with the changing climate
is again not certain. The terrestrial sink consists of different specific ecosystems,
which means that these ecosystems have to be examined separately to understand
the global terrestrial carbon sink better.
One of these large ecosystems is the boreal forest. The boreal forest is one of the
most important components of the terrestrial carbon sink, because of its large soil
carbon storage (Houghton, 2007). The changes in this carbon storage depends on
the change in net primary production of plants compared to the decomposition rate
of soil organic matter due to climate change. In the boreal forest, these processes
are mostly regulated by the replacement of coniferous forests by broad leaved forest
(Liski and Westman, 1997). Pan et al. (2011) concluded that the carbon storage in
the boreal forest is variable around the world, this makes this sink uncertain. The
sink increased or decreased because of changes in the environment in which higher
temperatures were one of the most important changes. Warmer winters in the boreal area increase tree mortality, fires, and insect damage. The higher temperatures
also increase the Vapor Pressure Deficit (VPD) which increased the stress levels of
the trees (Will et al., 2013). Another reason why the boreal area is an important
component of the terrestrial carbon sink, is because the increasing temperatures
caused by climate change are expected to be the largest in the higher latitudes,
which includes the boreal area (Pachauri et al., 2014). How these forests will react
to climate change is still not clear and is important to study (Bonan, 2008). As already mentioned, photosynthesis and respiration show how plants behave. Studying
the response of these processes to variability in temperature and atmospheric CO2
concentrations, can give us an insight on how plants react to the changing climate.
In these processes are CO2 and O2 coupled.
Our main aim is to quantify insights on the CO2 terrestrial sink by analyzing
the O2 behaviour. The challenge is to obtain atmospheric O2 observations because
they are very hard to measure. The changes of O2 concentrations in the atmosphere
are of the same magnitude as the changes of the CO2 concentrations. However,
the difference is that these changes happen against a much higher O2 background
concentration. For CO2 it is 1 against 400 ppm and for O2 it is 1 against 209460
ppm. The O2 concentrations are therefore expressed as the ratio of O2 tot N2 , in
comparison to a reference gas in the units ’per meg’ (Keeling and Shertz, 1992), see
Equation 2.1.

∂(O2 /N2 ) = (

(O2 /N2 )sample
− 1) ∗ 106
(O2 /N2 )ref erence

6

(2.1)
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The ratio of O2 /N2 in Equation 2.1 represents only the changes in O2 because the
changes of the N2 atmospheric concentrations are negligible. The term ∂(O2 /N2 ) in
Equation 2.1 represents then the change of O2 compared with the reference value.
This is indicated with a negative number because the O2 concentration in the air
is usually decreasing over time, as can be seen in Figure 2.2. Figure 2.2 shows the
decreasing O2 and increasing CO2 concentrations in the atmosphere on global scale,
between 1991 and 2011.

Figure 2.2: Processes that influence the global decreasing O2 concentration and the
increasing CO2 concentration in the atmosphere. The black dots are representative for the
globally measured O2 and CO2 in the atmosphere in Manua Loa and the arrow indicate
the processes that influence these concentrations (Keeling and Manning, 2014).

155

The global CO2 and O2 concentrations are influenced by burning of fossil fuels.
In addition, oceans and photosynthesis act as a sink whereas respiration is a source,
see Figure 2.2 (Manning and Keeling, 2006). Figure 2.2 enables us to introduce a
key concept of our research: the Exchange Ratio (ER). The ER is used to quantify
the link between CO2 and O2 and indicates the number of O2 moles per CO2 mole
that is exchanged, which can be expressed with the following equation:

ER =

160

∆O2
∆CO2

(2.2)

Equation 2.2 calculates the slopes of the lines in Figure 2.2. The value of -1.1
is standard used for the ER of the global terrestrial sink, which is in Figure 2.2
the slope of the land uptake (Severinghaus, 1995). With this value the uptake by
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the oceans is estimated. The -1.1 has an small uncertainty (Manning and Keeling,
2006). This uncertainty is related to the the many ecosystem that are involved,
which already caused the imbalance in the global carbon balance (Figure 2.1) and
the uncertainty of how ecosystems will react to future climate change. This means
that the ER could potentially change for the global scale. More relevant for our
study, is that fluctuations in the terrestrial sink happen separately at each ecosystem and thus at local scale, which means that the ER of the global land uptake is
dependent on local processes (Seibt et al., 2004). In this study, we take a bottom-up
approach and attempt to connect local and daily processes to global estimations.
How the ER changes because of these local processes can be determined by investigating in detail the behaviour of O2 and CO2 on the diurnal scale.

Figure 2.3: An overview of the different components that influence the local concentration of CO2 and O2 in the air: the boundary layer characteristics: boundary layer height
(h) and the entrainment velocity of the air from the free atmosphere (we ), the potential
temperature (θ) and the humidity (q) of the air, the partitioning of the net available energy
between the sensible heat flux (SH) and the latent heat flux (LE), the difference between
ecosystems, which is indicated with the CO2 and O2 arrows
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Figure 2.3 shows how O2 and CO2 concentrations are locally influenced. One of
these local influences are the dynamics of the atmospheric boundary layer (ABL),
which are indicated in Figure 2.3 with the boundary layer height (h) and the entrainment (we ) of air from the free atmosphere. The height of the ABL determines
the mixing volume and the growth of the ABL determines the entrainment rate.
The growth of the ABL height is mostly determined by the available energy and its
partitioning between the sensible heat (SH) and the latent heat (LE) flux. They
determine the diurnal variability of the moisture (q) and heat (θ) content of the air
in the ABL and the energy available for the ABL growth. A large SH increases the
energy for mixing the air in the ABL with the free troposphere, which will increase
the entrainment and the boundary layer growth. The entrained air from the free
troposphere has other characteristics then the ABL air, it is warmer and drier. This
alters the composition of the air in the ABL (Ouwersloot et al., 2012). When the
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ABL height grows, the concentration for both O2 and CO2 decreases. The air in
the free troposphere is in the summer CO2 depleted and for O2 the concentration is
increased compared to the air of the ABL. This means that when the entrainment
increases, air with lower CO2 and higher O2 concentrations are drawn into in the
ABL (Van der Laan et al., 2014).
The CO2 and O2 concentrations in the ABL depend also on the exchange of the
ecosystem with the atmosphere. The magnitude of this exchange depends on the
type of ecosystem and the time of the day and year (Seibt et al., 2004). Differences
in seasonal patterns for different ecosystems cause differences in carbon exchange
between ecosystems. Compared with tropical, Mediterranean and temperate forests,
the boreal forest has the largest seasonal variability for respiration and gross primary
productivity (GPP) and the lowest total GPP (Falge et al., 2002). With respect to
the boreal forest there is already closely looked at the diurnal cycle of the CO2 exchange between the forest and the atmosphere (Ge et al., 2011; Betts et al., 2001).
However, little attention has been paid to O2 . For the exchange of O2 , still a lot of
information needs to be obtained. During this research we are going to improve our
understanding of the diurnal behaviour of O2 above a boreal forest.
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To get more insight on the behaviour of O2 in the boreal area, two measurement
campaigns were conducted in Hyytiälä, in Finland, in the spring/summer of 2018
and 2019. Here CO2 and O2 were measured at two heights above the canopy in a
128m high measurement tower, which already continuously measures atmospheric
variables and concentrations. The exchange of O2 can be measured precise and with
high frequency with a fuel cell analyser (Stephens et al., 2007). This instrument
still needs to be improved regarding to precision or for running the instrument in
extreme conditions. With this type of instrument, several studies have been conducted, e.g. Battle et al. (2019); Ishidoya et al. (2013, 2015); Stephens et al. (2007),
which show that the diurnal cycle of O2 concentrations in the air is opposite to the
CO2 air concentrations. They found that the ER is not a constant of -1.1, different
values for the day and the night were observed. Besides, it was highly depended on
the type of ecosystem. Continuous measurements of O2 are scarce, especially in the
boreal area. Kozlova et al. (2008) measured O2 continuously in Siberia, but only
looked at the yearly and diurnal behaviour of O2 but not at the ER. This means
that in the boreal area still a lot is unknown regarding the O2 behaviour and the ER.
Our observational methodology is completed by using a conceptual boundarylayer model (CLASS) coupled to the forest conditions (Vilà-Guerau de Arellano
et al., 2015). With this model the effect of the boundary layer dynamics can be
evaluated. The combination of using a model, a continuous data set of CO2 and O2
and evaluating the boundary layer for the boreal area is novel. Now the different
components that influence the exchange of CO2 and O2 , represented in Figure 2.3,
can be looked at separately and their effect on the ER can be examined. Understanding the diurnal variability of O2 and the ER will give us a better understanding

9

of the diurnal behaviour of the ecosystem. Then this will increase our understanding
of the terrestrial sink.

235

In this thesis the main focus lies on the daily behavior of the Exchange Ratio
(ER). To reach this goal, we need to reproduce the diurnal variability of the surface and the boundary-layer dynamics over a boreal forest. Then the ER can tell
us something how the forest is behaving throughout the day. To come closer to
understanding the behaviour of the plants by using the ER, the following research
question will be answered:

240

What are the (bio)physical drivers that govern the diurnal variability of the ER
above the canopy of a boreal forest?

245

250

This thesis is divided into 4 parts. First the Method is discussed (see Section
3), where the data, the model and how the general research strategy is conducted
is explained in detail. Second, the results are shown, which are divided into the
validation of CLASS (Section 4), the determination how to calculate the O2 flux
based on the CO2 observational data (Section 5), the calculation of the O2 flux
(Section 6) and the results of the diurnal behaviour of the CO2 and O2 concentrations
with their ER (Section 7). After presenting and explaining all the results, they are
discussed in Section 8. Finally, conclusions are made in Section 9, based on the
result and the discussion parts.
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3
255

260

Method

In this section we explain the methods used in this thesis. They combine observations
taken during the OXHYYGEN campaign and the continuous measurements already
present at the site, operated by the University of Helsinki. An interpretation of these
observations is made, using a conceptual atmospheric boundary layer model coupled
to the soil and vegetation processes. The more detailed parts of the methods are
explained in the separate result chapters.

3.1

Site description

Figure 3.1: (a) The measurement tower at Hyytiälä, Finland and (b) a schematic sketch
of this tower where it is indicated at which height the measurements of the fluxes and
the absolute values of several scalars are taken. The blue numbers (left) indicate the
measurements of the campaign OXHYYGEN 2018 and 2019 and the red (right) indicate
the measurements that are continuously measured by the measurement tower. During
the day the whole tower is located within the surface layer and only a part is inside the
roughness surface layer (RSL).

265
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Field measurements were made at Hyytiälä Forestry Station of the University
of Helsinki in Finland (61° 51° N, 24°17° E, +181m MSL), which is the SMEAR
II station and is in more detailed described in Hari et al. (2013). This station is
located inside a homogeneous forest of Scots pine trees (Pinus Sylvestris), with a
dominant canopy height of 14m (Vesala et al., 2005). The forest floor is covered with
mosses and herbs (Kulmala et al., 2011). The soils at this site are podzols, which
are developed from glacial deposits and the mineral soils under the podzols are of
sandy loam texture (Haataja, 1997). There is one large lake located close to the
measurement site and has a fetch of 250m with the dominant wind direction of 230°
(Vesala et al., 1998). The climate at this location is boreal, with average temperatures of -7.2 °C in January and 16.0 °C in June. The annual precipitation is around
711 mm (Pirinen et al., 2012). A tower of 128m is located here, which continuously
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measures atmospheric variables and concentrations, see Figure 3.1a. The data from
this tower is freely available online at http://avaa.tdata.fi/web/smart/smear/.
In the spring/summer of 2018 and 2019 a campaign was held (OXHYYGEN), where
separate CO2 and O2 measurements were carried out and radiosondes released.

