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DBH — diameter at breast height

DOY - day of the year

EC — eddy covariance

EGS - end of growing season

GSL - growing season length
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ABSTRACT

Water vapor and carbon dioxide are the main atmospheric constituents which are
controlling the Earth’s climate. The rapid increase in the atmospheric content of carbon
dioxide since the beginning of the industrial revolution is considered as one of the main
drivers of the recent climate changes on Earth. Only about 40% of the total anthropogenic
emissions of CO; remain in the atmosphere, while the rest of the emitted CO; is stored in
oceans and land. The terrestrial sinks of carbon are global soils and forests. Forests sequester
CO; from the atmosphere and assimilate carbon into above- and belowground biomass and by
that partially offset anthropogenic emission of CO: and participate in a regulation of climate.
Because of these findings, monitoring of CO; exchange between atmosphere and underlying
forest ecosystems has gained significant importance. Micrometeorological eddy covariance
technique has shown as the most accurate way for direct flux measurement of trace gases, and
today it is a standard tool for estimating net ecosystem exchange (NEE) of trace gases

between the atmosphere and the underlying surface.

Within this research 10-year eddy covariance experiment (2008-2017) was carried out
in young pedunculate oak (Quercus robur L.) stands (35-44 years old) which are part of the
forest complex of the Kupa River basin, about 35 km SW from Zagreb, Croatia. Over the
entire study period, Jastrebarsko forest acted as a carbon sink, with an average annual NEE
of -319+30g Cm?yr!. Estimated NEE was partitioned into gross primary production
(GPP) and ecosystem respiration (Rgco). Furthermore, Rgco was partitioned into
heterotrophic (R;) and autotrophic respiration (R,). Most important carbon flux in forest
ecosystems, net primary production (NPP), was estimated by subtracting NEE from
heterotrophic respiration. In this study the causes of inter-annual variability of carbon NEE
were investigated. Also, the impact of extreme weather events (droughts and floods) on
carbon fluxes was investigated. For validation of EC measurements, a biometric estimate of
the net primary productivity (NPPgu), which was built on periodic measurement and simple
modelling, was compared with NPPgc. Comparison of NPPrc and NPPgy showed good
agreement (R?=0.46).

Key words: CO2, NEE, GPP, Reco, NPP, turbulence, eddy covariance, pedunculate oak
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1.Introduction

1. INTRODUCTION

Enhanced exploitation of fossil fuels since the beginning of the industrial revolution
led to an increase in the atmospheric content of CO> from ~280 ppm at the beginning of 18"
century to almost 370 pm at the end of the 20" century [Schimel 1995]. This increase in the
atmospheric concentration of CO; influenced by human activity is considered as the main
driver of the recent climate changes on Earth [IPCC 2014]. The growth in atmospheric CO>
concentration became significantly high in the last 60 years (Fig. 1.1). Forest ecosystems have
provided mankind with raw material and food for centuries, and in the last few decades their
importance was also recognized in terms of their contribution to the regulation of climate.
Global forests act as a carbon sink [Pan et al. 2011]. They sequester CO; from the atmosphere
and assimilate carbon into above- and belowground biomass and by that partially offset
anthropogenic emission of CO2 [Janssens et al. 2003]. Only about 40% of total anthropogenic
emission of CO2 remains in the atmosphere, while the rest of emitted CO; is stored in oceans

(30%) and land (30%) [IPCC 2014].

Atmospheric CO, at Mauna Loa

Observatory

T T

400 - Scripps Institution of Oceanography (.
| NOAA Earth System Research Laboratory

380

360

PARTS PER MILLION

340 -

L
December 2016

320 [, AMAARTT

1960 1970 1980 1990 2000 2010
YEAR

Figure 1.1: Global average atmospheric CO; mixing ratio (red line) with long term trend of growth (black line)

(NOAA website 2016)

Typical values of inter-annual variability in the annual rate of growth of atmospheric
CO; are in the range between 1 and 5 gigatons C yr'! [Baldocchi et al. 2001]. Studies are
showing that terrestrial biosphere has an important role in this interannual variability [Keeling
1996]. Canadell et al. [2007] have calculated that in the period from 2000 to 2006, global
forests were a global sink of carbon of 2.7 Pg C (6 yr)!. This corresponds to approximately

1
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30% of the total anthropogenic CO> emissions during that period. These new learnings about
forests ecosystems have opened a new chapter in possible mitigation of the climate changes in
the future, but any efforts aimed at managing forests to mitigate increased atmospheric CO>
require a thorough understanding of the carbon cycle in the forests. However, the potential of
forest to act as a carbon sink in the future is uncertain, either due to possible saturation effect
[Nabuurs et al. 2013], or worse, as a consequences of climate change which would result in
directive negative economic impact [Hanewinkel et al. 2013]. Thus, monitoring of global
forest productivity and understanding year-to-year variability in carbon sequestration became
an important task of numerous scientists. Inter-annual variability of forest productivity is a
result of the direct response of trees to occurring meteorological conditions [Gough et al.
2008], but it also contains a postponed response due to carry-over effect [Urbanski et al
2007, Molen et al. 2011]. The postponed response in plants is often explained with the
presence of carbon reserve pool, i.e. non-structural carbohydrates (NSC’s) that has an
important role in overcoming environmental disturbances [Carbone et al. 2013, Teets et al.

2018].

Development of eddy covariance (EC) technique has greatly facilitated calculation of
carbon budgets in the global forests and today EC technique is a widely used standard tool for
estimation and monitoring of high frequency (typically half-hourly) carbon and water fluxes
within the terrestrial ecosystems [Aubinet et al. 2000, Baldocchi et al. 2001, 2003]. EC
measurements are typically made in the surface layer which is the lowest part of the

atmospheric boundary layer (ABL).

1.1 The atmospheric boundary layer

Troposphere, the lowest layer of Earth’s atmosphere, can be roughly divided into two
parts: a boundary layer near the surface and free atmosphere above it (Fig. 1.2). ABL is the
lowest part of the troposphere and it is under direct thermal and mechanical influence of the
Earth’s surface. These thermal and mechanical surface forcings include heat transfer,
transpiration and evaporation, frictional drag, turbulence, pollutant emission and

terrain- induced flow modification [Stull, 1988].
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Free Atmosphere
Troposphere

& (1 km)

L e man

‘Boundary Laye

Figure 1.2: Troposphere (from Stull, 1988, page 1)

ABL (Fig. 1.3) is highly variable during the day. In the morning, with the sunrise,
starts a heat transfer from the warm surface which destroys the stable nocturnal ABL and the
residual layer. A newly formed layer, called mixed layer, is characterized by strong
turbulence and is bounded from above by the entrainment zone where the exchange processes
between the ABL and the free atmosphere take the place. Dominant mechanisms of
turbulence generation in the mixed layer are convection and wind shear. In the case of
undisturbed weather conditions, shortly before sunset mixed layer starts to be less turbulent
and the stable nocturnal ABL, which is around 100 m deep, starts to develop near the ground.
During the night, the stable ABL is capped with the remains of the mixed layer which is now
much less turbulent. This layer is called the residual layer and is bounded by a capping

inversion on top. The same process is repeating next day after the sunrise [Stull 1988].

