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INTRODUCTION

Climate changes are currently perceived by the world of science as a serious
problem which contemporary societies have to cope with. Global warming be-
came an unquestionable fact and it is highly likely that the factors responsible for
it are such as the increase of greenhouse gases in the atmosphere and the change
of land use. However, while there is no consent in the world of science as to the
influence of human activity on the climate on our planet, the majority of serious
scientific reports confirm this hypothesis. The awareness of the consequences
which the climate changes bring about, both at present and in the future, induce a
better understanding of the mechanisms lying behind them as well as the essence
of the processes influencing climate. It is equally important to recognize the con-
sequences of climate changes both on a global and a local scale. Thus, it is not
surprising that the intellectual effort of the world of science is directed mostly
towards examining the above processes. If we want to know how to protect cli-
mate from these changes we must answer the question of ‘How does the existence
and functioning of particular ecosystems influence the global balance of heat and
greenhouse gases exchanged between the surface and the atmosphere?’

The research which will lead to answering the question formulated above
must, by nature, be multidirectional and include a whole range of issues concern-
ing mass and energy exchange. Such research, due to its complex nature, must be
conducted over the surfaces of various elements of the landscape, so that in the
future it would be possible to create models which will allow estimating energy
and matter balances for big areas (region, country or continent).

The following monograph addresses a whole array of issues connected with
mass and energy exchange between various components of the landscape and the
atmosphere. The problems presented here focus mainly on greenhouse gases ex-
change (water vapor, carbon dioxide and methane), some chapters are devoted to
the influence of meteorological conditions on the concentration of other gases
over urban areas (ozone and radon). Six chapters included in the monograph have
been written by the faculty of the Meteorology Department of Poznan University
of Life Sciences (PULS) together with co-authors from other foreign research
institutes (University of Helsinki (UH), Technical University in Munich (TUM),
and the Liebniz-Centre for Agricultural Landscape and Land Use Research
(ZALF). The remaining three chapters have been written by scientists from the
following institutions: University of L6dz, Institute of Nuclear Physics of the
Polish Academy of Sciences and Warsaw University of Life Sciences.

The Department of Meteorology of Poznan University of Life Sciences
(PULS) is one of the few units in Poland whose activities have for almost thirty
years focused on examining the structure of heat balance of active surfaces in



various ecosystems and, currently, mainly on the estimation of greenhouse gases
balance in ecosystems. During that time, the emphasis has been placed particular-
ly on the development of modern research facilities to measure the flux of green-
house gases exchanged between the active surface and the atmosphere. In the
1990s the team from the Department of Meteorology (since 2009 Agrometeorolo-
gy) carried out research with the use of the profile method and the heat balance
method while measuring mass and energy fluxes over various ecosystems at dif-
ferent latitudes in Europe and Asia. Thanks to effectively developed international
cooperation, a new measuring station was established in 2003 in the peatland in
Rzecin which was subsequently included in the European consortium set up with-
in the 6™ CarboEurope-IP Frame Program. The first station in Poland which was
established then for ongoing measurements of energy and greenhouse gases (CO,,
H,0) fluxes over the land ecosystem by means of the eddy covariance method,
became one of the most important measurement stations within the European
network of measurement stations of the CarboEurope Project. In 2006, thanks to
the extensive equipment facilities of the station, the Department of Meteorology
entered another European consortium established within the NitroEurope-IP
project. As a consequence, Rzecin station was equipped with new sensors and
measurement facilities which largely extended the range of measuring techniques
(e.g. by including automatic chambers for methane flux measurements and CO-
TAG system for measuring fluxes of such gases as ammonia). However, NitroEu-
rope project includes not only Rzecin station. The joint efforts of research teams
of the Department of Meteorology of PULS and the research team from the Insti-
tute of Landscape Dynamics, Liebniz-Centre for Agricultural Landscape and
Land Use Research (ZALF) led to establishing two common manipulation expe-
riments in Paulinenaue and in Zarnekow, Germany. These two experiments at-
tempt at answering the question how the change of the method of land use may
influence the dynamics of nitrogen and carbon in soil and mostly the scale of gas
exchange between the surface of the ecosystem and the atmosphere. As a result of
the advanced international cooperation, already in 2006 the Department of Mete-
orology began the implementation of another project within the 6™ Marie Curie
Actions Frame Program, of a Transfer of Knowledge type. The project, whose
acronym is GREENFLUX, intensified international scientific cooperation of the
Department of Meteorology which led to trainings of the scientists from Depart-
ment of Meteorology at the University of Helsinki and at the Technical University
in Munich as well as at the ZALF Miincheberg mentioned above. The transfer of
knowledge and experience conducted within the project led to importing to Pol-
and chamber techniques for measuring greenhouse gases fluxes and to the devel-
opment and construction of the Relaxed Eddy Accumulation (REA), for measur-
ing the fluxes of trace gases (e.g. CH4) exchanged between the surface of the eco-



system and the atmosphere, which was the first such system in Poland and one of
the few in Europe. All the achievements mentioned above made the team from the
Department of Meteorology an internationally recognized research unit focusing
on examining mass and energy fluxes over various ecosystems, both in Poland
and abroad. While developing the measurement network, in 2008 the Department
of Meteorology built the first measurement tower in Poland for the fluxes of CO,
and H,O measured by means of the eddy covariance technique over the pine for-
est in Tuczno. The station was established in cooperation with the Central Admin-
istration of State Forests. The research results stemming from the projects men-
tioned above as well as the detailed description of the methods of mass and ener-
gy fluxes exchanged between the active surface and the atmosphere can be found
in relevant chapters of the following monograph (chapters 1,2, 3, 7, 8 and 9).

The subsequent chapters of the monograph introduce the description of mea-
suring techniques and the results of measurements of mass fluxes and gases con-
centration over urban areas. Particular attention of the reader should be drawn to
the work of the team of the Department of Meteorology and Climatology of the
University of £6dz which conduct the research into mass and energy fluxes ex-
changed over a city area, a pioneering study for Poland (chapter 4). Similarly, the
work conducted by two cooperating teams, one from the Department of Meteor-
ology and Climatology of the University of £6dz and the other from the Institute
of Nuclear Physics of the Polish Academy of Sciences, is very original, as well as
the work by the Department of Meteorology and Climatology of Warsaw Univer-
sity of Life Sciences focusing on the influence of meteorological conditions on
the gas exchange (radon and ozone) including the phenomenon of the ozone smog
in the city (chapters 5 and 6).

All the issues described above have been presented in the monograph as
a coherent whole, in the hope that it will bring a significant contribution to Polish
scientific research into the mass and energy fluxes exchanged between various
surfaces and the atmosphere, particularly in the context of research into climate
change and its prevention.

Prof. dr hab. Janusz Olejnik






1. THE MASS AND ENERGY EXCHANGE IN THE SURFACE LAYERS
OF THE SOIL AND ATMOSPHERE

Jacek Lesny, Janusz Olejnik

Meteorology Department, Poznan University of Life Sciences
ul. Piatkowska 94, 60-649 Poznan, Poland
e-mail: jlesny@up.poznan.pl

INTRODUCTION

The matter and energy exchange processes in the surface layers of the atmos-
phere and soil are the important part of a continuous circulation of matter and
energy flows taking place on the globe. This issue has been dealt with for a long
time because of its importance for understanding the physical processes shaping
environmental conditions (Brutsaert 1988, Cole 1975, Iribarne and Cho, 1988,
Johnson 1954, Kanemasu et al. 1979, Kedziora 1994,1995, Landsberg 1985,
Monteith 1975, 1976, 1977, Oke 1978, Olejnik, 1988, 1996, Oliver 1981, Richl
1978, Rosenberg et al. 1993, Sorbjan 1983). Exchange processes may occur by
means of conduction (energy only), diffusion and turbulent exchange. In the gen-
eral balance the first two actually do not count because of their very low efficien-
cy. In principle, as far as the environment is concerned only turbulent exchange is
noticeable. It is very important to link mass exchange with the exchange of ener-
gy occurring as a result of water phase transitions. Evaporating water requires
very large portions of energy which is then transferred in a turbulent way to the
place where the water condensation occurs. One could say that this property of
water is vital for establishing the energy balance) and as a consequence the ther-
mal conditions prevailing on the Earth's surface and in the atmosphere. Unfortu-
nately, exchange processes are not as easily measurable as standard meteorologi-
cal parameters. Various methods are used in research practice, some of the most
frequently used ones are the profile method and Bowen balance method. The
theoretical basis of the two methods has been known for a long time (Bowen,
1926, Johnson 1954, Kanemasu et al. 1979, Monteith 1975, 1976, 1977, Oke
1978), but the high technical requirements limited the possibility of their applica-
tion . Only the intensive development of electronics popularized these methods,
however, the requirements which the measurement equipment has to meet and the
area over which the measurements have to be performed cause that they will
probably never be standard measurements of meteorological stations, and always
will be carried out by specialist research campaigns.
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MOMENTUM EXCHANGE IN THE BOUNDARY LAYER OF THE ATMOSPHERE

When considering the process of evaporation from the active surface (ex-
change of mass and energy) and the active surface heat exchange with the atmos-
phere (energy exchange), particular attention should be paid to the layer lying
close to the ground and reaching the height of not more than a dozen meters
above the canopy level (Kedziora 1995). In literature the name boundary surface
layer (Monteith 1975) has been adopted. There is a thin (the order of a millimeter)
laminar layer adjacent directly to the ground . The main mechanism of mass and
energy transfer in the laminar layer is molecular diffusion, while in the boundary
layer - turbulence. The movement of the air in the boundary layer is very irregular
(as opposed to the upper atmosphere) and consists of fluctuations in the form of
turbulences and “‘air bubbles”. Small fluctuations and high frequency turbulences
are caused by the friction against the base ground surface and by the air viscosity.
Larger, more rarely occurring disturbances caused by the heat variations in the
surface layers of the air are superimposed on those fluctuations, which results in the
creation of outflow hydrostatic forces - warmer air rises up. The laminar layer of the
atmosphere is separated from the base ground by the active surface. Every surface
through which a process of mass and energy flow occurs, simultaneously with their
transformation, is called the active surface (Ke¢dziora 1995, Molga 1986, Rosenberg
1974). For example, the soil layer is an active surface, since the gas exchange (wa-
ter vapor and other gases) between the atmosphere and the soil takes place through
it. Soil absorbs short-wave solar radiation and emits long wave radiation. Mass and
energy exchange processes which are the most important for the life of various
ecosystems occur in the atmospheric boundary layer. This exchange is of course
multidirectional, but this paper is focused on the exchange in the vertical direction,
from the active surface to the atmosphere or vice versa.