3.2

280

Data

The data from the SMEAR II station used for this research, are the continuous
measurements of the tower (Figure 3.1), the data from the campaign OXHYYGEN
and the radiosondes.
Measurement tower
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The continuous measurements of meteorological and chemical data of the 128m high
tower are made at several heights, with the highest measurement at 125 meter. Table A.1 indicates which observational data of the tower is used and at which height.
The most important observations of the tower are indicated in Figure 3.1b. On
the right hand side of the tower the standard continuous measurements are shown
and on the left hand side the measurements of the OXHYYGEN campaign. All the
used heights of the measurement tower are located above the canopy height of 14m
and in the surface layer. From now on the measurement heights of the tower are
indicated by the actual measurement heights minus the canopy height, which means
the measurement height will indicate the height above the canopy.
Figure 3.1b shows that the scalars of θ, q, H2 O and CO2 are continuous measured
at three different heights. With these three height measurements a gradient can be
calculated with Equation 5.3. This gradient is used in flux calculations and will be
explained in Section 5. Because the gradient is very important for this section, the
data is examined in detail. We analyze the observations following this order: First,
we study the behavior of the potential temperature (Figure 3.2) since it is the main
drive of turbulence under convective atmospheric conditions, then at the data of
CO2 (Figure 3.3) because this is related to O2 .
Figure 3.2 shows the diurnal variability of θ at the three selected heights as could
be seen in Figure 3.1b, the gradient calculated with Equation 5.3 and the measured
flux from the tower. The gradient of θ is positive until around 7:00 LT, then the gradient changes sign. This marks the transition between stable to unstable regime and
happens because the surface heats up compared to the air above, the air becomes
unstable and rises. When the air is unstable, the flux is positive and points upwards.
After 22:00 LT, the gradient becomes positive and the air is stable again. Figure
3.2a indicates that the 111m measurement above the canopy of θ has an error range.
This is caused by the difference in ventilation between the measurement devices.
The devices at 2m and 53m above the canopy, have a modified ventilation system
in the ICOS radiation shields to get rid of water accumulation. However, the 111m
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Figure 3.2: Diurnal cycles of θ at the selected heights (a), the θ gradient of these three
heights (b) and the measured SH flux (c). The selected day is 10 July 2019. The range of
the 111m measurement of θ indicates the error of this measurement device, which results
in an error in the gradient.

Figure 3.3: Diurnal cycles of the CO2 concentration at the selected heights (a), CO2
gradient of these three heights (b) and the measured CO2 flux (c). The selected day is 10
July 2019.
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instrument does not have this modification, which causes a bias of max 0.8K in the
daytime at full sunlight (private communication, Pasi Kolari, 2020). For this bias
a correction is made by increasing the observational data, by a sine function with
an amplitude of 0.8K. The sine function starts at 9:00 LT and ends at 20:00 LT.
Which means that the correction increases with increasing sunlight and decreases
with decreasing sunlight.
Figure 3.3 shows the evolution of CO2 for the selected day, the same data as for
θ in Figure 3.2. Here the sign of the gradient changes again around 7:00 LT, but the
behaviour is opposite to θ. This marks the point where the photosynthesis of the
plants is higher compared to the soil respiration. The gradient stays positive during
the day until around 22:00 LT, then the sign changes again. The photosynthesis
diminishes because of the decreasing sunlight, which means the respiration of the
plants and soil become greater than the photosynthesis. This pattern can also be
seen in the diurnal behaviour of the flux. When the gradient of the CO2 concentration becomes positive, the CO2 flux becomes negative and points downwards. The
plants takes up more CO2 then there is released.

330

OXHYYGEN campaign, 2018 and 2019

Figure 3.4: Diurnal cycles of the CO2 concentration (a) and the O2 concentration (b) of
the measurement campaign: OXHYYGEN. The selected day is 10 July 2019

335

Oxygen is not a standard measurement in the tower and was added during the
OXHYYGEN campaigns, in the spring/summer of 2018 and 2019. The CO2 and O2
measurements of OXHYYGEN are included in Figure 3.1 on the left hand side. The
campaign measurements are made at two heights above the canopy: 9m and 111m.
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Two heights are required to calculate a gradient, which will enable us to calculate
the O2 flux. The O2 is measured with a fuel cell analyser and is in detail explained
in van der Laan-Luijkx et al. (2010) and van Leeuwen and Meijer (2015). Sampled
air is measured against a reference gas, the difference indicates the change of O2
concentration in the atmosphere. Every half hour the machine switches between the
heights, this means that we have hourly data for every separate height. In Figure
3.4, the diurnal cycle of the CO2 and O2 concentration at the two heights is shown
and will be discussed further in Section 7. To facilitate the comparison between O2
and CO2 concentrations, we use the same units: ppm. The conversion can be made
with 4.77 meg/ppm as explained in van der Laan-Luijkx (2010).
Radiosondes

350

355

During OXHYYGEN several radiosondes where launched to profile the state variables and obtain an estimation of the boundary layer height. In 2018, 15 radiosondes
where measured on both the 24th and the 26th of July. These dates are very interesting because the summer of 2018 was extremely dry and warm (FMI, 2019). In
2019, 6 radiosondes were launched on each day of the week from 9 July until the 13th
of July. 2019 was a climatological normal year compared to 2018. The radiosondes
measure the temperature, pressure, specific humidity and wind speed from the surface until far in the free troposphere. These measurements of the radiosondes are
indicated in Table A.1.

Figure 3.5: Vertical profile of θ at 6:00 LT and 12:00 LT measured with a radiosonde
on 10 July 2019. The straight black lines indicate how these profiles are represented in
CLASS with the mixed layer theory. For the 6:00 LT profile the black lines indicate how
the initial values are determine of θ (< θ0 >), the jump (∆θ0 ) and the two lapse rates (γθ1
and γθ2 ) for CLASS.
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Figure 3.5 gives two examples of a vertical radiosonde profile for 10 July 2019.
The vertical profile of 6:00 LT shows a stable profile with increasing θ with height.
The vertical profile of 12:00 LT shows an unstable profile between 0-250m, with
increasing θ at the surface and after 250m until 1900m, a well mixed boundary
layer. Figure 3.5 also indicates that the lake next to the measurement location did
not influence the measurements. If the lake would influence the measurements, it
would form a internal boundary layer (IBL) as showed in Renfrew and King (2000).
This IBL can not be seen in the vertical profile of the radiosondes.

3.3

Selected case

One representative day is chosen of the measurement campaign OXHYYGEN of
2019. We chose to focus on the week where the radiosonde measurements where
done, because this gives some extra relevant information on the characteristics of
the boundary layer. From this week, every day is evaluated based on: stable atmospheric conditions, cloudiness, available radiosondes and the diurnal cycles of
specific humidity, potential temperature and CO2 . The day is considered representative when all these conditions are optimal and no strange patterns in the scalars
are found (Ouwersloot et al., 2012). If these conditions are met a general overview
of the diurnal cycle of both CO2 and O2 can be made. Figure A.2 in Appendix
A.4 shows the diurnal cycles of the days in the week where the radiosondes were
launched. The resulting day, that meets the most conditions, is the 10th of July
2019. There are a few clouds present during this day, but compared with the rest of
the week, it is the least cloudy day.

3.4

Modelling setup

In this thesis, we use the model CLASS (Chemistry Land-surface Atmosphere Soil
Slab) (Vilà-Guerau de Arellano et al., 2015). This is a mixed layer model that simulates the evolution of the ABL coupled to the surface fluxes of energy, water and
carbon. In CLASS, the mixed layer theory is assumed which means that scalars are
uniform distributed with height (Ouwersloot et al., 2012) as is shown in Figure 3.5
with the straight black lines. We represent the interchange between the forest and
the atmosphere as a bulk layer with a unique temperature and specific humidity.
As a consequence, the surface variables are not well modelled. Some examples are
shown in Appendix A.3. The photosynthesis is represented with two-big leaves and
takes into account the different transfer of direct and diffuse radiation in this bulk
layer. Soil respiration is represented.
For the 10th of July, CLASS needs initial and boundary conditions. The parameters for the vegetation and the soil are obtained from ECMWF (2014) and
Vilà-Guerau de Arellano et al. (2015), based on the Scot pine trees and the sandy
loam soil. The initial values for potential temperature, specific humidity, boundary
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layer height and wind speed are based on observations from the radiosondes at 6:00
LT and the measurement tower. An example for how these initial values will be
subtracted from the radiosondes is given in Figure 3.5 for potential temperature.
The dark blue line is the profile at 6:00 LT and indicates the initial values for the
potential temperature (< θ0 >), the jump (∆θ0 ) and both the lapse rate of the
residual layer (γθ1 ) and the free troposphere (γθ2 ) (Ouwersloot et al., 2012). The
maximum vertical gradient in potential temperature of the vertical profile is used
to define the initial values and the growth of the boundary layer height (Sullivan
et al., 1998). In Figure 3.5 this is at the location of the jump. For the profile of
6:00 LT the boundary layer height is located at around 300m and for the profile of
12:00 LT it is located at around 1900m. The model outcomes will be validated with
the observational data from the tower and the radiosondes. For the tower, the 111m
data is used because it is closest to the mixed layer. The radiosondes are already in
the mixed layer, which makes this data set very useful.
In CLASS, O2 was not yet incorporated, this has been done during this thesis.
To include the O2 in the model, the ER is used in combination with the already
present CO2 formulas (see Appendix A.2). When multiplying the CO2 flux with the
ER, the behaviour of CO2 and O2 are coupled. The budget equation is calculated
for both CO2 and O2 to get a clear overview of the diurnal behaviour for these two
scalars and to check the outcomes of CLASS (Vilà-Guerau de Arellano et al., 2015):
(w0 ψ 0 )s − (w0 ψ 0 )e
∂<ψ>
=
+ Adv(ψ)
∂t
h

420

(3.1)

indicates the
In this budget equation < ψ > becomes CO2 or O2 and then ∂ψ
∂t
0
0
changes of concentration in time, (w ψ )s indicates the net surface flux that combines
the soil and the plants, (w0 ψ 0 )e indicates the entrainment flux related to the jump,
h represents the boundary layer characteristics with the boundary layer height and
the last term indicates the advection. The advection is neglected for this thesis.
The entrainment flux is already present in CLASS with the following equations
(Vilà-Guerau de Arellano et al., 2015):
(w0 ψ 0 )e = −we · ∆ψ
∆ψ
∂h
∂ψ
= γ(ψ) · (
− ws ) −
+ Adv(ψ)
∂t
∂t
∂t

(3.2a)
(3.2b)

425

430

The entrainment flux depends on the entrainment velocity (we ) and the jump of
CO2 or O2 (∆ψ). This jump changes over time and depends on several variables.
One of these variables is the lapse rate of CO2 or O2 in the free troposphere (γ(ψ)).
No measurements were done in the free troposphere for CO2 nor O2 . With no observational data available for the lapse rate, the modelled jump of CO2 or O2 in CLASS
can not be checked, consequently the entrainment flux of CO2 or O2 can also not be
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validated. Therefore, the entrainment flux will not further be discussed.
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The other three terms in Equation 3.1 will be discussed separately in different
chapters: the boundary layer height in Section 4, the net surface flux of CO2 in Section 5 and for O2 in Section 6, the resulting concentrations are discussed in Section
7. Because CO2 is already implemented in CLASS and it is a more known scalar
compared with O2 , this will become our pathfinder. The O2 flux is not measured
and needs to be calculated. Here the measurements of CO2 can help and a more
complete picture of the diurnal cycle of O2 can be made. Then, with the results of
CO2 we try to interpreted the O2 observations and reproduce the O2 diurnal variability.
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In this section we explain the validation of the model results against the available
observations. More specifically, we compare the radiation, meteorology, boundary
layer height and plant physiology, using the initial and boundary conditions of Table
A.2 in Appendix A.5. CLASS is initialized for 10 July 2019, as explained in Section
3. The model outcomes from CLASS are compared with the observational data
from the tower and the radiosondes. Our research strategy is based on the need to
reproduce the diurnal variability of the surface and the boundary layer dynamics in
order to reproduce the diurnal cycle of CO2 and O2 .

4.1
455

Validating CLASS with observations

Radiation balance

Figure 4.1 shows the diurnal cycle of the four components of the energy balance
with the resulting available energy (Q∗ ) above the canopy (67 meter).