2000—

Free Atmosphere

1500~ Entrainment ; g
|~ Cloud Layer Fone Capping Inversion

Entrainment Zone

Height (m)
o
3
T

Convective Residual Layer
Mixed Layer
Convective
=N Mixed Layer
Mocturnal Boundary Layer
Surface Layer (ST eI | _ . .. - - =
ju N W NN EEEEE ..
Noon Midnight K

Local Time

Figure 1.3: The daily cycle of the typical atmospheric boundary layer (from [Babi¢ 2016], page 10)
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The depth of ABL also varies in space and time. Under the conditions of strong stable
stratification, its thickness can be about 10 m or less. If the stratification is unstable ABL can
have a thickness of about 0.5 km over the oceans and 1-4 km over land [e.g. Aubinet et al.
2012]. Depending on the underlying surface type, ABL can be divided into several vertical
layers. The lowest 5-10% of the ABL occupies atmospheric surface layer which is the
“research area” of micrometeorology. The surface layer is one of the main energy-exchange
layers in the atmosphere [e.g. Foken 2008]. Atmospheric turbulence is here the dominant
transport mechanism and fluxes are approximately constant with height [e.g. Aubinet et al.
2012]. Turbulence is a three-dimensional regime of the flow characterized by chaotic changes
in pressure and flow velocity which allows the boundary layer to respond to changing surface
forcings [e.g. Stull 1988]. Turbulence consists of many different size eddies superimposed on
each other. Smaller size eddies are exhibited to strain field of larger eddies. Because of the
strain, the vorticity of smaller eddies grows what leads to enhancement of smaller eddies
energy at the expense of larger size eddies. So, there is an average energy flux from larger
eddies towards smaller ones. On the given wavelength, smaller eddy gains energy from
previous larger eddy. This process of energy transfer is called energy cascade [Tennekes and
Lumley 1972]. Over the forests, the surface layer can be divided into a roughness sublayer,
where the flow consist of turbulence dominated by individual elements and sources and fluxes
are not constant with height [e.g. Oke 1987], and into an inertial sublayer where fluxes are
almost constant with height and micrometeorological theory can be applied [e.g. Roth 2000].
In the Ekman layer, which sometimes overlies surface layer, fluxes decrease and wind

changes direction with the height.

1.2 Carbon fluxes in the ecosystem

Plants absorb CO> from the atmosphere and use it in the photosynthesis.
Photosynthesis is a chemical process through which plants produce oxygen and glucose
(C¢H1206) from CO> and H>O, using only light as source of energy [e.g. Schulze 2005]. The

general equation of photosynthesis is:
6C0, + 6H,0 — C¢H,,04 + 60, (1.1)

In forest ecosystems, carbon is accumulated in live biomass, dead wood and organic

matter of forest soil [e.g. Pregitzer and Euskirchen 2004]. These are the three principal
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components of the forest ecosystems and they are continuously accumulating and
simultaneously losing carbon. Processes of accumulation or loss of carbon are called carbon
fluxes. By convention, carbon flux is positive if it leads to an increase in the amount of carbon
in certain component of the forest ecosystem, and in the opposite case the carbon flux is

negative. Conceptual scheme of the carbon flow through the ecosystem is shown in Fig. 1.4.

NBP (net biome productivity)
I
MNEP (net ecosystem productivity)
I |
NPP (net primary productivity)
I I
CO,
GPP
(gross primary
co, CO, i
A PS-products CO, CO, CO, CO,
_‘;__,.--"_"‘-\-I.__‘__‘_ — P
; |
‘o
% Growth g
73]
:: R 5 4
) - e = ks
o = o ]
< 0] i)
§ Bionr?';;ss | F £ s
5 old s & &
=4 |
7] % )
. | f
i L? A L
Wood |/ 4 i
products l i
passive
- Fire 4—,7
| > [Black C

Figure 1.4: Carbon flow through the ecosystem (from [Schulze 2005], page 435)

Gross primary productivity, GPP, is the main positive carbon flux in the ecosystem
and it denotes CO; assimilation by photosynthesis. The main negative carbon flux, ecosystem
respiration — Reco, denotes the amount of carbon which is released from the ecosystem
through the respiration processes. Reco is a sum of the respiration of the plants (autotrophic

respiration, R,) and decomposition of dead organic matter (heterotrophic respiration, Ry):

RECO = Ra + Rh (12)

5
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Also, carbon can be lost from the ecosystem through harvesting and forest fires. After
subtracting the autotrophic respiration of plants from GPP, what remains is called net
primary productivity, NPP, and it is a measure of carbon stored in biomass within the
ecosystem in a given time. NPP includes the production of below- and aboveground wood

biomass (NPPws), litter biomass (NPPyr) and fruit biomass (NPPrg).
NPP =R, — NEE = GPP — R, = NPP,,; + NPP, + NPPp (1.3)

By subtracting Reco from GPP we obtain net ecosystem productivity, NEP. NEP is
the measure of the amount of carbon that is accumulating in (positive NEP) or is lost from
(negative NEP) the ecosystem if in the observed period there was no loss of carbon from the
ecosystem due to e.g. harvesting, carbon leaching or fire. NEP is equal to negative of net

ecosystem exchange, NEE, of carbon between the atmosphere and the ecosystem.
NEP = GPP — Rgco = —NEE (1.4)

An ecosystem is a sink of carbon if the amount of carbon which has left the
atmosphere is greater than the amount of carbon which has been released from the ecosystem
to the atmosphere. Otherwise, the ecosystem is a source of carbon. NEE of forest ecosystem

can be measured directly with the EC technique.