The closer to a surface, the lower is the velocity of air movements which
eventually reaches zero near the surface. Of course, the vertical velocity profile
depends on the type of a surface over which air movements take place. It looks
different over a smooth surface, such as an ice floe, or a road, and different over
more rough surfaces, such as a forest, a corn field or a meadow. As a result of
a decrease in the wind velocity in the direction of the active surface, there must be
a momentum flux transferred in the same direction from the upper layers of the
atmosphere downwards. At the same time the moving air takes the matter in the
gaseous form (including water vapor, CO,) or heat from the active surface or
passes such matter to it . It should be noted, however, that momentum is always
transferred in the direction of velocity drop, which means that it will be trans-
ferred from the air to the active surface, while heat energy and water vapor can be
exchanged in both directions.
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The momentum exchange must be considered as a basic process determining
other flow processes, especially the flow of heat and water vapor. It results from
the fact that even in the air with a uniform temperature and uniform composition,
if there are differences in velocity, the momentum will be exchanged. There are
two types of air movements over any surface. This may be a laminar flow, also
called layered, when the air moves by distinguishable layers not intermixing with
each other. The second type is a turbulent movement, occurring as a result of fric-
tion in the flowing air, which causes a number of distortions in the shape of small
eddies . Air flow in the surface layer may occur in two ways. The more rough
surface and the higher speed of motion, the more likely that movement will have
a turbulent nature. Moreover, if the initially laminar flow will turn into a turbulent
one, then even a significant decrease in the speed and. for example smoothing of
the surface, will not easily cause the transition back into the laminar motion. Due
to the strong mixing in the turbulent flow the exchange rate of momentum, heat
energy and water vapor is 10 000 times greater than in the laminar motion. Sum-
marizing, it can be concluded that the only important factor for the exchange
processes in the natural environment is the turbulent motion and the laminar
movement can be completely disregarded with no harm to the quantitative de-
scriptions (Kanemasu 1979).

The value of the momentum flux depends primarily on the wind velocity gra-
dient in the surface layers of the air and on the roughness of the surface itself. In
turn, the momentum flux is a measure of the efficiency of the turbulent transfer of
other components, such as heat energy, water vapor, carbon dioxide and other
(Kedziora 1995, Desjardis ef al. 1992).

VERTICAL WIND VELOCITY PROFILE

The pace of the vertical mass and energy exchange depends largely on the
thermodynamic equilibrium state of the air. In the unstable equilibrium state the
hydrostatic outflow forces predominate, in the steady equilibrium state the forces
damping the vertical exchange prevail and in the neutral equilibrium state there is
a balance between these forces.

The neutral equilibrium state in the atmosphere is assumed at the beginning in
order to obtain a simple description. Assuming that the wind velocity at the active
surface is zero, and already at the height of several meters above the surface the
velocity is little variable with the change in altitude, the vertical distribution of
wind velocity can be described by the equation:

u(z)=A-lnz+ B (1)

where: V(z) — average wind velocity at the height z,
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A and B — coefficients independent of height.
Lets B=-4'In z,, then:

u(z)=A-In(z/z,) )
From the analytical considerations and field experiments it follows that
3
A=2 3)
k b
where: k = 0,41— experimentally determined von Karman constant, v, — a value
called dynamic or friction velocity(Kanemasu i in. 1979, Monteith 1975, Sorbjan

1983).
From the equations (2) and (3) it follows that:

V*l z y
n—
; o)

o0

v(z) =

For a given wind velocity at the height z the dynamic velocity v, will be
greater over the more rough surface than over the smooth surface, and thus, the
effectiveness of turbulent exchange over various surfaces will depend on their
roughness, i.e. on the parameter z,.

The discussed case relates to a smooth surface (without plants) with small
roughness z,. When considering the air flow over the vegetation, the wind profile
is much more complicated. Only in the area above the vegetation canopy the wind
profile is logarithmic. In order to describe the vertical wind profile over the area
covered with vegetation by means of the logarithmic equation (4), a certain value
d should be deducted from the height z. The d value is called the height of zero
plane shift. This means that the value of wind velocity is not measured from the
ground surface, but from the plane shifted from the ground by the distance d.

Equation (4) takes the form:

z—d

Z

0

(%)

v
v(iz)=—=1In
(2) .

and is valid only for the height z greater than the plants height. The values of z,
and d are functions of the plants heights. In most cases, they can be calculated
from the following equations (Oke 1978):

0.1-h <2,<0.15-h (6)

d=2/3h ()
where: h — plants height.
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Vertical wind profile over a homogeneous flat surface remains in dynamic equi-
librium with the surface. So when the nature of the groundchanges, e.g. the wind
blows from a mown meadow to a corn field (here the problem of the landscape
structure arises), then when crossing the border of the two complexes its profile
undergoes a distortion and transformation. What is needed it is some distance from
the edge of the fields on which the wind will gain a new dynamic equilibrium with
the ground and on which a new vertical wind profile will be formed.

This distance is called the fetch requirement and is essential for the selection
of the place for wind velocity measurements. Over the new surface the internal
boundary layer is generated which is in the dynamic equilibrium with it only on
a certain, short distance from the surface. The thickness of this sub-layer, to which
the principle of fixed flow applies and in which the flux momentum of heat, water
vapor, etc. is independent of the altitude, can be defined by the following equation:

o(x)=01-x"%.2% (8)

where: x — a distance from the border between the two types of surfaces, z, — a new
surface roughness parameter.

For example, in the distance of 100 meters from the beginning of a corn field
of 1.5 m (zp = 0.15) height, there is only a 3-meter layer of air above the field
when walking with the wind, and within this layer the streams are constant and
independent of altitude The anemometers for measuring the appropriate wind
profile should be placed in this very layer.

MOMENTUM, HEAT AND MASS (WATER VAPOR) FLUXES BETWEEN
AN ACTIVE SURFACE AND THE ATMOSPHERE

Examining the phenomenon of energy and mass transfer in the boundary sur-
face layer one should remember about the following two principles:

1. Flux density of any value passing through the given environment at each point
is directly proportional to the concentration gradient of the value causing this
flow.

2. Flux density of any value passing through the given environment between two
points is directly proportional to the concentration difference of the value
causing the flow between these two points and inversely proportional to the
resistance which the environment creates to the passing flux.

These principles explain fairly well the equations presented below which ac-
count for vertical momentum flux density, apparent heat and heat used for the
evaporation which is equivalent of the water vapor flux density exchanged be-
tween the atmosphere and the active surface.



Using the rule (1) and the concept of turbulent exchange coefficient (K), one
obtains:

-,k P ©)
T=p KM(}Z’
X (10)
E=—p .KZL
=P ”az,
ar (11)
S=—p.c. K ==
p-c "

At the same time using rule (2) and the coefficient of aecrodynamic resistance
(tam ), We obtain:

v
ra,M
z)—q(0
£ = p 4 =4 )
ru,V
T -T
§=p:ate=, (14)
ra,H

where in formulas (9) — (14) following notation is used:

p —air density (1.2 kg m™),

¢ - specific heat of air (1004 J kg'K™"),

Ky Ky, Ky, — diffusivity coefficients of momentum, water vapor and heat (m’ s,
Yam Yav, ¥or— acrodynamic resistance coefficients, respectively for momentum,
water vapor and heat respectively (s m™),

dv/dz — vertical gradient of wind velocity (s™),

dq/0z — vertical gradient of specific moisture (m™),

d7/0z — vertical gradient of air temperature (Km™),

v(z) — wind velocity on the measurements level (z) (ms™),

q(z) — specific moisture on the measurements level (2) (kg kg™,

q(0) — specific moisture on the active surface, (kg kg™

T\, — air temperature on the measurements level (z) (K),

T, — temperature of the active surface (K),

7— momentum flux density (N-m™),
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E, — flux density of water vapor (kg m'zs'l),
S — heat flux density (W m™).

In the quantitative description of the exchange processes of energy and mass
in the boundary layer one uses the similarity theory, which says that the coeffi-
cients of turbulent exchange of momentum, heat and mass are equal under the
neutral equilibrium conditions in the atmosphere:

Ky=Ky=Ky (15)

or that the aerodynamic resistance coefficients of momentum, heat and matter
fluxes between the level z, and z, are equal in the neutral equilibrium conditions:

rou(2,2,) = wr(21,2,) = wi (21522) (16)

where the indexes M, V, H refer to the momentum, water vapor and heat respec-
tively.

Transfer coefficient (in turbulent exchange) of any physical value Q in the given
liquid medium K|, can be defined as the ratio of this value flux density (Q m™s™) to
the concentration gradient of this magnitude (Q m™ m™). As a result, the K, coeffi-
cient has a dimension of area/time (m” s™). This ratio is also called diffusivity.

The equations from 9 to 14 are not suitable for practical measurements of the
fluxes exchanged with the active surface until the coefficients K and r are not unra-
veled. Therefore, the following section is devoted to the presentation of the method
of transformation of these equations so that they can be applied in practice.

If the flow is of a stabilized character, which means that the flux values in this
layer are constant then the calculations are done using the first set of equations for
the developed boundary layer. The gradient value of the quantity causing the flow
is a function of height. Gradient decreases in inverse proportion to the height (the
derivative of equation 5). Therefore, as it follows from equations 9 to 11, the
coefficients K have to grow with the height to ensure the fluxes stability.

Specific humidity of the air (¢) in the equation 10 has been replaced by the
water vapor pressure (e) since its value is more often applied. A simplified rela-
tionship between the two values has been used:

£ 17)
q=—e,
p
where:
p — atmospheric pressure (hPa),
€ ratio of molecular weights of water vapor and air which is equal to 0.622.



After this substitution equation 10 took the form of:

P € L
p ok
Integrating the equations 9, 18 and 11 in the range of z,, z, and converting the
formula, one obtains the following equation:

v, =V
T==po Ky —— (19)
Z; 74
£ e,—e
Fea-d g ST 20)
p 2,74
T, -T
S=—p.c ‘K, 21
PC, Ky 2, -2, (21)

Using equation 5 for the heights z,, z, one receives:
v z
* InZ2
Z

After squaring this equation and using the definition of v, given by the equa-
tion (Monteith 1975, Schwerdtfeger 1976):

2 T

Vi, == (22)
Pa
and using equation 19, we received:
T = kz(Vz -vwiz,—z)
M
Zl

Given that the vertical gradients of wind velocity, vapor pressure and tem-
perature are inversely proportional not to the height z over the active surface, but
to the z — d, where d is the height of zero plane shift, using equation 23, and the
theory of similarity, one can formulate definitive forms of the equations for mo-
mentum, water vapor and heat fluxes that are exchanged between the two levels
in the atmosphere under the conditions of the stationary flow. They allow the
calculation of the density values of these fluxes on the basis of wind velocity,
vapor pressure and temperature measurements only on two levels:



r=p- k("z Y )
for momentum P mZ2 d (24)
n
& =
E :_p-g-kz(vz —v)(e, —e)
for water vapor p(ln 2—2)2 (25)

2

G__ Pk —v)T-T)

for heat (an_Z)Z (26)
4

The flux of water vapor flowing from the active surface of the atmosphere can
be expressed as an energy flux needed to evaporate water in the process of evapo-
transpiration (LE), because this process is a source of water vapor flowing into
the atmosphere. This energy flux is equal to the product of the water vapor flux E;
and the latent heat of evaporation LE. After replacing the water vapor flux E, with
the energy flux LE equation 10 takes the following form:

L-p-g_ ok
LE =— K,— 27
p 4 & ( )
introducing coefficient y(psychrometric constant) defined by the formula:
c-p
=— 28
=T (28)
one obtains after transformation:
L:g e
p 7y
and ultimately the equation 27 takes the form:
pc ok
LE=-"—K,6 .= 29
7/ v & ( )

Together with the equation 2.11
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ot
S= =+ C? KH ';)Z—
they create a pair of equations, which express the density of latent and appar-
ent heat fluxes flowing from the active surface to the atmosphere under the condi-
tions of the stationary flow and the neutral equilibrium of the atmosphere. As
already mentioned, these equations can be applied only after coefficients K, and
K,; are unraveled. To accomplish this, the equations for the vertical profile of
wind and the friction velocity v, are used.
Differentiating equation 2.5 and using equations 22 and 9, after the transfor-
mations one obtains:
K, =k (z-d)’ &
ck
Using again the similarity theory, by substituting K, in the place of Ky and K
one finally gets a couple of equations to calculate latent and apparent heat flux
densities in the developed boundary layer. They take the following forms:

¥o LT , N ok
LE=-""k* (-} . Z2=.Z

7 (z—d) Z %, (30)
S=—p-c-k2-(z—d)2-—é‘-—ég, (31)

which are frequently used in the measurement practice. It should be noted, how-
ever, that one can use them only under the conditions of neutral equilibrium in the
atmosphere (possible vertical movements of the air are not caused by the thermo-
dynamic forces). In another situation (unstable or stable equilibrium) equations
are becoming even more complicated, which is presented in the following section.