Figure 4.1: Diurnal cycle of the components of the radiative energy balance with incoming short wave radiation (a), outgoing short wave radiation (b), incoming and outgoing
long wave radiation (c) and the resulting available energy (d) for the observational data
and the model results from CLASS. The selected day is 10 July 2019, where the sunrise is
at 3:54 and the sunset is at 22:49.
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The diurnal cycle for both the incoming and outgoing short wave radiation (Figure 4.1a and 4.1b) is represented well by CLASS. However, the drops in incoming
SW radiation of the observational data are missed, which represent the radiation
perturbation by clouds. Around 13:00 and from 15:00 till 18:00 hours, the clouds are
intermittently blocking the measured incoming short wave radiation. The shallow
cumulus scheme of CLASS is not activated, this means that the model does not take
into account the clouds. The outgoing short wave radiation is calculated with an
albedo of 0.11, times incoming short wave radiation. Since the incoming short wave
radiation is used, the cloud effects are visible in the resulting outgoing short wave
radiation as well.
The output of CLASS for the incoming and outgoing long wave radiation (Figure 4.1c) is less aligned with the observational data, compared to the short wave
radiation. The model follows satisfactorily the positive tendency for both the incoming and outgoing LW radiation throughout the day, but the magnitude of CLASS
is larger compared to the observational data. The outgoing long wave radiation is
influenced by the surface temperature. The surface layer is not well represented by
CLASS for this forest, as was already explained in Section 3. The incoming long
wave radiation is influenced by the temperature and the emissivity of the atmosphere
and the clouds. The emissivity depends on the composition of the atmosphere and
the type of clouds (Siegel and Dickey, 1986). In CLASS, the emissivity of these two
components is taken as a constant and does not take into account the variability
of the atmosphere and clouds. However, because the model overestimates both the
incoming and outgoing long wave radiation, they compensate each other and the
available energy will not be influenced.
The resulting available energy from all these four components is shown in Figure
4.1d. Here, the outcomes from CLASS represent the observational data very well.
Again the missed effects of clouds on the incoming short wave radiation can be seen.
The available energy is important for the magnitude of the sensible (SH) and latent
(LE) heat flux.

4.2
490

495

Meteorology

Figure 4.2 shows the diurnal cycle of the most important meteorological variables;
the sensible (SH) and latent (LE) heat flux, the friction velocity (u∗ ), the potential
temperature (θ) and the specific humidity (q).
For the SH (Figure 4.2a), CLASS is in good agreement with the observed daily
trend. Especially the peak at mid-day, between 12:00 and 14:00, where CLASS
peaks at 310 W m−2 and the observational data around the same value. CLASS
is designed to reproduce the diurnal variability under conditions where the SH flux
becomes larger then zero, because then the mixed layer starts to form. This happens
between 7:00 and 19:00 hours. When the SH is smaller then zero, other variables
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Figure 4.2: Diurnal cycle of the sensible and latent heat flux (a), the friction velocity
(b), the potential temperature (c) and the specific humidity (d) of the observational data
and the model results from CLASS. The selected day is 10 July 2019. The grey shade
indicates the period in which the SH < 0. More specifically the times are 7:00 and 19:00.
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are not modelled correctly. This can be seen for the LE flux and the friction velocity
in Figure 4.2a and b, where both the variables show a steep decrease before the SH
becomes larger then 0. Therefore, we will only focus on the results between this time
interval and we are not looking at what is happening before or after this time-slot
(indicated with the grey boxes). The peak of the LE flux (Figure 4.2a) is a bit
overestimated by CLASS with approximately 50 W m−2 , but still the model results
are satisfactory. For this flux the problem arises again, that CLASS does not give a
good representation of the surface layer. The LE flux depends on the surface temperature of the soil, which is overestimated by CLASS. As a consequence, CLASS
overestimates the LE flux. However, the ratio from the observational data of the SH
and the LE (evaporative fraction) is in agreement with the ratio of the model results.
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The observational data of the friction velocity in Figure 4.2b, is measured directly
in the tower. CLASS is able to model the diurnal behaviour of this friction velocity.
The model follows the daily trend of the observational data and peaks around 13:00
with a value of 0.85 m s−1 . The observational data peaks as well at 13:00, around
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the same value of 0.85 m s−1 . Despite of the simplification of the canopy layer,
the friction velocity is in satisfactory agreement. The friction velocity is a measure
for the amount of turbulence above the canopy and becomes therefore important
for several processes in the boundary layer. The u and the v components of the
wind speed are shown in Appendix A.6, Figure A.3. The wind components are difficult variables to model, however CLASS is able to model the overall diurnal pattern.
The modelled θ, in Figure 4.2c, is compared against observational θ from the
tower and the radiosondes. The radiosonde data are shown with error bars. They
indicate the median of θ in the mixed layer and its standard deviation. Both the
observational data from the radiosonde and the tower follow the same trend during
the day. The model results from CLASS follow this trend as well until around 14:30.
From 14:30, the observational data stops increasing but the CLASS simulated θ
keeps increasing until 18:00 hours. This is potentially caused by advection of cold
and moist air. Around 14:30, q (Figure 4.2c) starts to increase, which indicates
advection of moist air.
The resulting modelled q (Figure 4.2d) is again compared against the data from
the tower and the radiosondes. In comparison to the results of θ, the modelled
results of q follow now the daily trend of the observational data throughout the
whole day. The standard deviation of the radiosondes during the day is relatively
large, compared to the data of θ. The larger standard deviations are likely caused by
systematic errors based on radiosonde measurements of humidity (Wang and Zhang,
2008).

4.3
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Boundary layer evolution

Figure 4.3 shows the diurnal behaviour of the boundary layer height (h) and the
clouds present at the 10th of July.
The model output of h is compared with the observational data of the radiosondes
and ceilometer measurements (Figure 4.3a). The ceilometer measures the cloud base,
which is an indication of the top of the boundary layer (Grimsdell and Angevine,
1998). The Lifting Condensation Level (LCL) can also be an indication of the cloud
base. When the LCL becomes smaller than the boundary layer height, the cloud
base is located at the LCL. The LCL is calculated with the radiosondes data, at the
height where the specific humidity becomes equal to the saturated specific humidity.
Both the ceilometer and the radiosondes give approximately the same value for the
time of the onset of the clouds and the height of the cloud base. At 13:00 the LCL
becomes smaller then the boundary layer height. Around this time the first cloud
base measurements are made with the ceilometer. After 13:00, the LCL is around
the same value compared with the measurements of the ceilometer.

555

In contrast with the other variables, there are not as many observations to vali-
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Figure 4.3: The diurnal cycle of the boundary layer height of the observational data and
the model results from CLASS (a). The observational data is derived from the ceilometer
and 6 individual radiosondes. The grey shade indicates the period in which the SH < 0.
More specifically, the times are 7:00 and 19:00. The selected day is 10 July 2019, where
the satellite image shows the clouds present (MOD, 2020) at 9:28 GMT (b). The red cross
indicates the measurement location.

date the output of the boundary layer height from CLASS. The observational data
that is present, from the ceilometer and the radiosondes, is represented well by
CLASS.
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The boundary layer starts to grow around 8:00. This growth is caused by the
increasing sensible heat flux and the potential temperature (Figure 4.2a and 4.2c).
The increasing heat will bring more energy into the boundary layer and increases
the volume. The larger volume increases both the entrainment rate and the dilution of the scalars in the boundary layer. After 15:00, the boundary layer stops
increasing. Around this time the sensible heat flux and the potential temperature
stop to increase as well. Here we find that the characteristics inside the boundary
layer influence the behaviour of the boundary layer itself. After 12:00 clouds start
to form, which we already concluded from the observational data of the incoming
short wave radiation (Figure 4.1a).
Figure 4.3b indicates again, now with a satellite image of MODIS, that a few
clouds where present at this specific day. To make a first estimation of the influence of these clouds on the boundary layer characteristics, we activated the shallow
cumulus scheme in CLASS, described in van Stratum et al. (2014). The resulting
diurnal behaviour of the boundary layer height, with the cloud scheme activated,
is shown in Figure 4.3a. With the scheme activated, the modelled boundary layer
height comes a bit closer to the observational data. This indicates that activating
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the shallow cumulus scheme in CLASS could improved the model outcomes. However, we will not use the scheme anymore to reduce the complexity.
The boundary layer height is important for the budget equation of CO2 and O2 ,
as expressed in Equation 3.1. Therefore it is important that this component is well
modelled with CLASS, which is clearly the case when looking at Figure 4.3.
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4.4

Aerodynamic and canopy resistances

Figure 4.4 shows the diurnal variability of the aerodynamic resistance (ra ) and the
canopy resistance (rs ).

Figure 4.4: The diurnal cycle of the the aerodynamic resistance (a) and the canopy
resistance (b) for the observational data and the model results of CLASS. The selected
day is 10 July 2019. The grey shade indicates the period in which the SH < 0. More
specifically, the times are 7:00 and 19:00.
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To represent the interaction between the canopy and the atmosphere, two variables play a key role: the aerodynamic resistance (ra ) and the canopy resistance
(rs ). The observational data of ra is calculated with the method of Mahrt and Ek
(1984), the same way as ra is calculated by CLASS. Figure 4.4a shows the results
of the observational and modelled ra during the day. Here we find that the ra is
mostly constant during the day with a mean value of 8 s m−1 , this behaviour is also
simulated by CLASS. The ra represents the turbulent mixing exchange between the
canopy-top and the atmosphere. This includes the exchange of CO2 and O2 and
therefore has to be represented correctly by the model.
The canopy resistance in Figure 4.4b, is calculated with the Penman-Monteith
equation (Moene and Van Dam, 2014). rs represents the opening or closing of the
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stomatal aperture. It depends on PAR, temperature and the VPD and influences
again the exchange of CO2 and O2 between the surface and the atmosphere, but now
only for the forest. This stresses again the importance that CLASS represents the
observational data correctly. Figure 4.4c shows that CLASS reproduces the same
diurnal behaviour as the observational data. For both the observational data and
CLASS, the rs decreases during the day and has a minimum at 12:00 with a value
of around 120 s m−1 . The decreasing behaviour means that the stomata open more
and the exchange between the plant and the atmosphere increases.
The overall validation of the radiation, meteorology, boundary layer height, wind
velocity and aerodynamic and canopy resistance, is very positive. CLASS is able
to reproduce the essential aspects for the 10th of July 2019. This means that the
initial and boundary conditions of Table A.2, constrained by observations, are well
defined. These boundary conditions will be used to analyse the behaviour of CO2
and O2 .
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Vertical turbulent exchange of O2 and CO2 above
the canopy

An important contribution to the O2 diurnal variability is the net exchange of O2
between the canopy and the atmosphere. In this chapter we calculate this turbulent
flux as a function of an exchange coefficient and the gradient of O2 and CO2 . We
tested and compared several methods to estimate the exchange coefficient. Since the
potential temperature and CO2 data have a better vertical resolution, we use both
variables as a reference. The turbulent flux is indicated as the surface flux above
the forest canopy in the budget Equation (see Equation 3.1).
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5.1

Fundamental concepts

630

Turbulence is a highly non-linear and chaotic process. Although there are explicit
measurements of the fluxes (made by eddy-covarience systems) for certain species, it
does require accurate and fast measurements. At present, there are no measurement
devices for O2 that are this fast and accurate (Goto et al., 2013; Deventer, 2020).
To calculate the O2 flux, we can make use of solutions proposed to parameterize the
turbulent flux, which is called the closure problem. The first-order closure approximation, so called K-theory, assumes that the turbulent flux of a variable follows the
local gradient of that specific variable. The turbulent flux is connected to the local
gradient trough the exchange coefficient (Kψ ) (Stull, 2012):
(w0 ψ 0 (z)) = −Kψ · (
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(5.1)

Here the (w0 ψ 0 (z)) indicates the flux of a certain variable (ψ) and ( ∂ψ
(z)) the
∂z
gradient of the variable.
We derived the exchange coefficient in Equation 5.1, using two different methods. The first method uses directly the observations and compares several scalars,
see Section 5.1.1. The second method uses the Monin-Obukhov similarity theory
including the adiabatic and sub-roughness effects, see Section 5.1.2. These methods
are described in more detail by Shapkalijevski et al. (2016).