1.3 Eddy covariance technique

EC technique is a micrometeorological method for direct measurement of momentum,
heat and mass exchange between a flat horizontally homogeneous surface and the overlying
atmosphere [e.g. Baldocchi ef al. 2001, 2003, Aubinet et al. 2000, 2012]. Under this kind of
conditions, net transport between the surface and atmosphere is one-dimensional and the
vertical flux density can be calculated by the covariance between turbulent fluctuations of the
vertical wind speed component and the quantity of interest [e.g. Aubinet et al. 2012]. It has
been proposed by Montgomery [1948], Swinbank [1951] and Obukhov [1951]. The airflow
can be imagined as a horizontal flow of many rotating, 3D different-size eddies (Fig. 1.5)

which transport molecules of trace gases.
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Figure 1.5: Horizontal flow (from [Burba 2013])

Smaller eddies are usually located closer to the ground. They rotate faster, so more transport
is done by higher frequency movements of air near the ground. Larger eddies can be found
further away from the ground. They rotate slower, so more transport is done by lower
frequency movements of air away from the ground. In nature some transport is done at lower
frequencies and some at higher ones because there is always a mixture of different eddy sizes

[e.g. Burba 2013].

Each turbulent eddy has three dimensions. Each component can be measured at the EC
tower. EC measurements are based on determining the correlation between changes in vertical
wind velocity component and deviations in a mixing ratio of a trace gas. They are typically
made in the surface layer [e.g. Aubinet ef al. 2012]. The measurement system consists of
three-dimensional sonic anemometer and infrared gas analyzer. Sonic anemometers measure
three-dimensional wind speed and sonic temperature and they are well suited for turbulence
measurements because they can take measurements with a very fine temporal resolution of 10
Hz or more. They measure the difference in transit time for an ultrasound pulse between pairs
of transducers arranged at a known distance apart. Infrared gas analyzers are used to measure

CO; and H>O concentration in the air.

To derive the equation for vertical flux density we will start from the conservation

equation of a scalar quantity:

5]

c dac
u_
at t

dc dc
ax+U5+W£—S+D (15)

where ¢ denotes scalar density, #, v and w mark components of wind velocity in the direction
of the mean wind (x), the lateral wind (y) and normal to the surface (z) respectively, S term

represents the source or sink and D is the molecular diffusion. On (1.5) will be first applied
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Reynolds averaging where every variable will be decomposed into its mean value and
fluctuations around average (a = @ + a'). After applying Reynolds averaging and integration

along the z axis and assuming no horizontal eddy flux divergence, (1.5) becomes:

_ac

hm oy —— . (hmc
J,"Sdz=w'c" + [ U

hm 4
o odz+ [ dz + [, W_dz (1.6)

The term on the left side of (1.6) represents NEE if the scalar quantity in question is CO». The
first term on the right side of the (1.6) represents vertical turbulent flux of particular scalar
variable at measurement height (h,,) while the third, fourth and fifth term on the right side of
(1.6) represent respectively storage of scalar quantity below measurement height, horizontal
and vertical advection of scalar quantity. Horizontal advection is significant over complex and
heterogeneous terrain or at night over sloping terrain when respired CO; can escape the
measurements by down-slope drainage. Under these conditions horizontal advection term
cannot be neglected. EC technique demands atmospheric stationarity and horizontal
homogeneity. Under those conditions second, third and fourth term on the right side of (1.6)
decay, so flux of the quantity of interest is equal to the product of the mean air density, and
the mean covariance between instantaneous deviations in vertical wind speed and mixing ratio

of gas of interest [e.g. Aubinet et al. 2000]:

NEE = w'c’ (1.7)

Implementation of the EC technique is very complex. Measurements are not perfect,
and thus all measurements are subject to errors or uncertainties. High frequency raw data
often contain spikes, constant and non-physical values, dropouts and noise. Sources of that
bad data are instrumental problems, electrical power failure, animal influence, and rain or
snowfall. Such data must be detected and removed before flux calculation. Fluxes of the gas
of interest (here CO2) can be computed after raw data quality check. When the stratification of
the atmosphere is stable and turbulence is weak, material diffusing from leaves and the forest
soil may not reach the measurement height resulting with violation of the assumption of
steady-state conditions and a constant flux layer. Under such conditions the CO> storage term
becomes nonzero and must be added to measured flux to obtain NEE. CO; storage term is
small during the day and on windy nights, while the greatest values of CO, storage term are
reached around sunrise and sunset when there is a transition between the daytime mixed layer
and the stable nocturnal ABL and between respiration and photosynthesis [Baldocchi et al.

2001]. Ignoring it over the long term is acceptable because the daily mean of CO; storage is
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zero, but, in short term, it may be a significant measure of ecosystem response [Aubinet et al.
2000]. Further processing of EC data requires the application of numerous corrections if one
wants to obtain high quality fluxes. In Table 1.1 are listed common errors during the EC

experiment and their impact on calculated fluxes.

Filtering procedures and measuring system malfunctions are leading to gaps in time
series. The biggest issues are occurring during the calm nights when the stable nocturnal layer
is fully developed. In such case, the EC technique underestimates the CO> flux what could
lead to a strong overestimation of NEE at an annual scale because the ecosystem is a source
of carbon during the night [e.g. Aubinet ef al. 2012]. This error is called night flux error and it
significantly affects almost every EC measurement site. Such fluxes must be detected and
discarded from further processing. Numerous corrections and filtering procedures will result
in many gaps in the time series which need to be filled with one of the gap-filling techniques
[Falge et al. 2001, Reichstein et al. 2005]. The final result of EC measurement and data
processing is NEE of CO; between the ecosystem and the atmosphere. Estimated NEE can be
partitioned into GPP and Reco with some developed flux partitioning methods [Reichstein et

al. 2005, Lasslop et al. 2010].

Table 1.1: Errors and their impact on calculated flux (from [Burba 2013])

Procedure Affected fluxes Effect Range
Spike removal all depends 0-15%
Coordinate rotation all depends 0-25%
Angle of attack correction all depends 0-25%
Time delay adjustment mostly closed path increases flux 0-50%
Frequency response corrections all increases flux 0-50%
Sonic heat flux correction sensible heat flux depends 0-10%
Webb-Pearman-Leuning terms any gas depends 0-50%
Spectroscopic effects for LASERs any gas depends 0-25%
Band-broadening correction for NDIR mostly CO,, depends 0-5%

Oxygen correction some H,0 depends 0-10%
Gas flux storage term any gas increases flux 0-5%

For the purpose of this work, EC technique has been chosen for CO; flux calculation
because it is a scale-appropriate method and it provides measurements of net CO> exchange of
a whole ecosystem across a spectrum of times scales, ranging from hours to years with
minimal disturbance to the underlying vegetation. Also, it enables direct measurement of net

CO; exchange between ecosystem and overlying atmosphere. EC technique is not perfect and



1.Introduction

has some weaknesses. It is applicable over a flat terrain when the environmental conditions
are steady and when the underlying vegetation extends upwind for an extended distance
[Baldocchi 2003]. Despite that, its strengths far outweigh its weaknesses and today EC

technique is one of the most defensible ways to measure trace gas fluxes [Burba 2013].