THE EFFECT OF AN ATMOSPHERE THERMODINAMIC EQUILIBRIUM
ON THE EXCHANGE OF ENERGY AND MOISTURE IN THE DEVELOPED
BOUNDARY LAYER OF THE ATMOSPHERE

In the previous section, all equations concerned the neutral equilibrium in the
atmosphere. Considerations on the impact of the atmosphere on the momentum,
vapor and heat fluxes should be started by identifying the thermodynamic equili-
brium state of the atmosphere. For this purpose, the concept of Richardson num-
ber has been introduced, expressed by the formula:
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Rif. 0/ o?zz
e
where: d8/ ck — vertical gradient of potential temperature (K m™).

When the values of temperature and wind velocity are known only on the two
levels, then the Richardson number (Ri) is expressed by the formula:

Ri=8.6:76) (z,-2) (33)

! (Vz_vn)z

(32)

In the ground layer one the potential temperature € can be replaced by the
actual temperature ¢. In the unstable equilibrium the value of Richardson number
is less than zero, in the stable equilibrium Ri is bigger than zero.

After considering the impact of atmospheric thermodynamic equilibrium the
equations 30 and 31 take the following form:

. N e -
LE:_p—yc-kz'(z—d)z'g'g'(q)yq)/w) 1’ (34)

, & dr o
S=oprekoz=d) ST (@0, &9

Where: @, @ , @ are the functions of atmospheric stability, for momentum,

water vapor and heat respectively.

In the last 20 years a number of empirical functions of stability have been
developed. Most frequently, the following equations are used:

when Ri>0 steady equilibrium state

Q,=0,=0, =(1-5R)", (36)
when Ri<0 unstable equilibrium state
®, =d, =D}, =(1-16R)* G7)

Assuming, according to the similarity theory, the compatibility of @, and Py,
one can formulate a function of the thermodynamic equilibrium state impact on
the vertical exchange of mass and energy:

fte= ((DV,H'(DM)-’

and using equations 36 and 37, one obtains:
for Ri > 0 stable equilibrium state

F=(1-5R) (38)
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Ri <0 unstable equilibrium state

F=(1-5R)". (39)

If the atmosphere is in unstable equilibrium, then the proposed function F
increases the momentum, water vapor and heat fluxes. Otherwise, the stable equi-
librium decreases fluxes.

The equations 34 and 35 enable the determination of the energy fluxes used
for evaporation and heating of the air when vertical profiles of temperature, vapor
pressure and wind are known. Therefore, using the results of the measurements
and the aforementioned set of equations one can obtain the two most difficult to
measure components of the heat balance of the active surface.

BOWEN METHOD

Generally it has been accepted to express the equation of the heat balance of
the active surface in the following form (Paszynski 1972, Monteith 1975, Oke
1978):

Rn+LE+S+G=0 (40)

where: Rn — radiation balance (W m™),
LE — latent heat flux density (heat consumed in evaporation) (W m™),
S — apparent heat flux density (heat consumed in heating of the air)
(W m?),
G — soil heat flux density (W m™).

It is assumed that the individual components of the equation 40 take positive
values, if they represent the energy inflowing fluxes to the active surface, and
negative if they represent fluxes of energy flowing out from the active surface.

It is relatively simple to measure the balance of radiation (Rn) and soil heat
flux (G). Sensors used for such measurements are available and are often used at
meteorological stations. Using the results of the measurements of these parame-
ters allows for the estimation of the individual components of the heat balance,
using the so-called Bowen's method. This name derives from the fact that the ratio
of apparent heat flux density to the latent heat has been adopted as the Bowen

ratio (f):

S
=—. 41
p== @
The values of the turbulent heat balance components can be determined on the
basis of the above equation (41) and by transforming the equation 40. Then one
obtains the following:
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Rn+G
IF=-"1 (42)
1+ 4
Rn+G
== (43)

1+ )

This method for assessing the apparent and latent heat is called the Bowen

heat balance method. If now, one substitutes the equations (34) and (35) for the
equation (41) the following relationship is obtained:

ot

B(z)= 7~%- (44)
&

Thus, as seen above there is no need to include the functions of the atmos-
phere thermodynamic equilibrium in the Bowen’s method. In general one meas-
ures the values of temperature and water vapor pressure on two levels and then,
just as in the profile method using the Lagrange theorem replaces gradients with
the differences quotient in the equation (44). Unfortunately, this approach in-
volves the risk of committing an error, especially in the case of a non-linear
changes in gradients ¢ and e at the active surface. Another way to proceed is to
measure the abovementioned parameters on several levels, then to set a function
of the parameters variability with the height and, in consequence, to determine the
actual temperature and vapor pressure gradients (Olejnik 1996, Forest 1998).

Exploiting the differences requires the use of more accurate sensors, since
even a small error (deviation) of one sensor can strongly affect the value of the
determined heat balance components. Determination of the vertical variation
function requires more sensors, but the calculation process allows eliminating
questionable readings maintaining the accuracy of the final results.

CONCLUSIONS

In summary, in order to apply the profile method to assess the heat flux used
in water evaporation and for warming up the air, one needs to know the vertical
profiles of wind, temperature and vapor pressure. A shortcoming of this method is
the eventuality that the heat balance of the active surface will not be struck, i.e., the
sum of all fluxes will not give 0 value in result, as it should stem from the equation
(40). Such situation implies the occurrence of inaccuracies or errors in the mea-
surements, but unfortunately it does not give the answer which of the components
was wrongly calculated. On the other hand, obtaining zero result for the sum of
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these components gives the investigator high confidence that the measurement
process was conducted properly, and the obtained results are very close to reality.
The Bowen's method, to some extent by definition, satisfies the equation (40).
It does not require the information about the wind speed profile over the active sur-
face, which greatly simplifies the measurement system and reduces the number of
sensors. However, it also has some drawbacks. Equations 42 and 43 indicate that
when the Bowen ratio is close to —1 the determined fluxes may drastically differ
from the real ones. For example: the results may indicate that there is a huge con-
densation of water vapor, and the heat emitted by it is warming the air, or converse-
ly, that the great flux of energy from the air is used in the evaporation. Both situa-
tions are absurd, but the uncritical treatment of the results may lead to such errors.
To avoid them, one should notice that the Bowen ratio approaches the value
of —1 if the temperature gradients have opposite signs and the absolute value of
the vapor pressure gradient roughly equals 0.6 of the temperature gradient. It
occurs most often during the redirection of energy fluxes flow, i.e. during sunrise
and sunset. Generally, all components of the heat balance take then the values
close to 0. Then the temperature and vapor pressure gradients are also very low,
which means that a researcher often reaches the limits of the sensors’ accuracy,
therefore, even if the determined gradients are close to the actual ones, their ratio
and as a consequence also the Bowen ratio can vary significantly from the real val-
ue. Since, as it has been mentioned before, the values of the energy fluxes are low
during these periods they are often skipped in the calculations, and the fluxes’ val-
ues are interpolated on the basis of their daily courses. This procedure seems to be
burdened with a smaller error than the determination of the fluxes using formulas
42 and 43 at all costs, and in the case when a researcher is seeking to obtain the
average daily values of heat balance components the possible error is negligible.
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INTRODUCTION

Studies devoted to the natural processes taking place in every plant have a rich
historical background. The dependence of vegetation growth on environmental
conditions and their common correlations are a crucial issue for researchers. The
review of research by Law et al. (2002) presented such a correlation. It presented the
dependence between temperature and precipitation with the annual ecosystem
production, and also the relation between stomata transpiration (water released to the
atmosphere) and CO, assimilation (carbon uptake from the atmosphere). They also
found a correlation between the seasons of the year (with their individual
characteristics) and the ability of an ecosystem to assimilate CO,. The rate, intensity
and quantity of processes listed above is determined by several environmental
factors such as: light quality, temperature, water content (Barr ef al. 2007) and
also biochemical factors such as the length of growing season and light response.
The type and age of tree stands, soil properties, forest management and site
longitude also influenced the ecosystem release/assimilation of Greenhouse Gases
(GHG) from the atmosphere. The rate of the carbon dioxide efflux from the soil is
influenced by temperature jointly with soil moisture and can be expressed by the
Q) coefficient (Tjoelker et al. 2001, Pavelka et al. 2007). The Q,, coefficient is
defined as the proportional change in carbon dioxide efflux resulting from 10°C
increase in temperature. Temperature, as a soil influencing factor, is also related to
the activity of micro-organisms. Together with water availability and organisms, it
influences soil decomposition, nitrification and mineralization (carbon, nitrogen
and nutrient cycle) (Hobbie et al. 2006). The plant reaction to increased CO,
concentration was also examined by several researchers (Niinisto et al. 2004,

* The research is financed by the State Forest National Holding in Warsaw. We would like to thank
the foresters from the Tuczno Forest District for allowing the use of pine forest stand and support
during the measurements and field work. Sincere thanks to the Biomet lab, UBC, Vancouver,
Canada, for all help with our EC system.
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Janssens ef al. 1998, Saxe et al. 1998). According to Valentini et al. 2000 the
ecosystem respiration appears to go up just as latitude increases and quite the
opposite occurs when the mean annual temperature decreases. Furthermore, the
CO, efflux from soil is strongly correlated with temperature (Janssens et al.
2001). The wide variety of environmental factors and individual site conditions
are related to both types of respiration: autotrophic and heterotrophic.

In recent years several techniques were applied for GHG exchange
measurements in different ecosystems across Europe. As a standard method, the
Eddy Covariance (EC) technique is applied for the measurement of mass and
energy exchange between the land surface and the atmosphere. In the last 20 years the
detailed description of wide variety of experiment with EC in different ecosystem
have been published in the frame of such European project like CARBOEUROPE-IP,
FLUXNET, EUROFLUX etc. (Valentini ef al. 2003, Aubinet ef al. 2000, Baldocchi et
al. 2001). The scale of research ranged from molecular (single cell, leaf or needle) to
ecosystem (single plant, forest stand) (Urban 2003).

The main goal of this paper is to present the primary results of EC
measurements from the Tuczno forest site located in Poland for the year 2009.
The estimation of CO, and H,O fluxes exchange in the Scots Pine forest stand
(afforestation) will be analysed under environmental and meteorological site
condition. Moreover, we would like to determine the relationship between
temperature, precipitation and radiation at the forest stand. The structural
description of the Tuczno measuring site and the applied techniques will be
presented further on.