5.1.1
645

∂ψ
(z))
∂z

Exchange coefficient derived from observations

For the first method we assume that the exchange coefficients for all the scalars is
the same (Monin and Obukhov, 1954). This means that using one of the exchange
coefficients of a scalar (Kψ ), the flux of O2 can be calculated with Equation 5.1.
We take as an example the potential temperature (θ). Equation 5.1 is used for
calculating the exchange coefficient, where ψ = θ. In Equation 5.1, the flux of θ
∂θ
(z)) is
(w0 θ0 (z)) is determined with the observational data and the gradient of θ ( ∂z
26

derived from measurements of temperature at three heights. These three heights
are shown in Figure 3.1 and are already explained in Section 3 with a more detailed
∂θ
look at the gradient in Figure 3.2. The gradient of θ ( ∂z
(z)) is calculated with:
ψ(z) = a · z 2 + b · z + c

(5.2)

∂ψ
(z)) = 2 · a · z + b
(5.3)
∂z
As shown in the equations, a quadratic equation is used to take into account the
non-linear behaviour of the scalars close to the surface (Betts et al., 2001). Equation
5.2 is fitted trough the data of the three measurement heights, then Equation 5.3 is
used to determine the gradient at a specific height with the fitted Equation. Here
we show, that it is very important to have accurate measurements of the gradient
of the scalars.
(

655

660

∂θ
The measured flux of θ (w0 θ0 (z)) is then divided by this gradient ( ∂z
(z)) to get
the exchange coefficient of θ (Kθ ), see Equation 5.1. In the same way, the exchange
coefficient for other scalars are calculated (specific humidity (q), H2 O and CO2 ).
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5.1.2

Exchange coefficient derived with Monin-Obukhov similarity theory

With the second method, using the Monin-Obukhov similarity theory, the exchange
coefficient is parameterised with dimensionless gradients (Moene and Van Dam,
2014; De Ridder, 2010):
KH =
670

κ · z · u∗
ΦH ( Lz )φHRSL ( zz∗ )

z
z
ΦH ( ) = (1 − 16 )−1/2
L
L

when z/L < 0

(5.5)

z
z
ΦH ( ) = 1 + 5
L
L

when z/L > 0

(5.6)

L=

−u3∗
κ( θgv )(w0 θv0 )

(5.7)

z
z
) = 1 − e−µ z∗
(5.8)
z∗
Here κ is the von Kármán constant of 0.4, z is the height above the displacement
height (the displacement height is taken as: 2/3 · canopy height), u∗ is the friction
velocity and ΦH indicates the flux gradient relationship. ΦH is used to include the
diabatic effects that enhance or suppress turbulence and has a different expression
for unstable (Equation 5.5) and stable (Equation 5.6) conditions. ΦH is calculated
with the Monin Obukov lenght Similarity Theory (MOST) (L) which is a measure

φHRSL (
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(5.4)
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for the intensity of the turbulence (Moene and Van Dam, 2014), see equation 5.7.
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Because the flux is measured close to the canopy, the roughness sublayer (RSL)
becomes important. The RSL indicates the layer where the turbulence is affected
by individual roughness elements. This needs an additional length scale because the
standard MOST is not valid anymore. In Equation 5.4, φHRSL indicates the flux
gradient of the RSL and can be calculated with equation 5.8. Here z∗ indicates the
height of the RSL and µ is a constant of 0.95. Because the RSL height (z∗ ) has a
high uncertainty and is not yet good defined, we assume a range from 1 to 5 for z∗ /
canopy height. This is in agreement with the proposed values in De Ridder (2010).
An estimation of the RSL is indicated in Figure 3.1.
The exchange coefficient is calculated in two ways, once where the influence of
the RSL is neglected (φHRSL = 0, MOST) and once where the RSL is influencing the
exchange coefficient, with the z∗ in the range as previous discussed (MOST-RSL).
5.1.3
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Calculating the CO2 flux

With the calculated exchange coefficients from Section 5.1.1 and 5.1.2, the best exchange coefficient has to be determined for the O2 flux calculations. This will be
done on the basis of the θ and CO2 flux observations. We calculated the CO2 flux
with all the exchange coefficients and compared it to the observational CO2 flux,
measured with the EC. Based on which calculated CO2 flux comes closest to the
observational flux, the best exchange coefficient is chosen (see Section 5.2).
The CO2 flux is calculated with Equation 5.1, where ψ = CO2 expect for Kψ .
All the previous calculated exchange coefficients are now used for the Kψ . How the
2
(z)) is calculated depends on how many CO2 measurement
gradient of CO2 ( ∂CO
∂z
heights are available, see Figure 3.1. When there are three measurement heights
available, which is the case for the continuous measurements (green measurements
in Figure 3.1), the gradient of CO2 is calculated with Equation 5.2 and 5.3. The observational data from these three points is already explained with Figure 3.3. When
only two measurement points are available, which is the case for the O2 and CO2
measurements of the OXHYYGEN campaign (blue measurements in Figure 3.1),
2
).
the gradient is calculated with finite differences ( ∆CO
∆z

710

5.2
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Evaluate calculated Exchange coefficients

In this section the different exchange coefficients (K) and their corresponding CO2
fluxes are evaluated. The K is calculated using directly observational data from
different scalars (OBS-based) and the Monin-Obukov Lenght theory (THE-based).
The corresponding CO2 fluxes are calculated using the continuous CO2 measurements of the tower. The results are shown in Figure 5.1.
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Figure 5.1: Diurnal cycle of the calculated exchange coefficients (K) (a) and their corresponding CO2 flux (b). K is calculated with observations of different scalars (OBSbased) or using the Monin-Obukov lenght similarity theory (THE-based) without the RSL
(MOST) and with the RSL (MOST-RSL). For the gradient of CO2 , three measurement
heights above the canopy are used: 111, 53 and 2m. The selected day is 10 July 2019.
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Figure 5.1a shows the diurnal behaviour of the exchange coefficients, where the
overall pattern is a sine wave with the peak around mid-day. This is caused by the
very small gradient in the beginning of the day (see Figure 3.2b and 3.3b), which increases the instability and the turbulence. With increasing turbulence, the exchange
coefficient will increase and because the air becomes more turbulent, the exchange
coefficients becomes more variable.
When only focusing on the OBS-based results, the exchange coefficient of H2 O
is the most variable and the exchange coefficient of θ the least. The difference in
the amount of fluctuation throughout the day is caused by the variability of the
gradient of the scalar and the flux measurement. Figure 3.2b and 3.3b show that
the gradient for θ is less variable then for example the gradient of CO2 . Only
the exchange coefficient of θ gives values around 10 m2 s−1 between 9:00 and 18:00
LT, which is in agreement with the results of Shapkalijevski et al. (2016); Wu (1965).
When including the THE-based results, Figure 5.1a shows that the exchange
coefficient of MOST-RSL has the highest values throughout the day and MOST the
lowest and the most stable. The MOST-RSL has the highest values, because the
roughness layer increases the turbulence near the canopy and thus the exchange co-
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efficient. Note that the uncertainty range around the points of MOST-RSL is quite
large. This is caused by the uncertainty of the height of the roughness sublayer
(z∗ ). When excluding the RSL effects, the MOST results have the lowest and the
most stable results because now the calculated exchange coefficient only accounts
for regional effects which does not include the boundary layer changes and the entrainment (Banerjee et al., 2017).
Figure 5.1b shows the diurnal behaviour of the resulting CO2 flux, calculated
with the exchange coefficients of Figure 5.1a. Figure 5.1b is in agreement with the
behaviour of the exchange coefficients in Figure 5.1a. For the OBS-based results,
the CO2 flux calculated with H2 O is again the most variable during the day and the
CO2 flux calculated with θ the least. For the THE-based results, the CO2 flux calculated with the MOST-RSL is the largest and mostly overestimated and the CO2
flux calculated with MOST is the lowest and the most stable. When comparing the
calculated CO2 fluxes with the measured EC CO2 flux, both the OBS-based flux
with θ and the THE-based with MOST come closest to the EC observations. They
both follow the overall diurnal pattern of the EC observations very well throughout
the day.
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Overall it seems that the CO2 flux which is using exchange coefficient from the
OBS-based calculations with the θ comes closest to the observational data of the
CO2 flux. In the next section we will further investigate this.

5.3
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Choosing the best exchange coefficient

Several statistics are calculated to get a more detailed look at which Exchange coefficient is the best and comes closest to the measurements CO2 flux with the EC.
These statistics are the standard deviation, Root Mean Square (RMS) and the correlation and are are plotted together in a Taylor diagram, shown in Figure 5.2.
The standard deviation in Figure 5.2 indicates how large the amplitude is of
the daily cycle and how large the fluctuations are during the day. The RMS is an
indication of how close the calculate CO2 flux comes to the reference. When this
number becomes lower, the calculated CO2 flux comes closer to the observational
CO2 flux and closer to the black star on the x-axis. The correlation indicates if
both data sets have the same trend during the day. If all these statistics indicate
that the calculated CO2 flux has the same trend and magnitude as the measured
CO2 flux, they come closer to the black dotted line (reference line) and the black star.
Figure 5.2 shows again that the CO2 flux of the THE-based K with MOSTRSL deviates the most from the measured CO2 flux. In the figure, the THE-based
MOST-RSL flux is the furthest away from the reference line. The flux has a high
correlation but the standard deviation is too high compared with the observational
data, which could be seen in Figure 5.1 where the CO2 flux with the THE-based
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Figure 5.2: Taylor diagram representing the main statistics of the CO2 flux calculations.
K is calculated with observations of different scalars (OBS-based) or using the MoninObukov lenght similarity theory (THE-based) without the RSL (MOST) and with the
RSL (MOST-RSL). For the gradient of CO2 , two (CAMP) or three measurement heights
are used. The selected day is 10 July 2019.
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K with MOST-RSL has the highest amplitude. The fluxes calculated with OBSbased K with q and H2 O come both closer to the reference line. They have both
a lower standard deviation and RMS. However, the CO2 fluxes calculated with the
OBS-based K with θ and the THE-based K with MOST, come the closest to the
reference line. Both have the the same correlation of 0.75 and around the same RMS
of 0.2. The standard deviation for the OBS-based K with θ is larger compared to the
THE-based K with MOST, which was already shown in Figure 5.1. Here the CO2
flux with the OBS-based K with θ showes a larger amplitude and more variability
during the day compared with the CO2 flux with the THE-based K with MOST,
which resulted in a larger standard deviation.
In order to calculate the O2 flux, one exchange coefficient has to be selected.
While both the exchange coefficient of OBS-based θ and THE-based MOST perform well, we choose to use the OBS-based K with θ. This is based on the right
order of magnitude during the day of 10 m2 s−1 and θ gives a more realistic look
at the reality, it represents better the specific turbulent conditions at this time and
height compared with the theoretical equations. Another important point, is that
temperature moves in the same vertical direction as O2 . During the day, the eddies
with higher temperatures and O2 concentrations want to go up and during the night
they want to go down. In contrast, CO2 moves in the opposite way. During the
day, the eddies with higher CO2 concentrations want to go down and during the
night they want to go up. Therefore, the observational data of θ are the best fit to
calculate the exchange coefficient for the O2 flux calculations.
Figure 5.3 shows a more detailed display of the comparison between the observational CO2 flux and the calculated CO2 flux with the OBS-based K with θ, the
model results of the CO2 flux are also shown. For the calculated CO2 flux, an error
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Figure 5.3: Diurnal cycle of the CO2 flux. K is calculated with only the observations of
the potential temperature (θ) and three measurement heights are used for the gradient of
CO2 .The error range arises from a deviation in the 111 meter measurement device. The
selected day is 10 July.

range is shown. This is because one of the temperature measurement devices has a
deviation during the day (see Figure 3.2), which results in an error for the calculated
CO2 flux and is indicated with the error bars. As the figure shows, these error bars
are relatively small and from now on we will not focus on them anymore.
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As already mentioned, the calculated CO2 flux with the OBS-based K with θ
follows very well the diurnal behaviour of the measured CO2 flux with the EC. Only
in the morning transition, between 6:00 and 12:00 LT, the calculated CO2 flux overestimates the measured CO2 flux. This is caused by the very low gradient of θ ,as
we already found in Figure 3.2, which makes it difficult to calculate the exchange
coefficient (see Equation 5.1). After 12:00 LT the observational CO2 flux is quite
well estimated with the OBS-based θ flux. This once more indicates that the exchange coefficient calculated with θ is a good way to calculated the CO2 flux and
eventually the O2 flux.

820

825

The model results of the CO2 flux are as well shown in Figure 5.3. CLASS follows the daily trend of both the observational data and the calculated flux. The
CO2 flux of CLASS and the observational data become more negative until 13:00
LT. At 13:00 LT the CO2 flux peaks at -0.65 mg m−2 s−1 for both CLASS and the
observational data. After 13:00 LT the CO2 flux becomes less negative.
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Relative error analysis of fluxes calculated with 2 point
measurements

As mentioned in Section 3 and seen in Figure 3.1, O2 measurements were only made
at two heights. Making use of previous analysis, we here provide an estimation of
the error associated to calculate the fluxes using two data points (finite differences).
The Relative Error (RE) between the observational and the calculated flux will be
calculated with:
RE =

835

(w0 CO20 )calculated − (w0 CO20 )measured
(w0 CO20 )measured

∗ 100%

(5.9)

Here (w0 CO20 )measured indicates the observational data of CO2 flux with the EC
and (w0 CO20 )calculated indicates the calculated CO2 flux based on the OBS-based K
with θ with the CO2 concentrations at two or three heights. The results of these RE
are shown in Figure 5.4.