1.4 Review of previous research

From the 1950s to 1970s micrometeorological experiments were designed to
investigate fundamental aspects of atmospheric turbulence over the homogeneous terrain.
Later, in the 1980s, turbulent fluxes of momentum, sensible and latent heat over
heterogeneous surfaces have been investigated in numerous studies. With the development of
new generation of fast response sonic anemometers, rapid-responding infrared gas analyzers
for water vapour and CO measurement and computer software packages in the 1990s
emerged possibility of continuous flux measurement [e.g. Aubinet et al. 2012]. With these
technological advances EC technique has reached full potential and replaced flux-gradient
method which has been previously used for flux calculation. Flux-gradient method is an
indirect technique that evaluates flux densities as the product of a turbulent diffusivity (K) and
the vertical gradient of scalar concentration (dc/dz) [e.g. Baldocchi 2003]. It has showed as
inappropriate for CO> flux calculations over tall forests where vertical gradients of CO; are
small and difficult to resolve because turbulent mixing is efficient. Besides that, turbulent
transport is enhanced by the presences of a roughness layer so evaluation of eddy exchange
coefficients using Monin-Obukhov similarity theory is invalid above forests [Raupach 1979].
Across the globe in the middle 1990s many EC towers had been set up and many estimations
of NEE of CO. between the atmosphere and diverse ecosystems had been performed until
today. Most sites are net sinks of CO2 on an annual basis and the largest values of carbon
uptake are associated with deciduous and coniferous temperate forests. Table 1.2 shows

review of several studies which were performed in temperate broadleaved deciduous forests.

NEE of CO; in broadleaved deciduous forests depends on the length of growing
season and the availability of nutrients, water and sunlight [Baldocchi et al. 2001]. During the
winter broadleaved forests lose carbon because they are leafless and dormant. During the
summer growing season, they are gaining carbon. The timing of the transition between uptake
and carbon release along with the length of growing season is one of reasons for differences

among broadleaved deciduous forests sites shown in Table 1.2. The situation is different in
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the conifer forests. Differences of annual sums of NEE between EC sites in the coniferous
forests are caused by latitudinal differences, continental positions (boreal, temperate, semiarid
and humid conifers) and different physiological reasons [Baldocchi et al. 2001]. The
estimated annual NEE at Hyytidla site (southern Finland, 61°51°N, 24°17°E) in boreal Scots
pine (Pinus sylvestris L.) forest were -234, -262 and -191 gC m™ yr'! in 1997, 1998 and 1999,
respectively [Markkanen et al. 2001].

Table 1.2: EC measurements in temperate broadleaved deciduous forests

LOCATION LATITUDE VEGETATION MEASUREMENT NEE CITATION
YEARS [eC m?Zyr']
USA 42.53°N Maple (Acer) 1991 -280 Goulden et al.
Massachusetts Oak (Quercus) 1992 -220 [1996a,b]
1993 -140
1994 -210
1995 -270
USA 42.53°N Maple (Acer) 1992 -220 Urbanski ef al.
Massachusetts Oak (Quercus) 1993 -150 [2007]
1994 -170
1995 -280
1996 -200
1997 -210
1998 -100
1999 -230
2000 -220
2001 -470
2002 -270
2003 -260
2004 -410
Indiana, USA 39°19°N Deciduous forest 1998 -240 Schmid ef al.
[2000]
France 48°40°N Beech (Fagus) 1996 -218 Granier et al.
1997 -257 [2001]
England 51°46’N Broadleaf 2008 -265 Thomas et al.
deciduous forest [2011]
Denmark 55°29°'N Beech (Fagus) 1997 -169 Pilegaard et al.
1998 -124 [2001]
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Recently, with the improvement of infrared gas analyzers, researchers have started to
use the EC technique also for measurements of fluxes of other trace gases. For example,
Felber et al. [2015] showed that EC technique is sufficiently accurate to estimate mean
methane (CH4) emissions of animals (mostly cows) on the pasture. Also, numerous
researchers have implemented the EC technique for measurement of energy exchange, water
vapour and other trace gases, pollutants and aerosols between urban surface and atmosphere.
Liu et al. [2012] carried out a four year EC experiment in the city of Bejing. The results
showed that diurnal courses of CO, largely depend on the volume of traffic. Also, they
showed that analysed urban area was a net source of CO: to the atmosphere. Some researchers
started to use EC measurements in bioenergetics. Bioenergy crops have the potential to
become economically important. Some of the energy crops can even grow in very extreme
conditions and can still act as a significant sink of carbon. One such example is blue agave
cactus (Agave tequilana, F.A.C. Weber) which has little water demand but significant
productivity. Owen et al. [2016] showed that plantation of blue agave in Mexico was a
significant sink of carbon with the amount of -333 gC m™ yr'!, greater than some temperate

and boreal forests.

In Croatia, the first open-path EC system was set up in 2007 for monitoring CO2, H>O,
latent and sensible heat fluxes in young lowland pedunculate oak (Quercus robur L.) forest
located near the town of Jastrebarsko [Marjanovi¢ et al. 2011], west of Zagreb. The second
EC system has been set up recently in the City of Zagreb in Maksimir by Meteorological and
Hydrological Service. In the neighbouring countries, the longest EC monitoring system is
located in Hegyhatsal (46°57° N, 16°39° E), Hungary operated by the E&tvés Lorand
University (Budapest) and the Hungarian Meteorological Service, Budapest [Haszpra et al.
2001]. Barcza [2001] has estimated that small grassland area in Hegyhatsal sequestered 134,
146 and 92 gC m? yr'! in 1997, 1998 and 1999, respectively.

There are over 650 EC towers in the world mounted today which are connected to the
global network of micrometeorological flux measurement sites called the FLUXNET network
[Baldocchi et al. 2001]. Unfortunately, the complexity and high maintenance cost of EC
systems have limited the number of sites with measurements spanning a decade or longer

[FLUXNET2015 Dataset].
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1.5 Research objectives

The forested area in Croatia amounts to 2.493 million Ha what makes 47.5% of its
total land area. Lowland forests of pedunculate oak (Quercus robur L.) are making 32% of
growing stock in Croatia [Croatian Forests Ltd. 2017] and they are the most valuable forests
in Croatia. They appear to be the most productive ecosystems in Croatia and represent an
important economic resource for the state and local community [Marjanovi¢ et al. 2011], thus
monitoring of their productivity and response to climate changes is very important.
Pedunculate oak forests in Croatia can be found mostly in lowlands of rivers Drava, Kupa and
Sava. Outside of these areas, pedunculate oak forests develop in flooding parts of Licko,
Imotsko and Vrlicko polje as well as in basin of river Mirna in Istria (Fig. 1.6, [Trinajsti¢

1996]).