MATERIAL AND METHODS
Site description

The study site is located in the Tuczno Forest District (North-West of Poland,
53°11°N, 16°5’E), about 40km west from Pila. The study canopy is composed of
52-year-old Scots pine (Pinus sylvestris L.) and birch (Betula pendula ROTH)
trees, which cover 99% and 1% respectively. This species composition is typical
for a vast part of Polish lowland forests, where about 60-year-old Scots pine
afforestation is prevailing. The average tree diameter at the breast height (DBH) is
21cm and the average tree height is about 20 m. The average annual precipitation
and air temperature observed at this site are 570 mm and 7.6°C, respectively.
These meteorological characteristics are similar to the average values measured in
Poland in places where precipitation reaches 600mm and air temperature 8.5°C.
Western wind is most common in Tuczno, while southern and north-western
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winds are most typically observed in Poland. The growing season lasts
approximately 220 days. The under-canopy vegetation consists mainly of beeches
(Fagus sylvatica L.) and hornbeams (Carpinus betulus L.). The soil in this area is
typical podzols according to the FAO classification.

Eddy Covariance and micrometeorological measurements

The Eddy Covariance (EC) technique is a standard method of ring gas and
heat exchange over a wide range of ecosystem. The EC methodology is widely
applied in European countries such as: Finland, France, Italy and others
(Launiainen ef al. 2005, Lund et al. 2007, Nakai et al. 2008, Ilvesniemi et. al.
2009). It is also commonly used in American and Asiatic countries: the USA,
Canada, Japan and others (Baldocchi et al. 2003, 2005, Guan et al. 2006,
McCaughey et. al 2006, Hirata et al. 2007, Misson et al. 2007, Kominami et al.
2008). Therefore, the EC technique is also applied at the Tuczno forest site.

The EC system is installed at a 4-meter tall mast, which is mounted on the top
of 34-meter tower. The measuring system consists mainly of two instruments: an
open path infra-red analyzer IRGA Li-7500 (Li-Cor, Lincoln, NE, USA) and a
three dimensional asymmetric sonic anemometer CSAT3 (Campbell Scientific,
Logan, UT, USA). Both instruments operate at a 20Hz sampling rate. Moreover,
the Photosynthetic Photon Flux Density (PPFD) is measured by Quantum sensor
(SKP 215) (Skye, UK). The basic meteorological parameters such as: wind speed
and direction, precipitation (without snow), barometric pressure, air temperature
and relative humidity are measured by an automatic weather transmitter WXT510
(Vaisala, Helsinki, Finland). The weather station has been operating since August
2009. All sensors are connected to a data-logger CRS000 (Campbell Scientific,
Logan, UT, USA). The power supply system consists of two sets of 24DCV
batteries. The obtained data are stored on a data-logger compact flash disk, which
is connected to the local field computer. The applied system ensures proper data
protection. The EC system has been continuously in operation since January
2008. The basic information related to the canopy structure is described by
a hemispherical photography. The equipment used for this technique consists of
a digital SLR camera Canon EOS 5D (12 MP matrix) with a Sigma EX fisheye
lens — 8 mm, f/3.5. Gap Light Analyser is applied for the analysis of hemi-
spherical photos (Chojnicki et al. 2009).

The Net Ecosystem Production (NEP) denotes the net production of organic
carbon by plants (Kirschbaum et a/. 2001). The NEP can be considered a result of
subtracting the Ecosystem respiration (Rgco) from the Gross Ecosystem
Production (GEP) — Figure 1.
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CO, flux absorbed
by plants

CO, flux
from plant

CO, efflux
from soil

Fig. 1. The carbon cycle in the forest ecosystem

A positive value of the NEP indicates that CO, is gained by a forest ecosystem
and a negative NEP value indicates that carbon dioxide is lost. Evapotranspiration
is as a combination of physical and physiological evaporation, which is a result of
plant gas exchange. In order to estimate the water cycle (including evapotranspi-
ration) in a terrestrial ecosystem a large number of parameters and coefficients,
which are necessary in numerical modelling, is required.

RESULTS FROM THE TUCZNO FOREST SITE RESEARCH
Meteorological Background

The meteorological data (daily average air temperature and precipitation
totals) for the time period from August to December were obtained from the
WXTS510 Vaisala Meteorological Station. The station was installed on a mast,
which was mounted on the top of the Tuczno measuring tower. For the year 2009
the meteorological data were obtained from the Pila meteorological station, which
is located about 40 km west from the Tuczno site.
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Fig. 2. The correlation between daily average air temperature recorded for the Tuczno forest site.
Fig. a) Vaisala meteorological station vs. CR5000 data-logger at the Tuczno measuring tower

Fig. b) CR5000 data-logger vs. Pila meteorological station

Fig. ¢) Vaisala meteorological station vs. Pila meteorological station

Fig. 3. Wind rose at the Tuczno forest site in the year
2009

The information about the daily
average temperature recorded by the
CR5000 data-logger panel (Tacrsooo)
from January 2008 was available.
Taking into consideration the equipment
location (installed on the top of the
tower) the obtained data show a high
correlation with the Pila (Tapy,) and
Tuczno (Tawxr) daily average values of
air temperature (Fig. 2b, Fig. 2a).
Taking into account the relation
between these meteorological parame-
ters (Fig. 2c), the data from the Pila
station for the first six months of 2009
were adopted for further analyses.
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Throughout 2009 the mean annual air temperature was about 8.6°C and the
precipitation was about 512 mm (Fig. 4a, Fig. 4b). In the analysed year the
maximum air temperature occurred in late July (31.2°C) while the lowest value
was observed in early January (-20.4°C). The mean annual precipitation was
about 512 mm. The monthly precipitation reached the highest values of about
74 mm and 67 mm in October and May respectively. The lowest precipitation
records of 2 mm and 18 mm were observed in April and January respectively.
According to the applied EC methodology, the wind direction definition is
extremely important for the future data calculation. In 2009 western wind was
prevailing at the Tuczno forest site (Fig. 3).
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Fig. 4. The annual course of basic meteorological parameters from the Tuczno forest site for the
year 2009

Fig. a). the annual course of air temperature and precipitation from WXT510 Vaisala
meteorological station

Fig. b). the daily sum of precipitation from Pila meteorological station

Fig. c). the Tuczno forest daily water vapour fluxes (LE) course

Fig. d). the Tuczno forest daily Net Ecosystem Production (NEP) course in year 2009
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Net Ecosystem Production (NEP) fluxes

Throughout 2009 the daily NEP values varied from —1.5 to 1.5 mg CO, m™s™
(Fig. 4d). The negative NEP was observed from June to December, while the
positive NEP values during the period from March to May. In the remaining
months of the year the NEP values did not significantly differ from each other.
The negative NEP values, which occurred during the vegetation season, could be
the outcome of a decrease in the Photosynthetic Photon Flux Density. The
reduction of radiation, which was partly absorbed by clouds, scaled down the
light, which could reach the needle/shoots surface. The additional environmental
factors, such as precipitation and temperature, were strongly NEP-related due to
the increase in microbiological activity in the soil. The processes described above
increase the CO, flux from forest stand (Rgco). In October and November, when
the average precipitation was about Smm at the Tuczno site, the CO, uptake was
significantly reduced and for a short period in 52 years the forest stand was
a source of carbon dioxide. The annual precipitation in 2009 in the area of the
Tuczno forest site was about 512 mm. The soil humidity, which strongly
depended on precipitation, also influenced the GHG uptake/emission from the
forest ecosystem. The high soil respiration, which stemmed from the increase in
soil humidity and microorganism activity, significantly influenced the forest
ecosystem capacity to release CO; into the atmosphere.

Water vapour (LE) fluxes

Throughout 2009 the daily values of water vapour fluxes (LE) varied from
0 to 580 W m™ (Fig.4c.) and revealed a similar course to the NEP fluxes. In winter
the LE fluxes dropped below 100 W m™. In contrast, in summer the average LE
values were significantly higher (about 300-400 W m™). This phenomena were
strongly correlated with the fluctuation of solar radiation intensity, which influenced
the energy in ecosystem. Both, LE and NEP were related to the season of the year
and the plant physiological development. In summer the NEP fluctuation was
linked to the variability of the daily evapotranspiration fluxes. The intensive tree
growth significantly sped up the production of CO, which was assimilated by plant
cells in photosynthesis. Furthermore, the water transpiration was also higher in
summer than in winter. The increase in H,O fluxes, which was recorded from
March to June, could be connected with the growing forest floor evaporation. The
basic environmental parameters, such as the air temperature and precipitation, were
the crucial elements, which influenced the hourly, daily and annually courses of
carbon dioxide and water vapour fluxes.
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GEP versus PPFD dependency

Gross Ecosystem Production (GEP) mainly depends on the Photosynthetic
Photon Flux Density (PPFD) values, however such factors as air and soil
temperature, precipitation, tree species and age cannot be disregarded due to the
complexity of forest ecosystems (Black et al. 1996, Pilegaard et al. 2001, Carrara
et al. 2003). Soil temperature, as one of the most important factors, influenced the
intensity of plant physiological processes (photosynthesis or respiration).
Moreover, it was strongly connected with the microorganism activity and was
responsible for controlling the magnitude of soil CO, efflux. The correlation
between such meteorological factors as precipitation, soil and air temperature
influences the amount of water, which is absorbed by plants or is transpired into
the atmosphere. Taking into consideration the above, it is highly complicated to
describe the simple relation between the flux magnitude by parameter — PPFD or
soil temperature. In the light of the previous statement, the model parametrization,
which depends on the changes in ecosystems, is a key issue. The estimation of
ecosystem respiration is as important as the quantification of the amount of net
carbon dioxide gained by forest ecosystem (NEP). The gap filling procedure was
based on a two-term function. The first term is a relation between PPFD and GEP,
while the second term is an ecosystem respiration. In the literature several models
of both, NEP (Falge et al. 2001, Carrara et al. 2004) and Rgco (Barr et al. 2004,
Lloyd and Taylor 1994, Fang and Moncrieff 2001) estimation were described. The
“Nelder-Mead simplex direct search” algorithm (Lagarias et al. 1998) was
selected for the models evaluation processes.

The data obtained from the Tuczno site were processed in terms of GEP versus
PPFD dependency estimation. The Michealis-Menten (M-M) dynamic formula
(1913), a model which is commonly used (equation 1), was applied to describe the
relationship between these fluxes. The M-M formula coefficients were established
for each month (Fig. 5). The relatively low determination coefficient values (r*) for
the December to February time period, were not a result of wrong selection of M-M
model parameters. The application of different models, described in the literature,
for such dispersive measuring points did not render satisfactory results. During
winter months (beyond the vegetation season) the GEP fluxes were relatively low,
which could be a major cause of low determination coefficient. Every change,
which is present in the natural ecosystem, even the smallest one, strongly increases
the observed values of GEP, measured by the EC system. Taking into consideration
the limitation of applied measuring technique, which can be visible during the
model evaluation and gap filling procedure, an additional measurement has to be
incorporated into research (like chamber technique).
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NEP = ((-o-PPFD)/(1-(PPFD/2000)+(0 PPFD/GEP ) +Roay (1

where: o — ecosystem quantum yield (umol CO,m”s™),

PPFD - Photosynthetic Photon Flux Density (pmol m?s™h),

GEP, — the optimum Gross Ecosystem Production (pmol m”s") at an

PPFD value of 2000 (pmol CO,m™s™),

R,y — the ecosystem respiration during the daytime (pmol CO, m2s™),

The CO, sequestration capacity of the Tuczno forest varied in 2009 with a PPFD

equal to 500 pmol m™ s The average estimated GEP values in July, October and
December were about 0.72, 0.89 and 0.33 pmol CO, m™s™, respectively. Also the
optimum Gross Ecosystem Production (at PPFD value of 2000 umol CO, m?s")
reached the highest values in summer (July GEP,,= 23.87 pmol CO, m’> s'l), while
the lowest in January (GEP,,= 3.97 pmol CO, m? s). The GEP versus PPFD
interrelation described above was used for daily data gap filling procedures and the
obtained data set was used for estimation of yearly total accumulated NEP.
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Fig. 5. Photosynthetic Photon Flux Density (PPFD) versus Gross Ecosystem Production (GEP) for
the year 2009 at the Tuczno forest site
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Air temperature (T,) versus ecosystem respiration (Rgco)

At night, when there is hardly any radiation, plant activity is also significantly
limited to respiration. For the night time gap filling procedure for the dependency
between air temperature and ecosystem respiration was applied (Fig.6). The
Schlentner and Van Cleve (1985) model (equation 2) was adopted for the
calculation purposes (Fang and Moncrieff 2001).