Figure 5.4: Diurnal cycle of the CO2 flux (a) and the Relative Error (b). K is calculated
with observations from θ and the CO2 concentrations are based on the tower (OBS) or
the campaign (CAMP) measurements at two or three heights. The selected day is 10 July
2019.
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Figure 5.4a shows the comparison between the CO2 flux calculated with OBSbased K with θ and the CO2 gradient based on two or three heights. The two CO2
fluxes that uses only two measurement heights for the gradient, should have the same
magnitude and pattern. They are based on the continuous tower and OXHYYGEN
campaign measurements. If both these fluxes have the same magnitude and pattern
and their RE is the same, the error for using the campaign measurements will only
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be caused by using one less points and not by differences between the measurement
devices. This is exactly what we see in Figure 5.4, the flux and the error from both
the CO2 fluxes that are calculated with finite differences are well compared.
Figures 5.4a and 5.4b show that using finite differences has a tendency to underestimate the CO2 flux. During the day, between 7:00 and 19:00 LT, the finite
difference based CO2 flux are all less negative compared with the measured CO2 flux
with the EC. During the maximum of the day, around 13:00, the finite difference
fluxes are 0.4 mg m−2 s−1 lower compared with the EC CO2 flux. This underestimation was also found in Figure 5.2, where the standard deviation is lower compared
with the reference. The error, caused by using finite differences instead of fitting an
quadratic equation trough three points, is around 80% during the day. This underestimation has to be taken into account when the O2 flux is calculated with finite
differences. When looking at the RE resulting from the three measurement height
based CO2 gradient, it is after 8:00 lower compared with the finite difference based
fluxes. This indicates again that using three measurement heights for calculating
the gradient in equation 5.1 represents better the measured flux then using only two
heights.
In the Discussion section (Section 8) a third method is mentioned for calculating
the O2 flux, which is the integrated approach (Moene and Van Dam, 2014; De Ridder,
2010). Due limited amount of time, this approach was unfortunately not evaluated.
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O2 flux: estimation and relation to CO2

In this section we calculate and evaluate the net exchange of O2 between the canopy
and the atmosphere, which is indicated in the budget equation (Equation 3.1) as the
surface flux. This flux was not directly measured during the OXHYYGEN campaign
and it needs to be represented. The O2 flux is therefore determined in two ways. For
the observational data, we inferred the flux from the O2 gradient and the exchange
coefficient, Here, we use the exchange coefficient based on the potential temperature
observations. The modelled O2 flux in CLASS is determined by multiplying the CO2
flux with the ER. This ER can be a fixed value or variable in time.

6.1

O2 flux estimated using two approaches

Figure 6.1: The diurnal cycle of the O2 flux, estimated using two different approaches:
The observational flux is based on the exchange coefficient calculated with potential temperature and O2 concentrations at two heights. The modeled flux is based on the CO2
flux and the ER. The selected day is 10 July 2019. The grey shade indicates the period in
which the SH < 0. More specifically, the times are 7:00 and 19:00.
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The first method is used to calculate the O2 flux from the observational data.
During the OXHYYGEN campaign, the O2 flux was not measured directly (see figure
3.1b). We used Equation 5.1 to infere an estimate for this flux, where ψ becomes O2
and the exchange coefficient is based on the observational data of θ (OBS-based K
with θ). In section 5 a detailed description is given on how this exchange coefficient
is selected, based on the CO2 data. Our assumption is that we can use the same
exchange coefficient for the O2 as was selected for the CO2 flux. The gradient in
Equation 5.1 is based on the two measurement heights of the campaign, 9 and 111
2
meter, and is calculated with finite differences ( ∆O
). The two height measurements
∆z
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are not made at the same time and a correction needs to be applied in order to
collocate the two height measurements at the same time. This is done with:
O2(t−1) (111m) − O2(t+1) (111m)
− O2(t) (9m)
(6.1)
2
The O2 concentration for the 111 meter is calculated with the average of the measurement before and after the 9 meter measurement. To do this interpolation, we
use the 111 meter measurement because it is closer to the mixed layer, which should
make it less variable throughout the day. This could be seen Figure 3.4, where the
amplitude of the 111 meter diurnal cycle is smaller compared with the amplitude of
the diurnal cycle of the 9 meter measurement. The resulting calculation of this flux
will enable us to compare how well CLASS is able to reproduce the O2 flux. The
O2 flux, based on the observational data, is shown in Figure 6.1.
∆O2 =
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The second method is used to the modeled O2 flux by CLASS. In short, we calculated the O2 flux as a function of the NEE flux of CO2 . This function depends
on the ER (see Appendix A.2). The initial and boundary conditions for O2 are
described in Table 6.1. Both the ER in Equation A.2c in Appendix A.2 are taken as
a fixed value of -1.1, which is based on the global approach of Severinghaus (1995).
Multiplying this ER with the NEE flux results, in the modeled O2 flux by CLASS.
Figure 6.1 shows the diurnal behaviour of the this modeled O2 flux.
Table 6.1: Initial and boundary conditions for O2 in CLASS.

Variable

Description and unit

Hyytiälä

Initial mixed-layer O2 [ppm]
Initial O2 jump at h [ppm]
Free atmosphere O2 lapse rate [ppm m-1]
Advection of O2 [ppm s−1 ]
Surface kinematic O2 flux [ppm m s−1 ]

-105
20
0.
0.
0.3

O2 :
[1]

O2
[1]
∆O2
[1]
γO2
adv(O2 )[1]
(w0 O20 )[1]
[2]

ERA
[2]
ERR

Exchange ratio for assimilation [ppm ppm−1 ] -1.1
Exchange ratio for respiration [ppm ppm−1 ] -1.1

[1] Based on the measurement tower data in Hyytiälä
[2] Severinghaus, J. P. (1995). Studies of the terrestrial O2 and carbon cycles
in sand dune gases and in Biosphere 2: Oak Ridge Associated
Universities, Inc., TN (United States)
905

The model results of the O2 flux in Figure 6.1 show a clear diurnal cycle with a
sine wave. The flux starts to increase at the beginning of the day and peaks around
13:00 hours, then the flux decreases again. In contrast, the observational data shows
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a less defined diurnal behaviour. After 7:00 hours the O2 flux based on the K with
θ varies between 0.1 and 1.4 mg m−2 s−1 . The main pattern is close to the model
outcome, but there are still a few outliers. Both the observational data and CLASS
have a opposite behaviour compared with the CO2 flux (Figure 5.3). However, the
outcomes of the observational based data could be improved to reduce the variability.
The large range and the variability of the observational based O2 flux can be
explained by the two measurement heights of O2 . First of all, using only two heights
compared with using three heights for calculating the gradient, results in an error
and underestimation of the flux (See Figure 5.4). Second, there is no clear difference
visible between the O2 concentrations for the two measurement heights, which can
be seen in Figure 3.4b. When little to no difference between the heights is measured,
the resulting gradient of the O2 concentration between the two heights is then difficult to calculate and the small gradient results in large uncertainties. The gradient
of O2 is an important component for calculating the O2 flux and therefore causes
this large variability of the observational based O2 flux.
The observational based flux is highly uncertain, which makes it difficult to compare it with the model results. This makes it hard to determine if the model outcomes
for the O2 flux are correct and come close to reality. Therefore, it is important to
improve the measurements per height and maybe include a third measurement for
improving the gradient calculations for O2 .

6.2

ER variable over time

This data set enables us to further study the the second method to calculate the
flux of O2 , based on the constant ER. In the following we validate this assumption.
Our first consideration is that the ER is based on a concentration ratio. However,
in closing the flux of O2 in CLASS, with equation A.2c, it is better to do it with
a ratio of the flux of O2 and CO2 . Our hypothesis is that both the ratios, the one
of concentration and the on of the fluxes, are related. This relation is based on the
one-dimensional Equation that governs the flux of O2 and CO2 . The fixed ER based
on concentrations is determined with the following equation:
∆O2 /∆t
∆O2
∂O2 /∂t
≈
=
= ER
∂CO2 /∂t
∆CO2 /∆t
∆CO2

940

(6.2)

In Equation 6.2, we can relate the derivative of O2 and CO2 to the divergence of
the fluxes, assuming that there is no advection. The expression reads:
∂O2 /∂t
∂(w0 O20 )/∂z
≈
= ER
∂CO2 /∂t
∂(w0 CO20 )/∂z

(6.3)

In absence of direct measurements of O2 , and as presented and discussed in
Section 5, we relate the fluxes to the concentrations gradient using the K-theory.
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Therefore this part of the equation needs to be simplified:

945

∂(w0 O20 )/∂z
K · ∂O22 /∂z 2 + ∂K/∂z · ∂O2 /∂z
−∂/∂z(K · ∂O2 /∂z)
≈
=
−∂/∂z(K · ∂CO2 /∂z)
K · ∂CO22 /∂z 2 + ∂K/∂z · ∂CO2 /∂z
∂(w0 CO20 )/∂z
(6.4)
Assuming the same exchange coefficient and it is the same constant in the vertical, Equation 6.4 can then be simplified to:
∂O22 /∂z
K · ∂O22 /∂z 2 + ∂K/∂z · ∂O2 /∂z
≈
K · ∂CO22 /∂z 2 + ∂K/∂z · ∂CO2 /∂z
∂CO22 /∂z

(6.5)

Note that if we approximate the O2 and CO2 profiles by a non-linear function
(Equation 5.2), the right hand side of Equation 6.5 can be equated to a constant.
∂O22 /∂z
aO2
≈
∂CO22 /∂z
aCO2

(6.6)

An alternative to this method is to simplify it with the Taylor expansion (Peiró
and Sherwin, 2005):

950

(6.7)

O2(z+1) − 2 · O2(z) + O2(z−1)
aO2
∂O22 /∂z
≈
=
2
∂CO2 /∂z
CO2(z+1) − 2 · CO2(z) + CO2(z−1)
aCO2

(6.8)

O2(t+1) − O2(t−1)
∂O2
≈
∂t
2∆t

(6.9)

O2(t+1) − O2(t−1)
∂O2 /∂t
≈
∂CO2 /∂t
CO2(t+1) − CO2(t−1)

(6.10)

Based on Equation 6.3, 6.8 and 6.10, an ER expression is derived that relates
the concentration of CO2 and O2 to the flux divergence using only concentration
measurements:

ER =

955

O2(z+1) − 2 · O2(z) + O2(z−1)
∂O22
≈
∂z
∆z 2

O2(z+1) − 2 · O2(z) + O2(z−1)
O2(t+1) − O2(t−1)
aO2
=
=
CO2(t+1) − CO2(t−1)
CO2(z+1) − 2 · CO2(z) + CO2(z−1)
aCO2

(6.11)

The physical explanation of this Equation is depicted in Figure 6.2. The figure
shows that the CO2 and O2 concentrations vary on time due temporal changes and
in out outgoing of fluxes, which are the spatial based changes.
To use Equation 6.11, three measurement heights are needed for both O2 and
CO2 . Unfortunately we only have two measurement heights for O2 (see Figure 3.1).
As a first attempt to check how our OXHYYGEN data fits with this equation, we
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Figure 6.2: Schematic view of Equation 6.11, how the ER can change because of temporal
and spatial changes in the CO2 and O2 concentrations.
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used observational data of θ instead of O2 .

965

To prove and have a first estimation of the equivalence between the ER calculated on time (2nd term of Equation 6.11) and the discretized flux divergence term
(3rd term in Equation 6.11), we calculate the relations between θ and CO2 . The last
component of the Equation results in the constant results, from Equation 5.2. All
the components of Equation 6.11 should be equal to each other, as the Equation
suggests. Figure 6.3 shows the diurnal cycles of all these separate components calculated with θ and CO2 .