Figure 1.6: Prevalence of pedunculate oak in Croatia (from [Trinajsti¢ 1996], page 100)

Main objectives of this dissertation are to: (1) estimate NEE of CO; between
pedunculate oak forest and the atmosphere from long term EC measurements (2008-2017),
(2) to understand the cause of inter-annual and short term variability of the carbon fluxes, (3)
to investigate impact of weather extremes (droughts and flooding) on carbon fluxes and
productivity of oak forest and (4) to estimate NPP with biometric method and assess the

agreement in NPP estimates from EC and biometric measurements.

13



2. Research area and materials

2. RESEARCH AREA AND MATERIALS

2.1. Research area

The research was carried out in Jastrebarsko forest which is a part of the forest

complex of Kupa River basin, located approximately 35 km SW from Zagreb, near the town

of Jastrebarsko (Fig. 2.1).
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Figure 2.1: Location of the river Kupa basin within which Jastrebarsko forest is located

Lowland forests of Kupa River basin cover an area of approximately 13 600 ha which

makes them the second largest complex of lowland oak forests in Croatia (Spacva in the east,

spanning over 40 000 ha, is the largest one in Croatia and in Europe [Klepac 1996]).

The

area of state forests is divided into four Forest Management Units: Draganicki lugovi,

Jastrebarski lugovi, Pisarovinski lugovi and Recicki lugovi. Fig. 2.2 shows the location of the

Kupa River basin with an aerial view. Kupa River basin is surrounded by Samoborsko gorje

on NW side, Vukomericke gorice on NE side and by river Kupa on S side. At the centre of the

basin lay fish ponds Crna Mlaka, which were made after logging 650 ha of the forest at the

beginning of 20" century. Human habitations around the research area are small villages

(100-500 inhabitants) and the town of Jastrebarsko (approximately 10 000 inhabitants) with
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medium industrial activity. Zagreb-Rijeka highway with very dense traffic separates the

inhabited area from Kupa River basin on the north side.

The dominant tree species in the basin is Pedunculate oak (Quercus robur L.), with a
significant share of other species, namely Common hornbeam (Carpinus betulus L.), Black
alder (A/nus Glutinosa (L.) Geartn.), and Narrow-leaved ash (Fraxinus angustifolia Vahl.).
There is also an understory of hazel (Corylus avellane L.) and Common hawthorn (Crataegus
monogyna Jacq.). Oak forests in this area are managed in 140 year-long rotations, ending with
two or three regeneration cuts during the last ten years of the rotation, which secures a

continuous cover of forest soil.

Figure 2.2: View on Kupa River basin from the air with marked economical units [Google Earth]

The terrain of the Kupa River basin is mainly flat, with altitudes ranging from 106 m
above sea level at the central part of the basin up to 120 m and 130 m above sea level in the
SW and N parts, respectively. The soil is mainly gleysol with low vertical water conductivity,
and according to the World Reference Base for Soil Resources [WRB 2015] it is classified as
luvic stagnosol. Parts of forest are waterlogged or flooded with stagnating water during winter

and early spring, while during the summer the soil dries out. Basin is intersected with many
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natural watercourses and man-made drench canals, and the average groundwater table depth

ranged from 60 to 200 cm [Mayer 1996].

According to the Koppen classification, the climate of the area is maritime temperate
climate (Csa) with a mean annual air temperature of 10.6°C for period 1981-2010 (data from
the National and Hydrological Service for nearest meteorological station Jastrebarsko). Fog is
frequent in autumn, while the occurrence of late frost in May is possible. Average annual
precipitation is around 900 mm y!, out of which around 500 mm falls during the vegetation

season (April-September).

2.2. Experimental site and measurements

Experimental station, EC tower (Fig. 2.3), is located (45°37°10°’N and 15°41°16"’E)
in young (35-44 years old), managed stands dominated by pedunculate oak which are the
result of regeneration cuts of old (~140 years) pedunculate oak stands in the early 1970s.
Tower has been erected in 2007 as a part of project Carbon-Pro [Marjanovi¢ et al. 2011] and
since then it provides meteorological and EC measurements. At the time of installation,
measurement height was 23 m (3-5 m above canopy). Since forest stand has grown, in April

of 2011 measurement height was elevated to 27 m (4-5 m above canopy).

Figure 2.3: Measurement station — EC tower, near Jastrebarsko, Croatia

16



2. Research area and materials

The EC measurement system (Fig. 2.4) is made up of a three-dimensional sonic
anemometer SAT (81000V, Young, USA) and an open path infrared gas analyser IRGA (LI-
7500, Licor Inc., Lincoln, NE, USA). SAT measures three-dimensional wind velocity and
speed of sound based on the transit time of ultrasonic acoustic signals. Sonic temperature is
derived from the speed of sound which is corrected for crosswind effects. High speed, high
precision and non-dispersive LI-7500 IRGA was used for accurate measurements of densities
of CO; and water vapour in turbulent air structures. In the first measurement configuration,
IRGA has been placed 30 cm southward from SAT. After April of 2011, when measurement
height has been elevated, IRGA has been placed 30 cm eastward from the sonic anemometer.
Both instruments operate at a sampling frequency of 20 Hz and data is recorded by a small

hand computer (HP iPAQ, Palo Alto, CA, USA).

Figure 2.4: EC measurement system (first configuration): 3D sonic anemometer + infrared gas analyser (IRGA),

near Jastrebarsko, Croatia

Meteorological elements are measured at 30 s intervals and then half-hourly averaged
by the CR1000 data-logger (Campbell Sci. Inc., Logan, Utah, USA). Air temperature and
humidity are measured with humidity and temperature probe (HMP45A, Vaisala Oyj,
Finland), incoming and outgoing photosynthetic photon flux density — PPFD and net radiation
are measured with net radiometer (NR Lite, Kipp&Zonen, Delft, Netherlands) while incoming
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shortwave radiation is measured with pyranometer (CMP 3, Kipp&Zonen, Delft,
Netherlands). Soil temperature was measured at three depths (5, 15 and 25 cm) with
thermocouple probe (TCAV-L, Campbell Sci. Inc., Logan, UT, USA). For measurement of
soil water content water content reflectometers (CS616, Campbell Sci. Inc., Logan, UT, USA)
has been used. CO, storage term was measured with a profiler system for the CO>
concentration measurement at six levels: 1, 2, 4, 8, 16 and 23 m (27 m from 1% April 2011).
The profiler consisted of six tubes, pump, set of valves, 16 channel relay multiplexer
(AM16/32B, Campbell Scientific, Inc., Logan, Utah, USA), the CO; analyser (SBA4, PP
System, Amesbury, Massachusetts, USA) and was controlled by the CR1000 data-logger.
However, due to, occasionally compromised data from the profiler (due to ants invading the
filters of the tubes) and a final general failure of the profiler system in 2014, from 2014 until
2017 we decided to compute the storage term using only the CO; concentration measured at
the top of the tower as suggested by in Wilkinson et al. [2012]. Continuous half-hourly
meteorological data (air temperature, global radiation, relative humidity and precipitation)
were measured from the auxiliary meteorological station (WatchDog 2900ET, Spectrum
Technologies, Aurora, IL, USA) which is located approximately 2 km SW from EC tower.
These measurements were used for gap-filling of meteorological data measured at EC tower.
Small differences in measurements between these two stations were probably caused by the
difference between the vegetation surrounding EC tower and auxiliary meteorological station.
Auxiliary meteorological station is surrounded by saplings of pedunculate oak which were

planted in 2008.