Reco nign=(a/a+b™ 1?1 %)+c )

where: a,b,c — model parameters,
T, — the air/soil temperature (°C).

The “Nelder-Mead simplex direct search” algorithm (Lagarias et al. 1998)
was selected for the models evaluation processes. The obtained results show the
high correlation between air temperature and respiration intensity. In winter, low
temperature resulted in a reduced activity of soil microorganism and plant
physiological processes. The ecosystem resplratlon rate, which is temperature-
related, was also reduced to 2 umol CO, m™s™. In warmer months the ecosystem
activity increased significantly. Moreover, when the temperature ranged between
10 and 20°C, the ecosystem respiration consequently increased (Rgco from 2-6
umol CO, m™ s™). Taking into consideration the GEP values (Fig. 5) a similar
relation can be observed. The relation is especially visible in summer and autumn,
where the highest values of Rgco and GEP were recorded.

7

Reco (umol - m?.s™)

“©

Fig. 6. The annual course of air temperature versus ecosystem respiration (Rgco) for the year 2009
at the Tuczno forest site. The grey stars mark the eddy covariance measurement at the Tuczno site,
black dots mark the result of Schlentner and Van Cleve (1985) model calculation, the grey crosses
mark the average annual Rgcq course in 2009
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DISCUSSION
Eddy Covariance technique

The EC technique, which is a standard method for the mass and energy
exchange between an ecosystem and the atmosphere, is characterized by a high
accuracy and a quality of obtained datasets. The modern, high frequency data
collecting systems enable to make permanent and long-term observations. Within
one measurement year the system allows collecting more than the 90% of the total
data base, which is a highly satisfactory result. The gaps in the data, which are
unavoidable, were related to different objective reasons, such as: lack of power
supply, a storm, lack of turbulence in the air (especially at night) or a raindrop on
the gas analyser measurement path. Moreover, the additional quality assurance
(QA) and quality control (QC) check influence of the level of data applied for
further calculation. The gaps, which were caused by the factors specified above,
were filled in by the data from different numerical models (Michealis-Menten and
Schlentner and Van Cleve). The application of these procedures allows the
creation of coherent sets of data related to the mass and energy exchange between
the Tuczno forest and the atmosphere.

CO; and H,0 fluxes

On the basis of EC measurement in 2009, the annual characteristics of CO,
and H,O fluxes were described. As the results from the Tuczno research site show,
the daily course and magnitude of carbon dioxide and water vapour fluxes
exchange between the forest ecosystem and the atmosphere were mainly related
to following three factors:

- basic meteorological factors such as precipitation and air temperature,

- PPFD fluxes, which could be affected by the daily humidity course,

- plant development phase of the forest ecosystem and the soil temperature.

In early spring, the air temperature reached the values above 0°C. This
temperature consequently affected the CO, fluxes, which ranged from 0 to 1.5 mg
CO, m?s™. In comparison with the beginning of the year the days became longer
and so the radiation reaching the soil surface went up (Fig. 4). These phenomena
were observed in the fluctuation of the GEP values. In the Tuczno forest GEP
values observed in February and March reached the values of about 0.17 and
0.61 pumol'm™s™ respectively. In the second six months of 2009, it was observed
that the CO, fluxes exchange between the forest stand and the atmosphere became
more intense. This increase mainly stemmed from higher air temperature and
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plant development phase, which positively correlated with a surge in both
photosynthesis and respiration. In August and September the highest GEP values
were observed (about 1.0 pmol'm™s™). The above values were undoubtedly linked
to the highest PPFD records (about 2000 pmol'm™?s™). Similarly, the annual course
of the second flux, water vapour, was also strongly correlated with the plant
development phase and the amount of PPFD. It was clearly observed that almost
every change in NEP values affected the LE records. This regularity resulted from
the fact, that both analysed NEP and LE fluxes were influenced by the same plant
physiological processes (photosynthesis versus respiration). It was noted that as the
trees assimilated CO, more and more intensively, the transpiration to the
atmosphere grew cqually fast. In autumn and winter months the NEP/LE
interdependence was established, but the lowest values were recorded.

CONCLUSIONS

1. The 52-year-old Scots Pine forest stand in Tuczno can be considered
a strong sink of carbon dioxide since the total yearly uptake of this gas in 2009
was about 30 tonnes of CO, per hectare. The daily NEP and LE values in 2009
varied from —1.5 to 1.5 mg CO, m™s™" and from 0 to 580 W m™ respectively.
Both, NEP and LE show a similar annual course in correlation with the
meteorological parameters, PPFD and plant development phase.

2. On the basis of the data analyses, the intensity of the GHG (especially
CO, and H,0) exchange between the Tuczno forest ecosystem and the
atmosphere was strongly connected with the air temperature and precipitation. In
particular in winter, when the air temperature and precipitation decreased, the
forest stand produced less CO,, but still can be characterized as a carbon dioxide
sink. Moreover, such parameters as the tree age, canopy structure, soil
microorganism’s activity etc. correlated with the amount of carbon dioxide and
water uptake/absorption by the ecosystem. Furthermore, the net ecosystem
production values were related to the PPFD fluctuation, which influences the
plant photosynthesis intensity.

3. The presented dataset, which is a result of a one-year eddy covariance
measurement in Poland, provides a proper basis for future development of the
Tuczno forest site and can be compared with other, already published results of
research covering longer time spans. Moreover, the presented data are important
for evaluating the effect of global climate change on Polish forests and other
possible influences on carbon and water cycles in forest ecosystems.
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INTRODUCTION

Wetlands in Poland occupy about 4 345 thousand ha, more than 80 percent of
this arca has been drained for the purpose of agriculture production and forest
intensification, only 9 percent of peatlands preserved natural or close to natural
status. Forests and shrub communities cover about 15% of total wetland area. The
remaining area is occupied mainly by grasslands and, to a small extent by crop-
lands (Mioduszewski 2004). Wetlands play a significant role in terrestrial carbon
sequestration processes and they are considered as one of the biggest carbon pool
on the Earth surface. It is estimated that approximately 455 Pg of carbon is stored
in the northern hemisphere wetlands (Gorham 1991). Carbon dynamics in high-
latitude wetland ecosystem is thought to respond dramatically to climate changes,
such as temperature and precipitation changes that are predicted to occur under
global warming conditions (IPCC 2001). Peatlands have historically been the net
sink of carbon to upland systems, but their ability to store carbon in the future is
uncertain. Warmer, drier weather could cause the water level to decrease dramat-
ically and release much of the stored biomass carbon. The soils would become
aerobic, giving microbes the oxygen, which will finally lead to the enhanced de-
composition of the accumulated biomass.

It is generally considered that flooded soils are the sink of CO, (Conrad 1995,
Scanlon and Moore 2000) However, in some condition soils would have to be
considered as the net source of CO, (Guintas 2009). Peatlands, therefore, could be
converted from a sink into a source of CO, (Brown 1998, Alm et al. 1999, Aurela
etal. 2001).

The amount of carbon sequestered in a peatland in a specific year depends on
the rate of plant production and the decomposition of organic matter in the eco-
system. Atmospheric CO, is bound by peatland vegetation through photosynthesis
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and is released in the process of respiration of plants and animals. Additionally,
the CO, is emitted by soil microorganisms conducting the decomposition
processes of soil organic matter. The total amount of CO, emitted from soil, plant
and animals is called the Ecosystem Respiration (R..,) (Alm et al. 1997). The
assimilation of CO, is greatly influenced by high-frequency variation in solar
radiation and by changes in the ground water table affecting the water content of
mosses (Silvola and Aaltonen 1984). Ecosystem respiration is highly dependent
on changes in temperature and soil moisture. The depth of the water table has an
important effect on soil respiration. Davidson ef al. (1998) have shown that water
tables, because of their effect on O, supply to decompose microflora, provide the
major control on CO, emission in soils with thick organic layers.

On the other hand, a spatial variation in carbon gas dynamics between peat-
land sites and even between plant communities within a site is considerable.
Within a peatland site, one of the plant communities may act as a CO, sink while,
simultaneously, another as a source (Waddington and Roulet 2000). Therefore,
the ecosystem scale of CO, dynamics depends strongly on the plant communities
composition and on the proportion of different communities in the ecosystem
(Riutta et al. 2007). Moreover, an increased availability of nutrients, mainly N,
may alter the carbon balance of peatlands. In nutrient-poor peatlands (bogs) the
important peat forming Sphagnum mosses suffer essentially from competitive
disadvantages if the N deposition gets too high (Lund et al. 2007).

Carbon dioxide fluxes can be quantified using different approaches. The applied
techniques include micrometeorological methods such as eddy covariance (Aubinet
et al. 2000, Baldocchi et al. 2000), aircraft measurements (Cihlar et al. 1992,
Smitch ef al. 2003) and direct measurements using various types of chambers (Li-
vingston and Hutchinson 1995, Pumpanen et al. 2004). Chamber types include
static, air-tight chambers and dynamic, flow-through chambers. The methods of
measurements using closed chambers that follow the CO, mixing ratio changes in
an isolated headspace above the surface are perhaps the most common techniques
for quantifying peatlands CO, exchange (Livingston and Hutchinson 1995).

Our study was carried out at Rzecin wetland site (Olejnik ez al. 2001, Choj-
nicki et al. 2007) administrated by the Department of Meteorology of the Poznan
University of Life Sciences. It is the first wetland site-station in Poland where
continuous measurements of greenhouse gases (CO,, CH, and N,O) exchange are
carried out with the application of eddy covariance (CO, fluxes) and chamber
techniques (CO,, CH, fluxes).

The aims of this study were as follows: 1) to present reliable measurements of
CO, fluxes measured at one summer day on the temperate bog ecosystem located
in Poland using a closed dynamic chamber system, 2) to obtain the daily dynam-
ics course of CO, fluxes over growing period.
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MATERIALS AND METHODS

Site description

The study was carried out at Rzecin peatland site, Poland (52°45° N latitude,
16°18” E longitude, 54 m a.s.l.). The peatland covers the area of 140 ha. The ve-
getation is dominated by the following plant species: peat moss. Sphagnum sp.,
Dicranum sp.; sedge grass: Carex sp.; reed: Phragmittes communis; bulrush:
Typha langifoli; cranberry: Vaccinium oxicoccu;, common sundew: Drosera ro-
tundifolia; common tormentil: Potentilla palustri;, buttercups: Ranunculus acri,;
bog-bean: Menyantes trifoliate etc (Chojnicki et al. 2007, Wojterska et al. 2001).
The peat substrate is a Limnic Hemic Floatic Ombric Rheic Histosol (Epidystric)
according to FAO 2006 classification. In the middle of Rzecin wetland there is
about 50 cm thick floating carpet peat-substrate overgrown mostly by mosses.
The annual mean air temperature and precipitation for the whole period of mea-
surements were 8.5°C and 526 mm, respectively.