Figure 6.3: The diurnal cycle for the separate components of Equation 6.11. These components are based on the concentrations (temporal), the fluxes (spatial) and the constants
of the second derivative (constant). The selected day is 10 July 2019.
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Figure 6.3 indicates that at the beginning of the day, between 7:00 and 11:00
hours, the results from all the components are around -1. After 11:00, the results
of the discretized flux divergence term (spatial term) decrease to approximately -2
and stay around this number until 19:00. The temporal results begin to fluctuate
after 11:00 between -2 and 3. The constant component has the same behaviour as
the spatial one. This is a good sign, because these results agree with Equation 6.11.
But, this Equation also indicates that the temporal component should be the same
as both the spatial and constant component.
The results of the spatial and constant component give negative and more stable
results compared with the temporal component. This makes the spatial and constant results more logical, because θ and CO2 are negatively correlated during the
day. The cause for the fluctuating results of the temporal component is potentially
caused by the diurnal behaviour of the potential temperature (Figure 3.2a) and the
CO2 concentration (Figure 3.3a). From these Figures it can be concluded that after
11:00, especially for the CO2 concentration, the observations become constant in
time. When little or no temporal change for θ or CO2 is observed, the temporal
component of Equation 6.11 becomes very hard the calculate. Other errors could
be caused by the neglected advection or the several assumption that where made
throughout the equations.
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The spatial and constant components show promising results and could give more
information on the diurnal cycle of ER. When implementing these components in
CLASS, for a variable ER per time step, a better O2 flux could be modelled. Then
the O2 flux is calculated with an ER, which is based on a ratio of the flux of O2
and CO2 instead of the concentration based ER, which is more realistic. However,
therefore we need three measurement heights for O2 , which we unfortunately do not
have.
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All the components of the budget equation (Equation 3.1) were discussed in the
previous sections. We are now able to determine how the concentrations of CO2
and O2 are related. In doing so, we are able to study whether the assumption of
a constant ER or varying on time is fulfilled for the concentrations measured and
modelled above the canopy. By analyzing the ER evolution on time, we complete
the evaluation of the diurnal cycle of CO2 and O2 above the canopy is completed
for the selected case of the 10th of July 2019.

7.1

1010

Relationship between the CO2 and O2 concentrations

CO2 and O2 concentrations

Figure 7.1 shows the diurnal behaviour of the CO2 and O2 concentrations measured
at two heights during the OXHYYGEN campaign and the model results corresponding to the mixed layer values.

Figure 7.1: Diurnal cycle of the CO2 concentration (a) and the O2 concentration (b) for
the observational data of the campaign (9 and 111 meter above the canopy), the continuous
measurements (OBS) and the model results from CLASS. The selected day is 10 July 2019.
The grey shade indicates the period in which the SH > 0. More specifically, the times are
7:00 and 19:00.
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Until 6:00 LT the CO2 concentrations (Figure 7.1a) for both heights of the campaign observations are increasing, which is caused by the strong respiration and no
photosynthesis during the night with a shallow boundary layer. The observations
of 9 meters above the canopy is around 4 ppm higher compared with the 111 meter
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measurement. This is because the 9 meter observations are closer to the canopy
and are therefore closer to the emissions of the plants. After 6:00 LT the photosynthesis rates start to increase and the gradient changes, the CO2 concentration
at 9 meters above the canopy becomes smaller then the 111 meter. This pattern,
of changing the sign of the gradient during the day, was already found in Figure 3.3b.
From 6:00 LT until 9:00 LT, CO2 follows overall a typical decrease driven by this
strong photosynthesis and entrainment of air with relative low CO2 concentration
content from the residual layer (Casso-Torralba et al., 2008). Both the observations
and CLASS results, follow this pattern. After 9:00 LT we would expect, because
of the decreasing boundary layer growth and entrainment rate, the steep decrease
to reduce and gently approach an afternoon value between 397 and 398 ppm. This
typical behaviour, described by Casso-Torralba et al. (2008), is not presented by
the observational CO2 data in Figure 7.1a, but is reproduced by CLASS. From 9:00
until 12:00 LT the CO2 observations are still strongly decreasing. However, after
12:00 LT there is a sudden increase of CO2 . We are not completely sure what causes
this behaviour, but it could be related to horizontal advection. Figure 4.2 already
showed signs of advection around 14:30, related to an increase of q and the sudden
reduced increase of θ. After 18:00 LT the boundary layer and canopy dynamics have
restored this sudden decrease of the CO2 observational data and the background
value of 397 ppm is back.
To further corroborate the validity of the CO2 observations, the campaign and
the continuous measurements are compared. The continuous tower observations,
indicated in Figure 7.1a with OBS-CO2 , and the campaign measurements at 111
meter above the canopy are both measured at the same height, which means they
should give the same results. Figure 7.1 shows indeed that this is the case and they
are in close agreement. This indicates that the CO2 measurements of the campaign
are correct and can be compared with the other continuous tower measurements.
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Focusing now on the O2 concentration diurnal evolution (Figure 7.1b), it is expected to show an anti-correlation with CO2 , because the combined processes of the
soil and plant respiration and the plant photosynthesis the CO2 and O2 are oppositely coupled. Until 9:00 LT O2 follows this anti-correlated behaviour for both the
observational data and CLASS. However, compared with the CO2 measurements,
little difference is found between the two measurement heights. After 9:00 LT we
would expect the steep increase to reduce. The same as for CO2 , CLASS shows this
behaviour but the observational O2 data does not. After 9:00 LT the O2 concentrations decrease rapidly, until 18:00 LT. Then, because of the boundary layer and
canopy dynamics, the O2 concentrations start to go back to their background value.
Figure 7.1b shows two unexpected aspects of the O2 diurnal variability. First,
there is no clear difference is observed between the two measurement heights. Both
the 9 and 111 meter give around the same results throughout the day. This is caused,
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because the abundant O2 concentration in the air makes it very hard to measure.
Therefore the measurement device needs to be very precise and errors occur very
quickly, which are caused by gas handling and the calibration of the fuel cell analyzer
(Stephens et al., 2007). This could be improved when looking again at the calibration process. In Section 6 we already found that the no clear differences between
the measurement heights, influenced the calculations of the O2 flux. Therefore it
is important to get the difference between the heights correct. Second, the diurnal
behaviour of the O2 measurements is not opposite to the CO2 measurements after
9:00 LT. Why the observational data of O2 shows this sudden decrease is not clear.
It could be caused by advection, but the effect of the potential advection on CO2 is
much smaller compared with the effect on O2 . In the discussion section, we further
discuss the atypical pattern observed for this day.
Despite the strange behaviour of O2 after 9:00 LT, the ER can now be calculated.
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The ER: fixed or varying on time?

As shown in Section 6, we assumed that the ER is constant on time in which the
value -1.1 at the leaf level has been scaled up at the canopy. In order to further
determine how valid this assumption is, the ER is calculated in two different ways,
one single value for the entire day or variable throughout the day. The single value
for the ER is based on the slope between the O2 and CO2 concentrations. The slope
is calculated with a linear line that is fitted trough all the data points:
O2 = a · CO2 + b

(7.1)

Here, a and b are constants and determined by fitting the line trough the observational data. This Equation is based on the global approach (see Equation 2.2),
where the a in Equation 7.1 indicates the ER. The second method for the variable
ER throughout the day is determined with:
ER(t) =
1085

1090

1095

O2(t+1) − O2(t−1)
CO2(t+1) − CO2(t−1)

(7.2)

Equation 7.2 determines for each time step a new ER, based on the O2 and CO2
concentrations of the time step before and after the current one.
Figure 7.2 shows the observational data of O2 against the CO2 data for the 9
meter measurement height above the canopy. We decided to show only the data of
the 9 meter because it is closer to the canopy and can therefore better represent the
exchange of CO2 and O2 between the forest and the atmosphere. The colors indicate
period on time when the measurements were taken. The period between 7:00 and
18:00 hours is taken as the daytime slot and the period before 7:00 and after 18:00
is the nighttime slot. The red dots are the daytime measurements, characterised by
unstable conditions, and the blue dots the night-time, characterised by stable conditions. Both the daytime observations and the nighttime observations are clustered.
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This means separate lines can be fitted trough these time slots. The fitted lines of
these time periods are included in Figure 7.2.

Figure 7.2: The O2 against the CO2 concentrations for the 9 meter measurements above
the canopy. The colors indicated the time of the day, with the blue colors indicate the
night values and the red colors indicate the day values. The selected day is 10 July 2019.
1100
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The slopes and the corresponding errors from these fitted lines are shown in Table 7.1, where the slopes represent the ER. The 9 meter ER during the day is 0.60 ±
0.98 and during the night 0.07 ± 0.15. Both these numbers are positive and much
smaller then the globally used -1.1, which is not what was expected. The ER for
the day and the nighttime should be different, because this has already been found
by several studies, e.g. Battle et al. (2019); Ishidoya et al. (2013, 2015); Stephens
et al. (2007). However, these studies found that the expected ER is negative and it
should be around -1. For example, Battle et al. (2019) found that the ER above the
canopy of a mixed deciduous forest is for the daytime -1.03 ± 0.03 and -1.11 ± 0.02
for nighttime.
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Our explanation of this discrepancy result with respect to previous work is as
follows. The strange behaviour of the diurnal cycle of O2 after 9:00 LT (Figure 7.1b)
and the issue of the measurement precision, already explained in the previous Section, results in these unrealistic numbers for the ER including the large error range.
The error range is even larger than the actual ER and the error ranges found by Battle et al. (2019), which makes these ER not representative for this forest. The dayand nighttime ER for the 111 meter (shown in Table 7.1) shows a similar pattern.
Both these numbers are also too small, positive and have a larger error range then
the ER itself. Only the night time value of the 111 meter gives a negative number,
but the error is still too large to make it representative.
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We repeat the same procedure, but now using the CLASS model results. Table
7.1 shows the ER of CLASS during the morning, between 6:00 and 10:30 LT, and
during the day, between 10:30 and 18:30 LT. The ER of during the morning is -2.63
± 0.00 and during the day -1.50 ± 0.00. Both these numbers are now negative but
larger then the expected -1.1. It is difficult to confirm how realistic these numbers
are, because the model results show a different diurnal behaviour than the observational data (see Figure 7.1). However, the model results show the expected and
typical behaviour for both CO2 and O2 , which would mean that the resulting ER
give also realistic values. In addition, there is an important aspect. As mentioned
in Section 6, we assume that the O2 flux is related to the CO2 flux by the factor
-1.1. Due to other processes that are involved in governing the O2 evolution, dilution
by the boundary layer height and entrainment, the expected ER could potentially
deviate from the -1.1 value.
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Table 7.1: The ER of every height for the 10th of July and the multiple day average

Date
10 July
9-10-11 July
10 July
9-10-11 July
10 July
9-10-11 July
10 July
9-10-11 July
both
both

Height [m]
9m day
9m day
9m night
9m night
111m day
111m day
111m night
111m night
CLASS morning
CLASS day

ER
0.60 ± 0.98
-1.47 ± 0.15
0.07 ± 0.15
-0.69 ± 0.24
0.17 ± 1.41
-1.28 ± 0.78
-0.69 ± 0.67
-0.35 ± 0.19
-2.63 ± 0.00
-1.50 ± 0.00

Figure 7.3a shows the diurnal cycle of the ER, for the 9 and 111 meter, calculated with Equation 7.2. The single value ER for the day and the night, based on
the slope of the fitted line, is also included in the figure. Figure 7.3b indicates with
boxplots the statistics of the variable ER between 7:00 and 18:00 for both the heights.
1140
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The ER fluctuates between the values 10 and -10 throughout the day, which we
already concluded that this is a very large and unrealistic range. We would expect
values around -1.1. No difference between the heights and the day and night can be
detected. The mean value of the ER during the day, indicated with the boxplots, is
not the same as the constant ER calculated with the slope. We attribute this strange
behaviour again to the diurnal behaviour of O2 (Figure 7.1b) and the measurement
uncertainty, which produced also the unrealistic numbers for the constant ER. In
absence of more clear evidence, no conclusion can be made for the specific value of
the ER above the canopy during the day.
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However, we can still conclude from this section that we do not expect the ER
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Figure 7.3: The diurnal cycle of the ER and the different slopes for the day and the
night, for 9 and 111 meter above the canopy observations (a) and with the mean of the
day ER for both the heights (b). The selected day is 10 July 2019.

to be a constant value equal to -1.1. We do expect a negative values varying around
this -1.1.
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Discussion

Our discussion begins by analyzing an aggregate of three days to determine how
general our previous findings are. By doing so, we determine whether the unexpected behaviour of the O2 diurnal variability, in particular in the afternoon, is also
reproduced in studying additional days. We complete the discussion by looking at
local and non-local effects, which could influence the results.