A network of 65 permanent circular plots has been set up in a 100 x 100 m? grid in
management unit “Jastrebarski lugovi” around EC tower during the year 2007 and winter
months of 2008 (Fig. 2.5). Their radius and size had been determined by age of the stands
according to the methodology developed by Indir [2004]. The radius of 24 “dendrometer”
plots (marked with red colour on Fig. 2.5) in subcompartments 37a, 37c, 40a and 41a is 8§ m
with the area of 201 m? per plot, which is equivalent to sampling intensity of 2% area. The
radius of plots in subcompartment 36a is 10 m. The remaining plots (marked with yellow
colour on Fig. 2.5) were designated to be measured every 10 years. All trees within plots were

permanently marked with numbers and measured.

After preliminary footprint analysis of EC flux measurements, 24 plots which had the
highest probability to be in the footprint area were selected for installation of dendrometer

bands. Every aluminium dendrometer band has been made in the laboratory according to the
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method described by Keeland and Young [2004]. A total of 643 dendrometer bands were
installed on all trees with DBH (diameter at breast height) > 7.5 cm. Fig. 2.6 shows a tree with
installed dendrometer band. During the vegetation season cumulative stem circumference
increment was measured with a precision of 0.01 mm using small callipers with an electronic
display. The frequency of measurements varied from weekly to monthly during the vegetation

season, with lower frequency in the most recent year due to a limitation in resources.

Figure 2.5: Air view on management unit Jastrebarski lugovi where circular plots had been set up. Plots with
dendrometer bands are marked with red colour. The flag shows the location of EC tower. (Google Earth)

Alongside stem increment measurements, DBH and tree height measurements (/)
using Vertex III hypsometers (Haglof Sweden AD, Langsele, Sweden) at the end of every
growing season has been performed to enable estimation of aboveground NPP. A total of 16
baskets (45 cm in diameter) were placed at centres of randomly selected plots with
dendrometer bands for the assessment of leaf and litter production. Litterfall was collected

from baskets several times a year.

Figure 2.6: Tree with installed dendrometer band
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3. METHODOLOGY

3.1 Raw data description and treatment

EC raw data were stored in one-hourly binary files. Each binary file consists of nine
rows header and six records: u, v and w wind component, sonic temperature, CO, and H>O
molar/mass density. Measurements were recorded every 0.05 s (20 Hz) and saved by a small
hand computer in volts as an input unit. Variables were later converted in physical units: 3D
wind components into m/s, sonic temperature into °C and molar/mass density of CO> and
H,0 into mmol m™. In the ideal case every one-hourly binary file should have 72000 records,
but there were bad data with much less or more records which had to be discarded. Also, in
the ideal case without any malfunctions of the measurement system, every year should have
8760 one-hourly binary files, that is 8784 in the case of a leap year. How much raw one-
hourly binary files were missing in the same beginning before processing and after discarding

of bad data is summarized in Table 3.1.

Table 3.1: Number of missing one-hourly binary files per year

Max number of Number of missing Share of missing
binary files files data [%]
2008 8784 392 4.5
2009 8760 1033 11.8
2010 8760 708 8.1
2011 8760 498 5.7
2012 8784 1468 16.7
2013 8760 630 7.2
2014 8760 374 4.3
2015 8760 354 4.0
2016 8784 1427 16.2
2017 8760 1871 21

Loss of data is inevitable, especially if measurement lasts several years. The EC
measurement system is very sensitive and requires a lot of care. Common problems in the
data acquisition are damages to instruments due to animals or thunderstorms, power breaks,
human actions like vandalism and robbery and incorrect system calibration. Therefore, the

measurement system can fail and measure nothing or measure bad values. It is necessary to
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detect bad data before the start of processing and remove it from further analysis if one wants

to obtain high quality fluxes.

The remaining one-hourly binary files had been further quality checked and discarded
if they did not pass following quality criteria. First of all, the daily concentration of CO;
[ppm] has been drawn for every day in the year. After that, for every one-hourly binary file,
the mean value and standard deviation of CO, concentration were calculated. Also, the
difference between CO: concentration in the next and previous moment named delta was
calculated. The one-hourly binary file was dismissed from further analysis if the standard
deviation was greater than 30 ppm, or mean value was less than 340 ppm or greater than 600
ppm, or the number of events when deltfa > 10 ppm was larger than 10. Raw data were once
more visually checked for non-physical shifts, sudden dropouts and discontinuities which
were not recognized by quality control. These binary files were manually discarded if needed.
Dropouts are defined as short periods in which the time series sticks to some value that is
statistically different from the average value calculated over the whole period. Examples of
dropouts and discontinuities in time series of temperature can be seen on Fig. 3.1 and 3.2

respectively [Vickers and Mahrt 1997].
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Figure 3.1: Example of dropout in time series of temperature [°C] [From Vickers and Mahrt 1997]
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Figure 3.2: Example of discontinuity in time series of temperature [°C] [From Vickers and Mahrt, 1997]
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This procedure removed bad data caused by rain and system malfunctions alongside
non-physical shifts, dropouts and discontinuities. Needless to say, discarding of the one-
hourly binary file created a gap of two half-hourly fluxes. The result of this procedure is

summarized in Table 3.2.

Table 3.2: Percentage of missing one-hourly binary files per year after quality control

Year Max number of Missing files after Percentage [%]
binary files quality control
2008 8784 2671 304
2009 8760 3011 34.4
2010 8760 3005 34.3
2011 8760 1996 22.8
2012 8784 3114 35.5
2013 8760 2692 30.7
2014 8760 2629 30.0
2015 8760 2316 26.4
2016 8784 3444 39.2
2017 8760 3414 39.0

Quality control has greatly increased the number of missing one-hourly binary files.
Most of the issues were related to instrumental problems during the bad weather. Our
measurement instrument for CO2 concentration is an open-path IRGA. Open path sensors,
such as LI-7500, have known issues during rain, snow and fog. Water in optical path of the
IRGA sensor causes an increased absorbance of the IRGA’s infrared beam which is used for

CO> measurements, resulted in false readings.