Photo. 1. The air photograph of Rzecin wetlands with the measurement site

CO, fluxes measurements

Four sites at Rzecin peatland were selected for the measurements of CO, flux-
es. Each site consists of three plots and represents different vegetation type. The
first site (S1) is dominated by Caricetum elatae, the second (S2) by Calamagros-
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tietum neglectae, the third (S3) by Menyantho-Sphagnetum teretis and the fourth
(S4) by Sphagno apiculati-Caricetum rostratae (Wojterska et al. 2001). The mea-
surement sites are located along a 500-meter wooden path (Photo. 1). APVC
frame (75 x 75 x 20 cm) was inserted into the peat at the depth of about 17 cm at
each plot. The frame was installed to provide better stability to the chamber and to
locate plots where the measurements have to be made during the campaign pe-
riod, i.e. to measure exactly the same place every time.

Chamber design

CO, fluxes measurements were carried out by means of a closed dynamic
chamber system. The equipment consists of two chambers (dark and transparent),
based on the model proposed by Drésler (2005). The chambers have a cubic
shape (base 77 cm x 77 cm and height 50 cm) and the volume of 0.3 m’. The dark
chamber was made of white PVC (3 mm thick) in order to measure ecosystem
respiration (R,.,) and reduce any influence of sun radiation. The transparent cham-
ber was made of Plexiglas (3 mm thick), which allows light transmission of Photo-
synthetic Photon Flux Density (PPFD measured at pmol m™ s™") up to 95% during
the measurements of Net Ecosystem Exchange (NEE). Each chamber was equipped
with two thermometers (T 107, Campbell Scientific, USA) in order to measure the
air temperature inside and outside chamber during measurements. The temperature
sensors were installed on the wall of the chamber, 35 cm above the bottom edge of
the chamber and were protected against influence of light radiation.

Each chamber was equipped with two fans (Sunon, MagLev, Taiwan) with
the flow of about 1 m s to mix the air during measurement. The tightness of
chambers during the measurement process was assured by installing a rubber
gasket around the chamber lower edge and two elastic belts (outside of the cham-
ber) connecting the top of a chamber and the base of the frame. To avoid prob-
lems with air temperature increase inside the chamber, a simple cooling system
was applied. It consists of an ordinary touristic cooling packs placed inside the
chamber on special frames, which exchange heat with the air blown by the fans
(Drosler 2005).

The vertical profile of soil temperature at 2.5 and 10cm depth (T_109 Camp-
bell Scientific) and PPFD (SKP215 Quantum Sensor, Skye Instruments Ltd, UK)
were registered during the measurements. All sensors were connected to data-
logger (CR 1000, Campbell Scientific, USA) which recorded values at 5-second
intervals. Moreover, air temperature at the height of 2 m, a soil temperature pro-
file at different depths (2, 4, 6, 10, 20, 30 and 50 cm) and PPFD were measured
during the whole year at the site. Precipitation was measured automatically using
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a rain gauge (RG2-M, Onset, USA). No water stressed occurred at the wetland
site during our measurement campaigns.

The results of measurements presented in this paper are related only to one
summer campaign. Because sites SI and S4 are 400 meter away from one anoth-
er, it is impossible to measure all sites simultaneously. Thus, measurements were
carried out on the 13™ and 14™ of May 2008 (sunny days without clouds). First
day they were conducted at S1 and S2 sites and on the second day at S3 and S4.
Measurements started early in the morning (before sunrise) and continued till late
afternoon (about 6 pm). Each measurement conducted in dark and transparent
chambers took from 3 to 5 minutes or 2 to 3 minutes, respectively. During the
measurement period two basic principles were rigorously obeyed: 1) temperature
inside the chamber should not change more than 1.5°C and PPFD values should
not change more than 10% from the beginning to the end of the individual mea-
surement (Drosler 2005).

Data analysis

The CO, fluxes were calculated on the basis of the linear approach, consider-
ing the CO, concentration changes in the chamber headspace over time. The flux-
es were calculated by means of Flessa ct al., (1998) equation

Feo, = keo, (273 T") (V-A™) (de-dr™) (1)

where: Fco2 ~ flux rate of CO, (mg CO,-C m?> h'l), kco2 — gas-constant at 273.15 K
(0.536 pg C ul'"), T — instant air temperature during the measurement (K) at 2 m
height, ' — volume of the chamber (1), 4 — surface area within the collar of the
chamber (m?), de dr' — concentration change in the chamber atmosphere over
time (CO,: ml 1" h™)

The Gross Primary Production (GPP) is defined as the total amount of carbon
fixed in the process of photosynthesis by plant in an ecosystem, while the Net
Ecosystem Exchange (NVEE) refers to GPP minus carbon losses (ecosystem respi-
ration — R,.,). Ecosystem respiration (R..,) is the result of plants, animals and soil
respiration.

The R,., and NEE were modeled between measurement campaigns with 30-
minute intervals on the basis of the dependencies NEE vs. PPFD and R.., Vs soil
temperature or air temperature. The R,., was calculated on the basis of regressions
between respiration rates and temperature using Lloyd & Taylor (1994) equation
(2). E, and R, of this equation were individually adopted to the corresponding
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dataset, whereas 7., (283.15 K) and 7 (227.13 K) were set as constant parame-
ters (Lloyd & Taylor 1994):

R = R/‘efe Eo (1/(Tref-T0 ) — 1/(Tsoil - T0)) (2)

R — respiration (CO,-C mg m™ h'™"), R,.r— respiration at the reference Temperature
(CO,-C mg m™ h'), E, — activation energy (K), T,,; — reference temperature:
283.15 (K), T, — temperature constant for the start of biological processes: 227.13
(K), Ty, — soil temperature at the depth of best fit with the dataset (K).

The NEE was modeled based on the following equation (Whiting 1994; Belli-
sario et al., 1998):

NEE = ((GPyu @ PPFD)((a-PAR)+ GP,0)) -1)-R ~ (3)

PPFD — photon flux density of the photosynthetic active radiation (umol m™s™),
GP,.x — maximum rate of carbon fixation at PAR infinite (CO,-C mg m* h'l),
o = initial slope of the curve; light use efficiency (CO,-C mg m™ h™'/umol m™s™),
R — respiration model (CO,-C mg m~ h™").

The statistical analyses were carried out by means of the Matlab numerical
computing software (The MathWorks, USA) and the Table Curve 2D program
(Curve Fitting Software, SYSTAT).

RESULTS AND DISCUSSION
Environmental conditions

The maximum daily values of Photosynthetic Photon Flux Density (PPFD)
for both days of the measurement campaign reached about 1600 pmol m™ s at
about 12:00 GMT and the courses of PPFD were similar (there were sunny days
without clouds) (Fig. 1). Whereas, the daily courses of air temperature during
these days were slightly different. The maximum temperature on the first day
(13.05) was 19.5°C, whereas on the second day 21.0°C (Fig. 2). The overall
ranges of air temperature during measurement campaign were from —2.0 to
21.0°C for 14.05.2008 and from 2.0 to 19.5°C for 13.05.2008. Wide ranges of
measured PPFD values (from 0 to 1587 pmol m™ s) and air temperature created
very good conditions to measure CO, fluxes (from the methodological point of
view it gave us a wide range of measured fluxes).
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Fig. 1. The daily course of PPFD at Rzecin site on 13 and 14 of May 2008
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Fig. 2. The daily course of air temperature (2 m) at Rzecin site on 13 and 14 of May 2008

Analyses of dependencies of R,., and air and soil temperatures indicated that
the air temperature correlates better with R,,, than soil temperature (higher re-
gression coefficient was found with air temperature). R,., and air temperature
showed a significant relationship in all four sites (mean regressmn coefficient
was 1* = 0.75). The hlghest correlation was found at S1 site (up to r* = 0.90) and
the lowest at S1 site r* = 0.66.
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Temperature is one of the most important factors controlling CO, fluxes (Am-
thor 1991). In the majority of studies, ecosystem respiration (R,.,) shows highly
significant correlation with soil temperature (Lloyd and Taylor 1994, Buchman
2000). However, our results from this specific measurement campaign showed
strong correlation of R, with air temperature. Similar relationship was found by
Drésler (2005). In addition to temperature, water depth is another factor influen-
cing CO, fluxes in wetland. The peatland surface area of Rzecin site consists of
a floating carpet of a peat-substrate saturated with water, therefore, it can be as-
sumed that during this campaign the peat substrate of all sites was saturated with
water to the same extent and had similar influence on the measured fluxes. Con-
sequently, the water depth impact on CO, fluxes was not assessed in this study.

CO, fluxes

The increase of CO, concentration was observed during the measurement of R,
(dark chamber), (Fig. 3), while the decreasing trend of CO, concentration during the
measurement of NEE (transparent chamber) (Fig. 4). During a single measurement
(ca. 2 minutes) the decrease of CO, concentration reached even 50 ppm at the highest
PPFD values. The coefficient of linear correlations between the changes of CO, con-
centration in the chamber headspace during measuring time ranged from 0.627 to
0.998, for both chambers. However, some fluctuations of CO, concentrations were
observed during sampling period and it influenced the obtained linear correlation
coefficients. However, it has no statistical significance for the calculated fluxes.
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Fig. 3. CO, concentration run in dark chamber at site S2 on 13.05.2008.
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Fig. 4. CO, concentration run in transparent chamber at site S2 on 13.05.2008.
Daily courses of R,., and NEE

R, rates during the measuring period ranged from 1.92 to 8.28 pmol CO, m™ s’
for all four sites. The rates of R,,, ranged from 2.44 to 6.08 pmol CO, m™s™" for S1
site, from 2.00 to 5.35 pmol CO, m™s™ for S2 site, from 1.92 to 5.36 pmol CO, m™
s”! for S3 site and from 2.07 to 8.28 umol CO, m™ s™" for S4 site. The variations of
R, values during the measuring campaign were related to changes in soil/air tem-
peratures during the day. The highest rates of R,., were observed during afternoon
hours, which could be explained by the highest air temperature. S1 site dominated
by Caricetum elatae and S4 site dominated by Sphagno apiculati-Caricetum rostra-
tae showed the highest R,.,. Differences of R,., among the sites were connected
indirectly with a different vegetation composition (determined mostly by different
ground water level and nutrient availability). In the contrary of our results, Heij-
mans et al. (2004) reported low values of R.., in positions dominated by Sphagnum,
in comparison to other plant species. He argued that this effect can be a result of
lower soil temperature at positions dominated by Sphagnum. We consider that
higher portion of R,., at Sphagnum positions (S4 site) obtained in our measurements
can depend on the depth of aeration zone which is slightly different at each site and
requires more investigation in the future.