8.1

Multiple day average

Until now we only studied one specific day: 10 July 2019. This day seemed the
best representative based on the criteria described in Section 3. However, the O2
concentrations gave unrealistic results after 9:00 LT (see Figure 7.1), because the
O2 concentrations did not show opposite behaviour to the CO2 concentrations and
there was no clear difference between the measurement heights. In order to determine how general our results are based on a single day, we looked at other days in the
same week. With the days: 9, 10 and 11 July in 2019, we calculate a multiple day
average for the CO2 and O2 OXHYYGEN campaign measurements. It is important
to stress that these two days depart from the typical boundary layer. During the 9th
of July it rained and during the 11th there were a very thick clouds present. Both
these effects influences the boundary layer characteristics, which made it difficult
for CLASS to model these days well. However they are still interesting to be studied, to determine how the CO2 and O2 diurnal variability above the canopy behaves.
Figure 8.1 shows the diurnal behaviour of the multiple day average for the observational data of CO2 and the O2 measured at two heights and the model results
of the 10th of July, corresponding to the mixed layer values. The dots indicate the
multiple day average per height and the shaded area is the difference between the
days.
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Compared with Figure 7.1a, the CO2 concentrations in Figure 8.1a behave similarly. The multiple day average shows the difference between the two measurement
heights and gradient changes sign again after 7:00. The overall diurnal behaviour
is also well modelled by CLASS. We find a steep decrease until 9:00 LT, followed
by a reduced decrease with gently approaching an afternoon value between 397 and
398 ppm. The difference between the average and the shaded area is around 2 ppm.
This indicates the difference between the days and it is minimal, which demonstrates
that there is not a lot of variation between the days for the CO2 concentration. In
concluding, we find a similar pattern of the diurnal behaviour of CO2 as reported
by Casso-Torralba et al. (2008).
In contrast with CO2 , we find large differences for O2 when looking at Figure
8.1b and Figure 7.1b. Until 12:00 LT the overall behaviour of O2 is the same as
in Figure 7.1b. However, in this case a difference is shown between the two mea-
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Figure 8.1: Diurnal cycle of the CO2 (a) and O2 concentration (b) for the observational
data and the model results from CLASS. The dots indicate the multiple day average of
three consecutive days: 9, 10 and 11 July 2019. The shaded area is the difference between
all the days. The grey shade indicates the period in which the SH > 0. More specifically,
the times are 7:00 and 19:00.
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surement heights between 0:00 and 6:00 LT. The 111 meter is around 5 ppm higher
compared with the 9 meter. This is caused by the low photosynthesis and high
respiration rates during the night. Since there are only three days, the average is
largely affected by 10 July. If you would compare 9 and 11 to 10 July, the difference
would even be larger. After 12:00 LT the O2 concentration decreases less compared
with Figure 7.1b. The aggregated O2 is now more anti-correlated to CO2 , which
means it comes closer to the model results of CLASS. CLASS is now able to better
reproduce the diurnal variability of the multiple day average, which means that the
observational data of 9 and 11 July improve the data of O2 . However, after 12:00
LT no clear difference can be seen anymore between the two measurement heights
and the difference between the separate days increases. The difference between the
average and the shaded area is around 10 ppm, which is a larger difference compared
with CO2 . This indicates that the measurements of O2 are more variable per day
compared with the CO2 measurements.
With the multiple day average concentrations of CO2 and O2 a new ER is calculated. The ER calculations are again based on Equation 7.1 and 7.2 and the results
are shown in Figure 8.2 and 8.3 respectively.
Figure 8.2 shows the observational data of the 9 meter measurement of O2 against
the CO2 measurements, where the colors of the points indicate when they where
measured. Compared with Figure 7.2, the day and night values are again separated
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Figure 8.2: The O2 against the CO2 concentrations of the 9 measurements for the
multiple day average of the days: 9, 10 and 11 July 2019. The colors indicate the time of
the day, with the blue colors indicating the night values and the red colors the day values.

and different lines can be plotted trough the points of these time slots. The same
time intervals are used as for Figure 7.2. The resulting slopes ant the corresponding
errors from these lines, which indicate the ER, are shown in Table 7.1.
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The ER values of the 9 meter measurements seem to improve compared with
only the 10th data. The aggregate day average values are now negative during the
day and the night and the error range decreased. The exact numbers for the ER
are now closer to the ER of CLASS, especially the day value. The day ER of the
9 meter observations is -1.47 ± 0.15, and for CLASS during the day -1.50 ± 0.00.
The 111 meter ER gives around the same results as the 9 meter, where all the ER
have become negative, the error range is smaller compared with only the 10th of
July data and the day values are close to the CLASS outcome. This means that the
multiple day average improves the values for the ER, regarding the sign, the error
range, and potentially the exact numbers. However, as stated in Section 7, it is
difficult to determine how realistic the values of CLASS are. Figure 8.1 shows that
the observational data and the model are now in more agreement, which could indeed indicated that the ER of the boundary layer potentially deviates from the -1.1.
The remaining errors of the aggregated ER, are caused by the low correlation between the CO2 and the O2 data (see Figure 8.2). Looking at the results from Battle
et al. (2019), the correlation between CO2 and O2 should be much higher and very
close to -1. This means that the observational data of O2 should further be improved.
Figure 8.3 shows the diurnal behaviour of the ER based on the multiple day
average data. Compared with Figure 7.3a, Figure 8.3a shows less spread of the ER
during the day. However, still no clear differences can be seen between the heights
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Figure 8.3: The diurnal cycle of the ER for the day and the night of the 9 and 111
meter measurements (a) with the mean ER for the day values (b). This data represents
the multiple day average of the days: 9,10 and 11 July 2019.
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and the range of the ER is still unrealistic and very large. From Figure 8.3 we can
conclude that the ER is not constant during the day, but variable. Nevertheless
we still need to improve the observational data to make the fixed (Figure 8.2) and
variable (Figure 8.3) ER better. Our analysis suggest that in analyzing more days
we gain on statistically robustness on the ER calculations.
To further improve our observational data of O2 we could look at a different
week. This specific week was chosen because of the available radiosondes, which
provide us more information on the characteristics of the boundary layer, more
specifically on the intial jump, boundary layer growth and the initial lapse rate.
However, during OXHYYGEN campaign in 2019 measurements where carried out
in the spring/summer. During this period a new representative day could be chosen.
This day has to meet the criteria presented in Section 3, but now the behaviour of
the O2 diurnal cycle has to be added. This behaviour needs to be opposite to the
behaviour of CO2 , to get a good result for the ER.
Another point, that could contribute to improving the observational O2 data,
is the gashandling and the calibration process. As already discussed in Section 7,
these two processes contribute a lot to the precision and accuracy of the O2 data.
The calibration cylinder that was used during the OXHYYGEN campaign will be
recalibrated, which means the data will already be improved. Further, there are
several processes not directly linked to the observational technique, which influences
the final results of the observational and the modelled data. These are processes
related on how to measure and model local and non-local effects, that influence the
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CO2 and O2 system.

8.2
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Local effects

In the following, we discuss potential improvements for the modelling and observations of O2 .
How CLASS models the surface layer, is one of these local effects. The surface
layer influences a variety of important scalars, for example the long wave radiation,
latent heat flux and specific humidity. These scalars contribute directly or indirectly
to the evolution of the boundary layer and are therefore important to be modelled
right. CLASS can not model the surface layer right as was already discussed in
Section 3 and Figure A.1 shows the consequence of this problem. When continuing
with the same model and data, the surface layer representation in CLASS should be
improved.
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In previous sections, we focused on that the ER can vary on time. This could
further be improved by looking at how the ER and the link between CO2 and O2
is implemented in CLASS. CO2 and O2 are linked on much smaller scales, for example on leafs, stem and the soil scale. The ER of these smaller scales is easier
to determined then the ER above the canopy and therefore the ER of these scales
is more known (Hilman and Angert, 2016; Hilman et al., 2019; Clay and Worrall,
2015). Currently the ER in CLASS is used to link the CO2 with the O2 surface
flux. As a consequence, the link between CO2 and O2 on the smaller scales is not in
detailed looked at. However, in future work the link between CO2 and O2 on these
smaller scales could be implemented in CLASS. The link between CO2 and O2 in
CLASS can also be improved by improving the implementation of the ER for the
surface flux. In Section 6 we discussed that we needed three measurement heights
of CO2 and O2 , to make the ER vary per time step. A data set of the Bialystok
tall tower station in Poland is already available that contains three measurement
heights of both CO2 and O2 , see Popa et al. (2010). In the future this data set
can be used to calculate a new ER and potentially determine an expression for the
diurnal behaviour of ER.
Not only the modelled flux can be improved but the strategy to infer the O2 flux
based on the observations needs to be improved. The surface flux is an important
part of the budget equation and therefore needs to come closest to reality as possible. Despite the observational based O2 flux came relatively close to the modelled
flux (see Section 6), there is still room for improvement. First, the frequency of
the measurements needs to increase. When calculating the gradient of a specific
scalar based on two measurement heights, the measurements of this scalar needs to
be made at around the same time. When the different heights are measured at a
different time, the diurnal variability will influence the measurements. When the
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measurement frequency for the measurement heights of O2 is increased, the accuracy of the O2 flux calculations based on the O2 gradient concentrations can also be
enhanced.
Another way of improving the observational based O2 flux is by adding a third
measurement height for better capturing the logarithmic profile close to the canopy
or by using another calculation method. In our study we have inferred the O2 flux
using two methods, observational based and using the Monin-Obukhov similarity
theory (see Section 5). Due to limited amount of time, we have not tested a third
approach: the integrated approach. This results in the following equation (Moene
and Van Dam, 2014; De Ridder, 2010):
z2
z2
z1
z
(w0 ψ 0 )
[ln( ) − Ψh ( ) + Ψh ( ) + φRSL ( )]
(8.1)
κ · u∗
z1
L
L
z∗
With the integrated approach, only two measurement heights are needed and the
logarithmic profile is taken into account. However, with this approach it is assumed
that the flux is constant with height. Therefore we did not use this method at first,
because looking at Equation 6.11, we assumed that the flux is not constant with
height. Still, in the future it is nice to see if the integrated approach can improve
the O2 flux without adding a third measurement height.
ψ(z2 ) − ψ(z1 ) =
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Non-local effects

The advantage of our approach is that it integrates all the essential processes influencing O2 . As such, on modelling and interpreting the O2 data, we need to take
the local effect into account, but also processes that occur far from the surface. We
name these processes non-local.
An example of a non-local effect is entrainment. Throughout this research we
do not look at the entrainment because of the lack of measurements in the free
troposphere. However, the entrainment is still a very important part of the budget
equation and therefore needs a closer look. During the OXHYYGEN campaign in
2019, CO2 was experimentally measured with the radiosondes. This means that CO2
measurements of the free troposphere are available and can be used in the future.
For O2 , flask measurements with an airplane can me made, the same as Van der
Laan et al. (2014), to retrieve O2 free troposphere measurements. With observational data from the free troposphere, the boundary conditions for CLASS can come
closer to the real time situation.
Another important process that needs a better quantification, is advection. Not
only did we not look at the advection regarding observational data, we even did
not included it in the model. Advection could potentially play a key role for 10
July looking at Figure 4.2 and the diurnal behaviour of CO2 and O2 (Figure 7.1).
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Both these Figures show behaviour that represents advection. In future research,
the advection could be added to the model.
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The shallow cumulus scheme could also be included in the model with future
work. Clouds are an important feature, which has a great influence on the boundary layer characteristics. Therefore, they should not be ignored. We could see from
Figure 4.3 that this scheme improves the outcomes of the model and brings it closer
to the observational data. However, to simplify things, we did not activate the
clouds scheme in CLASS.
When eventually the model outcomes of CO2 , O2 and the ER are satisfactory
compared with the observational data, sensitivity analysis can be carried out. We
know that boundary layer characteristic, like the boundary layer height and the entrainment, influence the scalars in the boundary layer. However, how these boundary
layer characteristics influence O2 and especially the ER, is not clear. With sensitivity analysis a clear image can be create of the (bio)physical effects on the diurnal
behaviour of the ER. Besides the boundary layer characteristics, several other processes are also interesting to look. For example, in future work their could be looked
at the effect of a very dry year, for example 2018. In this year, the OXHYYGEN
campaign measured ass well O2 at the Hyytiälä site.
From this discussion can be concluded that still a lot can be done to improve the
results of this research. Still a couple of things need to be looked at or improved
to get a better answer on the research question: What are the (bio)physical drives
that govern the diurnal variability of the ER above the canopy of a boreal forest?
However, this thesis gives already a good start for further research on the diurnal
behaviour of O2 above a forest.
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Conclusion