3.2 Flux calculation

Fluxes of CO> were calculated according to EuroFlux standards (Aubinet et al. 2000,
2012). Binary files were initially processed using the software tool EdiRe developed by
Edinburgh University [http://www.geos.ed.ac.uk/homes/jbm/micromet/EdiRe]. EdiRe is open

source software which includes all of the standard corrections needed for obtaining high-

quality flux data.
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3.2.1 Data quality control

High-frequency data often contain noise and impulse noise, i.e. spikes, dropouts,
constant values and discontinuities. Spikes in time series can be caused by random electronic
spikes or by instrumental problems such as insufficient electric power supply, as well as sonic
transducer blockage during precipitation, bird droppings and fly-through insects. In contrast
to noise, which is indistinguishable in a time series view of a signal, spikes are localized in
time and usually can be detected because of their amplitude and duration. This characteristic
allows us to identify spikes and to remove them from the time series. It is considered that
electronic spikes have maximum width of three consecutive points in the time series with the
amplitude of several standard deviations away from the the mean [Vickers and Mahrt 1997].
Despiking routine in EdiRe is based on procedure suggested by Hejstrup [1993]. Spikes were
detected using the absolute values of the differences in subsequent points in time series. The
first step of the procedure was the calculation of standard deviations of these absolute values.
Values which were greater than 3.5 standard deviations were then chosen to identify spikes.
After that, the largest value from the absolute value data set was selected, and if that value
was larger than the specified number of standard deviations a search routine which identifies
spike was initiated. Detected spikes were flagged and replaced by linear interpolation of

neighbouring values.

3.2.2 Time lag compensation

The physical distance between scalar concentration and wind speed sensors causes a
time lag between those time series. Due to the inability of sampling at the same time some of
the flux will be lost. If one wants to obtain high-quality flux data, it is necessary to determine
time lag and perform the correction. This step in eddy covariance data processing is important
because the incorrect determination of time lag will lead to flux underestimation. In closed-
path eddy covariance systems gas concentrations are measured always with a certain delay
because of the presence of the intake tube which can be several meters long. This delay
depends on the inner volume of filters, tubes and valves, on the mass flow through the system,
and on considered gas. The residence time of some compounds, such as water vapour is, in
the tube is a function of temperature and relative humidity. If gas interacts with tube walls,
larger time lag will be observed [Aubinet et al. 2012]. The situation is different in our case

because we used an open-path IRGA for CO; and H>O concentration measurement. In the
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open-path eddy covariance systems, gas analyzer and anemometer are usually placed several
decimetres or less apart so the time lag, in comparison with the closed-path systems, is
significantly smaller due to the smaller physical distance between sensors. In this work the
covariance maximization method has been performed for time lag removal. According to
Taylor’s hypothesis of frozen turbulence, a physical separation (x) can be translated into

temporal separation (¢) if the transition velocity (U) is known:
x=U-t (3.1)

Minimum and maximum thresholds of time lag were calculated as a ratio between separation

of sensors and average wind speed which was fixed to 0.5 m s”! [EddyPro manual]:

—sensorseparation _ - 0.3m

Tomin = = = —0.6s 32
min 0.5ms~1 05ms~1 ( )
sensorseparation 0.3m
T = = = 0.6s 33
max 0.5ms1 0.5ms1 (3-3)

The lag time between gas concentration and vertical wind component was estimated by
performing a cross correlation analysis between those variables [Lee ef al. 1994]. Maximum
(or minimum) of the cross correlation between those two signals will correspond to lag time.

The time lag removal procedure has been performed before coordinate system rotation.

3.2.3 Coordinate rotation

It is impossible to level sonic anemometer perfectly, such that its w-axis is always
perpendicular to the mean flow, i.e. mean wind streamlines. As a consequence of the
misalignment of the sonic anemometer, w component of the wind will be contaminated by
other two wind components. Such-cross contamination of velocities is the source of large
errors in flux measurements [Wilczak ef al. 2001]. There are several ways to correct situations
of that kind, commonly called tilt corrections. Three types of tilt corrections, which are
usually used, are: double rotation, triple rotation and planar fit rotation. Currently, the planar
fit method is the most often used because it is less susceptible to run-to-run variations

resulting from low-frequency variations in velocity means [Finnigan et. al. 2003].
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a) Double and triple rotation

In the first rotation measured wind components (subscript m) are rotated around z axis into
mean wind using a rotation angle 8. This rotation forces average crosswind wind component
(v;) to vanish while vertical components is unaffected. The new velocity components are

given by [Kaimal and Finnigan 1994]:

U, = U,,cosl + v,,sinf 3.4
vy = —U,,Sinf + vy, cosO 3.5
Wiy = Wy, (3.6)
where 6 is rotation angle:
— -1 (tm
0 = tan™! (Z2) (37

The second rotation is performed around new y-axis to nullify mean vertical wind velocity

('wy ). Now, rotation equations are [Kaimal and Finnigan 1994]:

U, = u 08P + vysing (3.8)
172 = Ul (39)
w, = —u4 Sing + v,cosdp (3.10)
where ¢ denotes rotation angle:
_ -1 (W1
= tan=1 (Z) 6.1

After these rotations, the coordinate system of sonic anemometer is aligned with the wind
streamlines. Rotated wind vector urot (U3, V2, W) has zero mean v and w wind components,

while the value of the mean wind speed is contained in its u component.

Triple rotation involves first two rotations described above and a third rotation around
the new x axis which is performed to eliminate the cross-stream stress component ( v,w, ).

The new components are [Kaimal and Finnigan 1994]:

Uz = U, (312)
V3 = vyc08Y + w,siny (3.13)
w3 = —v,siny + w,cosy (3.14)

where
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y = tan~ (2L ) (3.15)

Vo —w3

Triple rotation is not recommended anymore because it does not significantly influence

fluxes, and often results in unphysical orientation of the vector basis [ Aubinet et al. 2012].

b) Planar fit method

In this work planar fit method has been performed for coordinate rotation. Regression
coefficients have been calculated separately and placed into appropriate fields in EdiRe.
During computation of the regression coefficients low wind speed conditions (generally

below 1 m s™!) have been rejected [Aubinet et al. 2012].