The daily courses of NEE were inversely proportional to the daily courses of
PPFD, and NEE values ranged from 4.7 to -8.88 pmol CO, m™ s™'. NEE was signifi-
cantly correlated, from the statistical point of view, with PPFD. The highest NEE was
obtained usually at noon (approx. 11:00 to 13:00). We observed large variation of
NEE at midday, but little variation in the early morning and late afternoon. NEE rates
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during the experiment period ranged from 4.7 to —5.58 pmol CO, m™ s at S1 site,
from 2.59 to —8.88 umol CO, m™ s™" at S2 site, from 1.87 to —6.79 pmol CO, m™ s at
S3 site and from 3.34 to -7.24 pmol CO, m™ s at S4 site. The maximum values of
NEE were observed at the highest values of PAR, a little bit earlier than maximum
R.c, (which depends on temperature). All four sites showed similar diurnal pattemns,
but varied in magnitude. However, no significant differences of NEE between posi-
tions at the same site were found. The highest values of NEE were observed at S2 and
S4 sites dominated by Calamagrostietum neglectae and Sphagno apiculati-Caricetum
rostratae respectively and the lowers at the S1 site dominated by Caricetum elatae.
We consider that differences of NEE among the sites are not only connected with
vegetation composition, but also with air temperature and water depth, however a
more detailed analysis is required in this respect.

At the beginning of the experiment period all positions had negative NEE val-
ues during the early morning measurements, as a result of balance between CO,
assimilation and respiration, but at S1 and S2 positions it can also be the result of
low quantity of photosynthetically active biomass, in comparison to the higher
quantity of dead biomass. Therefore, these positions were dominated by R,., rather
than NEE, while PPFD values did not exceed 400 pmol m™ s, Thus, a wetland
ecosystem can be either a net of CO, source or a net of CO, sink (eg. Hirota, 2006).

Modeled CO, fluxes: R,., and NEE

The relationship between R,., and air/soil temperature was calculated for
individual sites by means of Lloyd and Taylor function (Fig. 5A). Then, on the
basis of obtained a and b coefficients, R., was calculated (with 30 minutes
steps) for the whole experimental period with the application of equation No. 2
and air/soil temperatures. In order to model NEE for the experimental period,
the equation No. 3 was applied. In that case, the correlation coefficients ob-
tained for rectangular hyperbola function were taken for modeling (Fig 5B).

In all cases, correlations between R,., and temperatures, as well as between
NEE and PPFD were statistically significant. The modeled curves differ from
measured values on average 0.41 pmol m?s™ for R,., (mean absolute error (MAE)
amount to 0.41) and 0.70 umol m™s™ for GPP (mean absolute error (MAE) amount
to 0.70). The trends of modeled R,., were very similar to the measured values in
case of the sites S1-S3 (Fig. 6, Fig. 8, Fig. 10). The mean absolute error (MAE) for
R.., for sites S1, S2, S3, reached values 0.64, 0.67, 0.65, respectively. However, the
MAE for site S4 was much higher indicating that the modeled values differ essen-
tially from measured values (average MAE 2.4 pmol m™s™). The daily dynamics of
modeled NEE values was very similar to the measured in case of sites S2 and S3
(Fig. 9 and Fig. 11). The MAE for sites S2 and S3 amount to 1.1 and 1.45, respec-
tively. However, the modeled NEE for sites S1 and S4 were slightly underestimated
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in relation to the measured values (Fig. 7 and Fig.13). The MAE for these sites
reached 1.96 and 2.22, respectively. This effect, however, will require deeper inves-
tigation in the future. Assuming that R,., values are modeled correctly (the agreement
between measured and modeled values is good), then it is most probable that the GPP
values driven by PPFD are underestimated by model, or there are other drivers con-
trolling the assimilation of CO, by plants within photosynthesis (eg. temperature?) not
indicated by the model. If so, why does this effect not occur permanently for all sites?
Table 1 shows the mean values of fluxes and mean standard deviations. The highest
R, was estimated by model at $4 site (up to 3.31 g CO,-C m™ day') and the lowest
at 83 site (2.92 g CO,-C m™ day™).
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Fig. 13. Comparison of modeled and measured values of NEE at site S4 on 14.05.2008

Table 1. Mean values of fluxes modeled and measured

Site R.., (g m™*day) NEE (g m?day)
S 3.63 -1.17
S 3.12 243
S3 2.92 -2.05
4 3.31 -2.39

The modeled NEE values for the experimental day showed similar dynamics
at all four sites. The highest cumulative NEE value was estlmated at S2 (243 g
CO,-C m™day™) and the lowest at S1 (-1.17 g CO,-C m™ day™"). This can be re-
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lated to different amount of aboveground biomass at each site and different pho-
tosynthetic activity of individual plant species. At S1 site, dominated by Carice-
fum elatae, there was still the highest amount of dead biomass (low assimilation),
while at other sites there were more green parts. S2 and S4 sites showed very
similar daily cumulative values of modeled NEE. (Tab. 2)

Table 2. Cumulative daily R,., and NEE and standard deviations

Reco NEE
Site (umol m?s™) Std (pmol m?s™") Std
Avg Avg
S1 3.88 0.57 -1.70 1.42
S2 3.41 0.52 -3.46 0.75
S3 3.31 0.53 ) -2.81 0.61
S4 4.43 0.70 -2.57 1.12

Both, R.., and NEE showed the temporal and spatial variation of CO, fluxes
at our wetland ecosystem with similar trends/dynamics during the experimental
days. Moreover, depending not only on vegetation composition, but also on envi-
ronmental drivers (PPFD, temperature) and time of the day, our wetland ecosys-
tem can switch from net sink to net source of CO, fluxes. This was also confirmed
by other authors (Riera et al. 1999, Cole and Caraco 1998, Larmola et al. 2003,
Hirota 2007). Nevertheless, it should be emphasized that the modeled R,., and
NEE were determined on the basis of short time research, and therefore, the ob-
tained values should be carefully considered and regarded only as the estimation
of fluxes. Future long term and in depth studies are necessary.

CONCLUSIONS

1. The results of our measurement showed the daily dynamics of CO, fluxes
with respect to the time of measurements. Wide ranges of measured PPFD values
and air temperature created very good conditions to measure CO, fluxes (from the
methodological point of view it gave us wide range of measured fluxes). The dai-
ly courses of NEE were inversely proportional to the daily courses of PPFD. The
highest values of NEE and R,., during measurement campaign were observed at
the sites dominated by Sphagno apiculati-Caricetum rostratae — this site revealed
the highest exchange of CO,.The highest values of R,., and the lowest values of
NEE at the site dominated by Caricetum elatae were the result of higher quantity
of dead biomass. The variations of R, values during the measuring campaign
were related to changes in soil/air temperatures during the day. However, vegeta-
tion composition, and water depth can also play an important role and have influ-



56

ence on measured CO, fluxes. This effect, not analyzed in this paper, requires
more studies in the future.

2. The measured values of CO, fluxes revealed high coefficient of determi-
nation with Lloyd and Taylor function and rectangular hyperbola equation (Mi-
chaelis Menten), which were used to determine parameters necessary for model-
ing of R,., and NEE. The values of mean standard deviation appear better fit to
model of R, than NEE. However, the values of modeled R.., and NEE showed
positive correlation with measurement values. We proved that a chamber tech-
nique is a useful tool for determination of CO, fluxes at wetland or other ecosys-
tems; it is simple to operate and relatively low as far as the cost and power con-
sumption are concerned. As we measured ecosystem fluxes at a limited number of
sites and during short time, it has to emphasized that only preliminary results of
our study were presented in this paper.
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INTRODUCTION

Carbon dioxide, although occupying very small part in atmospheric air, plays
very important role in energy exchange system within the geographical environ-
ment. It participates in photosynthesis processes, which produces biomass incre-
ment, it is also a greenhouse gas, which impact on air temperature increase on
Earth is widely discussed at the present time. Emission of this gas should be
monitored, but from papers published so far it is evident that the intensity of CO,
emission between surface and atmosphere is strictly connected with degree of
anthropogenic modification of surface. Availability of sensors enabling the appli-
cation of modern measurement techniques, like eddy covariance method, causes
that measurements of turbulent carbon dioxide flux are carried out in many coun-
tries (Lee et al. 1996, Moncrieff et al. 1997, Baldocchi ef al. 2000, Schmid et al.
2000, Grimmond et al. 2002, Coutts et al. 2007). Unfortunately, there are still not
many on urban terrain, where carbon dioxide circulation is completely different in
comparison with areas covered by plants, both natural and agricultural (Nemitz et
al. 2002, Moriwaki and Kanda 2004, Vellasco e al. 2005, Vogt et al. 2006, Pata-
ki et al. 2009).

The aim of this work is presentation of preliminary results of vertical turbulent
carbon dioxide net flux measurements carried out in £6dz in the period July 2006-
July 2009. The first measurements of energy balance components and CO, flux
were carried out in £6dz in the period 2000-2004 (Offerle e al. 2003, Offerle et al,
2005, Offerle et al. 2006a, Offerle et al. 2006b, Fortuniak 2009) at the dense built-
up city center and at post-industrial and residential arcas, but these experiments
were short timed lasted in one case a few months, but mostly the time coverage was
restricted to few days. Such experiments couldn’t answer the questions concerning
characteristics of seasonal or annual variability of carbon dioxide net flux above

"Funding for this research was provided by a Polish Ministry of Science and Higher Education
(State Committee for Scientific Research) under grant N N306 276935 in years 2008-2011.
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urban terrain. Measurement described in this paper started in July 2006 and they are
still being carried out. Presented data set is probably the first longtime (three years)
data series of CO, flux registered in Poland above the urban terrain.

MEASUREMENT SITE DESCRIPTION

Measurement site is located at the west part of L.6dZ center (Fig. 1, right).
Surroundings of measurement point, as it shows Figure 3, can be characterized by
dense building development. Artificial surfaces (streets, buildings, pavements,
parking lots, etc.) cover ~50-70% and approximately 30% are roofs of buildings
(Klysik 1998). Surfaces with vegetation (trees and lawn interspersed with build-
ings) cover about 40% of the area but trees which are mostly deciduous cover
only 10% (Ktysik, 1998). Trees are deciduous, 8-15 m tall high but mainly below
building height. There are also two green parks in the neighborhood of measure-
ment site (Fig. 3) which are situated ~900 m on the south (Park Poniatowskiego)
and approximately 1700 m on the west (Park “Zdrowie”).

METHOD, INSTRUMENTATION AND DATA PROCESSING

Measurement system is installed at the 20 m tower mounted on the roof of 17
m tall building at Lipowa 81 Street (Fig. 1, left). Height of this building is similar
to surrounded building development, which confirm the values of roughness
length determined for close to the neutral stratification from the logarithmic equa-

Fig. 1. Measurement tower at Lipowa Street (left) and location of measurement point in £6dz
(right)
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tion of wind (Grimmond et al. 1998). Mean z,, equals 2.5 m. Figure 2 (observa-
tions of zy, by wind direction) shows the increase of z;, to the west where new
residential block of flats, exceeded the height of other building by ~10 m, was
built. Mean height of surrounding buildings was estimated at 10.6 m, so mea-
surement height 37 m above the ground layer is probably close to roughness sub-
layer (Grimmond and Oke 1999).
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Fig. 2. Roughness length for momentum z,,, by wind direction (grey dots). Black line indicates 10
degrees mean of zo,

Aerial photo at the Figure 3 shows the net of streets in the surroundings of the
measurement point. High elevation of sensors results in large source area. Total
source areas at level P = 90%, 75% and 50% evaluated for the analyzed period,
for hours 10-14 during unstable conditions (all good data) with the aid of FSAM
model (Schmid, 1994) surround measurement point with the circles with diameter
up to 1 km. For neutral and stable conditions a source areas are probably larger
and cover parks placed on the west and south. Source area of radiation sensors is
much smaller and can be evaluated as a circle with approximately 250 m diameter
(for P =90%).