We investigate the diurnal variability of CO2 and O2 above the boreal forest in
Hyytiäla, Finland. Our approach is based on the analysis of the measurement
campaign OXHYYGEN 2019, where observations of CO2 and O2 were made at
two heights, and a complete data set of surface and upper air meteorological variables. Our methodology combines these observations with the conceptual soil-plantatmosphere model CLASS. We selected the 10th of July 2019 as our representative
day but it is supported by a multiple day average of the days: 9, 10 and 11 July 2019.
The observational based O2 flux looks promising but needs still some improvements. The O2 flux is important for the diurnal variability of O2 concentrations
and the Exhange Ratio (ER). For the first time we determined the diurnal variability of the O2 turbulent fluxes above a boreal forest. We calculated the O2 flux
above the canopy using two independent methods. The first one uses the exchange
coefficient based on the potential temperature data and O2 -gradient concentrations
(K-theory). The second one depends on the modelled CO2 flux at canopy level and
the ER. The observational O2 flux comes close to the modelled flux, but there still
remains a large variability throughout the day. In spite of this large variability of the
observational based O2 flux, both methods show the potential to determine the diurnal variability of O2 and to provide an additional constraint to the CO2 diurnal cycle.
The CO2 and O2 concentrations both depend strongly on the dynamics above
the canopy and O2 behaviour is characterized by diurnal variability, which is anticorrelated to CO2 . CLASS is able to model this diurnal variability of both CO2 and
O2 . First, CLASS is able to reproduce the diurnal variability of the surface and the
boundary-layer dynamics. Second, We found that the CO2 and O2 observations are
in good agreement with the model in the morning (until 12:00 LT) and they diverge
in the afternoon. In particular for the O2 diurnal variability the observed concentration decreases and the modelled concentration increases after 12:00 LT. When using
the multiple day average, the observed O2 concentrations come closer to the modelled concentrations. In this research we discuss that these disagreements are due to
O2 calibration issues and some processes in the model which require improvement.
In particular the relation between CO2 and O2 (the ER) and the turbulent flux of O2 .
The resulting ER of the O2 and CO2 concentration is not a fixed value, but it
varies throughout the day. This ER indicates how the ecosystem behaves, which
can help us to better understand the terrestrial sink. We quantified the ER from
observations and modelling. We studied two possibilities: the ER is a fixed value or
it varies throughout the representative day. Due to the uncertainty of the O2 measurements and calculated fluxes derived from the observations, we found no concrete
values or indications suggesting the diurnal behaviour of the ER. These ER estimations need to be investigated further. Subsequently, we derived an expression that
relates the ER evolving in time with the flux divergence. For this expression, we re-
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quire future field experiments to measure both CO2 and O2 at three heights. These
three measurements could potentially also help improving the inferred observational
O2 flux calculations.
1420

1425

Our findings indicate the need to further study the diurnal variability of O2 , with
complete meteorological and CO2 measurements. Understanding this O2 diurnal
variability with respect to CO2 will enable us to discriminate between the respiration
and the photosynthesis fluxes at the sub-daily scales. With this we come closer to
better understanding the terrestrial carbon sink.
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A.1

Appendix
Table with all the data

Table A.1: All the observational data from the tower that is continuously measured by,
the OXHYYGEN campaign measurements and, the radiosondes at each specific height

Variable
Radiation:
LWin [W m−2 ]
LWout [W m−2 ]
SWin [W m−2 ]
SWin [W m−2 ]
PAR [W m−2 ]
Cloud base [m]

Measurement device

Height [m]

Tower
Tower
Tower
Tower
Tower
Ceilometer

67
67
67
67
35
/

Scalars:
Pressure [hPa]
θ [K]
CO2 [ppm]
RH [%]
H2 O [ppth]
wsoil [m3 m−3 ]
Wind direction [°]
Wind speed [m s−1 ]

Tower
Tower
Tower
Tower
Tower
Tower
Tower
Tower

0 (surface)
0.05, 0.5, 4.2, 16.8, 67.2, 125
16.8, 67.2, 125
16.8, 67.2, 125
16.8, 67.2, 125
0.06, 0.61
125
125

Flux
SH [W m−2 ]
Tower
LE [W m−2 ]
Tower
−2 −1
CO2 flux [mg m s ] Tower
G [W m−2 ]
Tower

27
27
27
/

Other:
L [m]
u∗ [m s−1 ]

Tower
Tower

27
27

Campaign OXHYYGEN:
O2 [per meg]
CO2 [ppm]

Fuel cell analyser
Fuel cell analyser

23, 125
23, 125

Radiosonde:
Wind speed [m s−1 ]
q [m3 m−3 ]
T [K]

Radiosonde
0-4000
Radiosonde
0-4000
Radiosonde
0-4000
Continued next page
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Pressure [hPa]

A.2
1430

Radiosonde

0-4000

Equations for implementing O2 in CLASS

Here the Equations are presented for how O2 is implemented in CLASS and linked
to CO2 .
(w0 O20 )s − (w0 O20 )e
∂ < O2 >
=
+ AdvO2
∂t
h

A.3

(A.1)

(w0 O20 )A = ORA · (w0 CO20 )A

(A.2a)

(w0 O20 )R = ORR · (w0 CO20 )R

(A.2b)

(w0 O20 )s = (w0 O20 )R + (w0 O20 )A

(A.2c)

(w0 O20 )e = −we · ∆O2

(A.3)

∂h
∂O2
∆O2
= γO2 · (
− ws ) −
+ AdvO2
∂t
∂t
∂t

(A.4)

Surface layer variables CLASS

Figure A.1: The diurnal cycle of the soil heat flux (a), the surface temperature (b) and
the soil temperature (c) from the observational data and modeled data with CLASS. The
selected day is 10 July 2019.
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A.4

Selecting a representative day

Figure A.2: The diurnal cycles of the incoming short wave radiation (a), Sensible and
Latent heat flux (b), the potential temperature (c) and the specific humidity(d) from the
observational data. The selected days are 9-10-11-12-13 July 2019
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A.5

Table with the initial values for CLASS

Table A.2: Initial and boundary conditions for the atmospheric state, vegetation and soil
for 10 July 2019. Here A-Gs surface model is used with C3 plants. The shallow cumulus
is not activated.

Variable
Geographic and time:
lat
lon
doy
time

Description and unit

Hyytiälä

Latitude [deg]
Longitude [deg]
Day of the year [-]
Initial time [UTC]

61.85 N
24.28 E
191.
3.

Initial boundary conditions:
h[4]
Initial ABL height [m]
[4]
h2
ABL height for second jump of THETA and q [m]
[3]
Ps
Surface pressure [Pa]
[3]
DivU
Horizontal large-scale divergence of wind [s−1 ]

250
1900
99520
0.

Potential temperature:
[3]
θ0
[4]
∆θ1
[4]
∆θ2
[4]
γθ1
[∗]
γθ2
advθ[3]
wθ[3]

Initial mixed-layer potential temperature [K]
Initial temperature jump at h [K]
Initial temperature jump at h2 [K]
Residual layer potential temperature lapse rate
Free atmosphere potential temperature lapse rate
Advection of heat [K s−1 ]
Surface kinematic heat flux [K m s−1 ]

284.8
2.7
0.
4. · 10−3
5.1 · 10−3
0.
0.04

Specific humidity:
[3]
q0
∆q [4]
[∗]
γq1
[4]
γq2
advq[3]
wq[3]

Initial mixed-layer specific humidity [kg kg−1 ]
Initial specific humidity jump at h [kg kg−1 ]
Residual layer specific humidity lapse rate
Free atmosphere specific humidity lapse rate
Advection of moisture [kg kg−1 s−1 ]
Surface kinematic moisture flux [kg kg−1 m s−1 ]

5.8 · 10−3
-4. · 10−4
-1.3 · 10−6
-1. · 10−6
0.
1.67 · 10−5

CO2 :
[3]

CO2
[3]
∆CO2
[3]
γCO2
[3]
advCO2
[3]
wCO2

Initial mixed-layer CO2 [ppm]
409
Initial CO2 jump at h [ppm]
-7
Free atmosphere CO2 lapse rate [ppm m-1]
0.
Advection of CO2 [ppm s-1]
0.
−1
Surface kinematic CO2 flux [ppm m s ]
0.2
Continues next page
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Wind components:
u[∗]
∆u[∗]
γu[∗]
adv u[3]
v[∗]
∆v [∗]
γv [∗]
adv v[3]
[3]
u∗

Initial mixed-layer u-wind speed [m s−1 ]
Initial u-wind jump at h [m s−1 ]
Free atmosphere u-wind speed lapse rate [s−1 ]
Advection of u-wind [m s−2 ]
Initial mixed-layer v-wind speed [m s−1 ]
Initial v-wind jump at h [m s−1 ]
Free atmosphere v-wind speed lapse rate [s−1 ]
Advection of v-wind [m s−2 ]
Surface friction velocity [m s−1 ]

5.
5.
-1.2 · 10−3
0.
4.
0.
0.
0.
0.8

Vegetation:
LAI[3]
[1]
Cveg
[1]
rc,min
[1]
rs,soil,min
[1]
gD
[1]
z0m
[1]
z0h
α[3]
[1]
Wl
[1]
Wmax
[2]
R10

Leaf area index of vegetated surface fraction [-]
Vegetation cover [-]
Minimum resistance transpiration [s m−1 ]
Minimum resistance soil evaporation [s m−1 ]
VPD correction factor for surface resistance [-]
Roughness length for momentum [m]
Roughness length for heat and moisture [m]
Surface albedo [-]
Equivalent water layer depth for wet vegetation [m]
Thickness of water layer on wet vegetation [m]
Respiration at 10 °C [mg CO2 m−2 s−1 ]

2.5
0.90
250.
50.
0.03
2.
2.
0.11
1 · 10−4
2 · 10−4
0.23

Initial surface temperature [K]
Temperature top soil layer [K]
Temperature deeper soil layer [K]
Saturated volumetric water content [m3 m−3 ]
Volumetric water content field capacity [m3 m−3 ]
Volumetric water content wilting point [m3 m−3 ]
Volumetric water content top soil layer [m3 m−3 ]
Volumetric water content deeper soil layer [m3 m−3 ]
Clapp and Hornberger retention curve parameter [-]
Clapp and Hornberger retention curve parameter [-]
Clapp and Hornberger retention curve parameter [-]
Saturated soil conductivity for heat [K m−2 J−1 ]
Coefficient force term moisture [-]
Continues next page

283.
283.5
282.1
0.472
0.363
0.171
0.21
0.24
0.387
4.05
4.0
3.56 · 10−6
0.132

Soil:
[3]

Ts
[3]
Tsoil1
[3]
Tsoil2
[2]
wsat
[∗]
wf c
[2]
wwilt
[3]
wsoil1
[3]
wsoil2
a[2]
b[2]
p[2]
[1]
CGsat
[1]
C1sat

60

[1]

C2ref
Λ[∗]

Coefficient restore term moisture [-]
Thermal diffusivity skin layer [-]

1.8
4.

[*] Derived from empirical studies
[1] ECMWF, S. P. (2014). In IFS documentation CY40r1 Part IV: Physical Processes.
ECMWF: Reading, UK, 111-113.
[2] Vilà-Guerau de Arellano, J., Van Heerwaarden, C. C., van Stratum, B. J., and Van Den
Dries, K. (2015). Atmospheric boundary layer: Integrating air chemistry and
land interactions.
[3] Extracted from the measurement tower data in Hyytiälä
[4] Extracted from the radiosondes data in Hyytiälä

A.6

Windspeed validation

Figure A.3: The diurnal cycle of the v(a) and u(b) component of the wind, with the
resulting total wind(c) of the observational data and the model results from CLASS. The
selected day is 10 July 2019. The grey shade indicates the period in which the SH > 0.
More specifically the times are 7:00 and 19:00.
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