The planar fit method proposed by Wilczak et al. [2001] assumes that the vertical
wind component is equal to zero only over longer averaging periods (days or weeks). Here,
the tilting is assessed by fitting a plane to the actual measurements of the average vertical
wind component W, as a function of horizontal components, u,, and v,,. If the anemometer

is tilted we can write:

Uy = P(ly — ©) (3.16)

where 1, is the vector of the planar-fit rotated wind velocities, i, is the vector of the
measured wind velocities, ¢ is a mean offset error in the measured wind and P is a partial
rotation matrix that places the z axis perpendicular to the plane of the mean streamlines. The

equations of rotations are:

Uy = P11 (U — ¢1) + P12(Vim — €2) + P13(Win — €3) (3.17)
Vp = D21(Um — €1) + D22 (Vi — €3) + P2s(Wiy — C3) (3.18)
Wy = P31(Um — €1) + D32V — €2) + P33(Wiy — C3) (3.19)

The planar fit coordinate system is defined to be aligned so that w,, = 0. The tilt angels can

be calculated according to equations (3.17)-(3.19) with multiple linear regressions:

D33 D33
where p3; = sina, p3, = —cosasina and p;3 = cosacosf. The coordinate system rotation

can be performed after calculation of angles o and f. When the matrix P is known,
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multiplying the horizontal velocities and stress tensor by P places them in the plane of the
mean streamlines. After that, each single measurement must be rotated into the mean wind

direction through multiplication by the matrix M:

cosy siny O
M = (—siny cosy 0> (3.21)
0 0 1
where
Y = arctan (E—p) (3.22)
Up

3.2.4 Flux determination

As it was mentioned in chapter 1.3, vertical turbulent fluxes of CO., sensible and
latent heat have been deduced from the covariance between fluctuations of vertical wind
speed w’ and gas concentration fluctuations c’. Flux values were stored as half-hourly means.
Positive flux values denote energy and mass flow away from the surface while negative flux
values represent reverse. Carbon dioxide flux, Fc [umol m? s!], was determined from

fluctuations of vertical wind component (w’) and CO; concentration fluctuations (c’):

F.=w'c (3.23)

Sensible heat flux, H# [W m™] was determined from fluctuations of vertical wind
component (w’) and sonic temperature fluctuations (6¢). Flux value was obtained by

multiplying calculated covariance by sensible heat flux coefficient (pC,):

Hy = pC, - w6} (3.24)

Latent heat (F;), or water vapour, flux [W m™] has been calculated as a product of the
latent heat of evaporation (L) and the covariance between fluctuations of vertical wind

component (w’) and H>O concentration fluctuations (g°):

FE=1-w'q (3.25)

Also, the momentum flux T was determined from fluctuations of vertical (w’) and horizontal

(u”) wind components:

T=p, wu (3.26)
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where p , marks density od dry air.

3.2.5 Spectral corrections

Another important step in EC data processing is frequency response corrections. EC
measurement systems remove both low- and high-frequency components of the signal. Low-
frequency losses result from instrument and setup limitations that do not allow sampling the
full turbulence fluctuations so averaging period can be too short to include all relevant low
frequencies. On the other hand, high-frequency losses are connected with sensor separation,
inadequate instrument frequency response, line averaging and, in closed path systems, tube
attenuation [ Aubinet ef al. 2012]. In open path-systems frequency loss is usually small, on the
order of 5-10% of flux [Burba 2013]. These flux losses are compensated by frequency
response corrections which are applied to a cospectrum via transfer functions that describe

losses at each frequency [Aubinet ef al. 2012].

Measuring instruments are limited and cannot respond fast enough to small fluctuations
contributing to the flux. This loss is compensated with a time response correction. The time
response transfer function (G, — wind measurements, Gy — scalar concentration

measurements) is defined by:

Gy = (3.27)

/1+(27m1'w‘5)2

where 7, ; are time constants specific to the sensors (e.g. Moore 1986) and n is natural
frequency:

n=f-— (3.28)

Wind speed and scalar concentration sensors cannot measure the same volume of air exactly
at the same time. This loss is compensated by sensor separation correction which was applied

to cospectrum via sensor separation transfer function (7)) [Moore 1986]:

Tys = e~ 99U/ (3.29)

where u is average wind speed, and / is physical distance between two sensors.
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Path averaging correction compensates the loss of the flux due to the fact that the flux
transport by small eddies is missed when averaged over a path, not a point. The transfer

function for the wind vector component path averaging (7,w) is given by [Moore 1986]:

(3.30)

where d,,; is sonic anemometer path length and transfer function for the scalar path averaging

(Tps) by [Moore 1986]:

ds,w
dsw —2nn==
_ 1 —Znnu_l 1—e Upl
Tps = | 3+e W —4—— (3.31)
2mn—= 2Tn—=—=
upl upl

where d represents the infrared gas analyser path length (index s) or path length of the sonic
anemometer (index w) in the case of temperature measurements, while u,, is average air

speed inside the sensor path length.

To compensate the loss of flux in the low frequency part of cospectrum recursive high-pass

filter (77,) has been used:

Ty = — (3.32)

where 7 is high pass filter constant and n. cut-off frequency (1/2 of the sampling frequency)

(Burba 2013).

The total transfer function is the convolution of above described individual transfer functions.

For CO» and H>O flux total transfer function was defined by:
Tc,le =Gy " G- pr : Tps Ts - Thp (3.33)

Total transfer function applied to fluxes of momentum was:

Tuw = Thp szw -Gy, (3.34)
and total transfer function for sensible heat flux:
Th = Thp " pr : Tps : GW (335)
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Required parameter values were entered in appropriate fields in EdiRe and transfer functions
were calculated according to the formulas described above. Ideal model cospectra was
calculated [Kaimal ef al. 1972] and divided by attenuated cospectra which was calculated as a
product of ideal cospectra and total transfer function for every flux separately. That ratio
represents the frequency response correction factor which was multiplied with calculated

fluxes to obtain frequency response corrected fluxes.

3.2.6 WPL correction

The final correction applied to the calculated CO; and latent heat fluxes was WPL
correction by Webb, Pearman and Leuning [Webb et al. 1980]. This correction was
performed to compensate for fluctuations in the density of CO2 and water vapour resulting
from fluctuations of temperature (thermal expansion) and water vapour (dilution) which are
not representatives of measured flux. Corrections of latent heat and CO; flux for open-path

systems [Webb et al. 1980] are:

E=(1+uo) <Emw + (%) (%)) (3.36)
E = Fqy+ (fj—) (ﬁ) E+ %(CZ’—T) (3.37)

where E labels latent heat flux, H sensible heat flux, F. carbon dioxide flux, p, mean CO;
density, p; mean dry air density, p, mean water vapor density, u ratio of molar masses of air
to water (u=1.6077