Eddy-covariance measurement set is mounted 1 m below top of the tower on
its east side, approximately 1 m from the tower axis. Tower diameter is rather
small (~0.15 m) so its influence on the turbulence can be neglected. Fluctuations
of carbon dioxide pCO,’ are measured with Li 7500 H,O/CO; Infra Red Gas Ana-
lyzer (Li-cor, USA). Fluctuations of horizontal and vertical wind speed compo-
nents u’, v, w’ and air temperature 7° are measured with sonic anemometer
RMYoung 81000 (RMYoung, USA). Both sensors are connected to 21X datalogger
(Campbell Scientific, USA). These sensors, according to eddy covariance theoreti-
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cal background, register data with high frequency (in this case 10 Hz) and store in
15 minutes block of data. Shortwave and longwave components of ingoing and

Fig. 3. West part of L6dz city center with location of measurement point (LS — Lipowa station)
and urban parks located in nearest neighbourhood (PZ — city park “Zdrowie”, PP — city park
“Poniatowskiego”). Solid lines surrounding measurement point indicate source areas at P =
50%, 75% and 90% calculated for turbulent fluxes measured at 10-14 at Lipowa Station for
unstable stratification (all available data in the period July 2006 — July 2009)

Aerial photo source: Municipal Center of Geodesics and Cartographic Documentation of £6dz

outgoing radiation are measured every 1 minute by CNRI net radiometer
(Kipp&Zonen, Holland). Next, radiation balance Q* is calculated as an algebraic
sum of measured components. Moreover, basic meteorological parameters like air
temperature and humidity, atmospheric pressure, wind speed and direction are
registered every 10 minutes with additional sensors. Turbulent carbon dioxide net
flux FCO, is calculated as a covariance of vertical wind speed fluctuation w’ and
carbon dioxide density fluctuation pCO2’:

FCO, =w pCO,' )
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Before flux calculation adequate procedures of data pre-processing are applied,
which allows the elimination of errors from the data. First of all, data registered
during rainfall or atmospheric deposits and when friction velocity u* was lower
than 0.1 were removed. As a next step, maximization of covariance between w’
and pCO2’ during the time interval +/~ 2 seconds is carried out, which allows
minimizing of the influence of the spatial separations of sensors. Spike detection
procedure (Vickers and Mahrt 1997) is used to eliminate unrealistic values of
data. Because the air flow above the urban terrain is not normally parallel to the
surface and sonic anemometer, which causes non-zero values of mean vertical
wind speed (0.1 of mean w’ and ~1.5 deg of rotation angle corresponds to 0.1 ms-
1 of mean vertical wind speed), double system coordinates rotation is added
(Kaimal and Finnigan 1994, Finnigan 2004).Third rotation was omitted because
of possibility of unrealistic results. After these procedures FCO, data is combined
with radiation data. Moreover, adequate corrections are added, like sensible heat
flux correction for sonic anemometer temperature (Schotanus er al. 1983) and
WPL corrections for non-zero mean vertical wind speed caused by air density
fluctuations (Web er al. 1980, Lee et al. 2004). The last step is the selection of
data averaging period. Because of 15 minutes averaging period could be too short
and spectral losses for low frequency are possible. In this case 30 minutes averag-
ing period is used to calculate carbon dioxide net flux. Positive value of FCO,
indicates upward vertical turbulent transport of carbon dioxide (emission from
surface to the atmosphere) and negative FCO, indicates vertical transport to the
surface, that is absorption of CO,.

RESULTS

Figure 4 shows all correct values of radiation balance Q*, carbon dioxide
density pCO, and turbulent vertical net flux FCO, registered in the center of £.6dz
in the period July 2006-July 2009. There is a clearly visible significant prevalence
of positive over negative values of carbon dioxide net flux, which means that
center of £6dz in the surroundings of measurement point was a source of carbon
dioxide during whole analyzed period. Another feature which should be empha-
size is an annual course of FCO, with maximum in wintertime and minimum in
summertime. Maximum turbulent transport of CO,, which in some cases reached
~70 pumol m™ s in cold season is related to strong emission of anthropogenic
carbon dioxide which is an effect of fossil fuel combustion during houses heating
and public transport (Ktysik 1996, Offerle et al. 2005). Summertime minimum
with values mainly doesn’t exceeded 15 pmol m™ s™' can be explained by decrease
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of anthropogenic CO, emission (no house heating, less intensive car traffic be-
cause of holidays) and absorption of CO, by plants.
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Fig. 4. 30-minutes means of radiation balance Q*, carbon dioxide density pCO,, and turbulent
flux FCO, recorded in the center of £.6dz in the period July 2006-July 2009

As a next step, two simple procedures of data gaps filling were applied. The first
procedure which assumed obtaining missing data through interpolation, was used
in case of small gaps which did not exceed 3 hours. Longer gaps were filled by
the data from mean diurnal pattern of FCO, calculated for adequate month. Mean
amount of missing data doesn’t exceed 20%. On the basis of obtained data, ap-
proximate monthly turbulent net fluxes of carbon dioxide were calculated. Be-
cause of many factors determines carbon dioxide turbulent exchange above urban
terrain, precise calculation of monthly FCO; is very difficult and exceeds frame-
work of this paper. Figure 5 shows the results of those calculations in comparison
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with the variability of mean monthly air temperature in the analysis period. There
is a clear but not so strong negative correlation between mean monthly air tem-
perature and intensity of carbon dioxide turbulent exchange in the centre of Lodz.,
which is confirmed by the determination coefficient R> = 0.73. Monthly net flux
values were also a basis to obtain turbulent exchange of carbon dioxide during all
year long. It can be estimated at ~10.2 kg m” year” in 2007 and ~9.9 kg m? year’
in 2008. It means that analyzed part of L6dz city center is a significant source of
CO; for the lower troposphere.
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Fig. 5. Mean monthly net CO, exchange and mean monthly air temperature (down) and linear fit
between mean monthly air temperature and mean monthly net CO; exchange (up) in the period
July 2006-July 2009

Mean diurnal courses of carbon dioxide net flux calculated for months (Fig. 6)
confirm annual pattern of its variability. What is particularly important, independ-
ently from time of the day and season, mean FCO, flux is always positive, which
indicates the prevalence of carbon dioxide emission over absorption above ana-
lyzed part of the center of £6dz in the period July 2006-July 2009. Minimum
intensity of CO, exchange, of the order of ~2 pmol m? s™ is observed always
during nigh time mainly because of weak turbulence. After sunrise FCO, in-
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creases because of, firstly, turbulent transport of carbon dioxide cumulated within
the urban canyons during night, and secondly due to an increase of anthropogenic
CO, emitted by public transport. This phenomenon is clearly observed during
cold season, when FFCO, reaches values higher than 12 umol m? s and variabil-
ity of CO, density is determined only by anthropogenic sources and biological
processes are insignificant. Mean FCO, reaches maximum value always during
the day, which is also connected with public transport intensity.
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Fig. 6. Mean diurnal courses of carbon dioxide density pCO,, (grey dotted line) and turbulent flux
FCO, (black solid line) calculated for months in the period July 2006 — July 2009 based on 30-
minutes data

Mean diurnal course of FCO, was also calculated for whole analysis period
(Fig. 7, solid line on upper graph). Known from the literature mean diurnal of
FCO, course with two maxima represent morning and afternoon peak of car
transport intensity (Coutts ez al. 2007) is not observed in this case. Mean diurnal
courses were also calculated for working days of week (from Monday to Friday,
Fig. 7, intermittent line on upper graph) and for weekends (Saturday to Sunday,
Fig. 7, grey lines on upper graph). In both cases FCO, flux was positive, but for
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weekends its values were significant lower and two maxima of CO; turbulent ex-
change can be observed in case of weekdays. This situation is caused by much less
intensity of car traffic during weekends, and as a result mean maximum F CO; is low-
er during weekends by about 4 umol m” s'. Mean diurnal courses of FCO, for sea-
sons were also calculated (Fig. 7, lower graphs). Similar differences between mean
diurnal variability of FCO, calculated for working days and weekends can be ob-
served, with the exception of winter, when intensive emission of anthropogenic car-
bon dioxide related to car traffic and strong house heating dominates. In summer,
minimum value of mean seasonal FCO, flux occurs during the day of weekend,
which can be explained by low carbon dioxide emission generated by car traffic (re-
lated to summer holidays) and absorption by plants during the day.
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Fig. 7. Mean diurnal courses of turbulent flux FCO,, in the period July 2006-July 2009 calculated
for week (black line), working days (black dotted line) and weekends (grey line) and smoothed by
3-elements running average

Emission of carbon dioxide from urban surface is not spatially homogeneous, so
mean carbon dioxide net flux was also calculated in relation with wind direction for
the analysis period. Results of this calculation for 10 degree intervals of wind direc-
tion are presented in Figure 8 (middle graph). Asymmetry of FCO, is clearly visible
with prevalence of eastern sector of wind. Air flow from the center of the city causes
significantly more intensive FCO, of the order of 10-11 umol m™ s at average. Car-
bon dioxide exchange is much less intensive in the case of air flow from the west
sector, which is probably caused by not so dense building development (lower
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emission of CO, during house heating in winter) and by plants which during
warm season have been absorbing CO,. This disproportion determines diurnal
courses of FCO, calculated for east and west wind sectors (fig. 8, right graph). In both
cases mean FCO, is always positive, but in case of east air flow FCO, is much higher,
especially at the afternoon when the difference reaches ~9 pmol m? s™ in comparison
with diurnal course calculated for air flow from the west part of city.
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Fig. 8. Mean wind direction frequency by wind direction, turbulent flux FCO, by wind direction

(both 10 degree intervals) and mean daily courses of FCO2 calculated for airflow from east and

west sectors

SUMMARY AND CONCLUSIONS

Presented results of measurement carried out in £.6dz reveal that above dense
built-up city center emission of carbon dioxide prevails over absorption and this is
not season dependent. Intensity of CO, exchange above the urban terrain is de-
termined by anthropogenic sources of this gas (house heating, public transport,
etc.). Exception to the rule is summer season, when the lowest anthropogenic
emission of CO, during the year with absorption of this gas during photosynthesis
process determines the lowest values of carbon dioxide net flux during year.
Moreover, predominance of anthropogenic CO, sources over natural ones results
in more intensive CO, exchange during weekdays, so specific, not observed in
case of natural or agricultural surfaces, weekly variability of #CO, occurs.
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INTRODUCTION

Nitrogen oxides in a significant way affect quality of atmospheric air especially
in cities, both as primary pollutants and also as a factor causing secondary pollution,
e.g. tropospheric ozone (O;), peroxyacyl nitrate (PAN), which are considered
to be more harmful for human health and the environment than primary pollu-
tion. Chemical changes of nitrogen oxides in the troposphere are connected with
the phenomenon of photochemical smog. It commonly occurs in big cities all
over the world. Above-average concentrations of ozone and other photochemi-
cal oxidants are also observed far from city centres, which is connected with the
transport of pollutants in the atmosphere and not only with influence of emis-
sions from traffic sources or from heating systems. The amount of air pollution
with nitrogen oxides and tropospheric ozone, apart from emission of the pollu-
tants (Skov et al. 1997), is to a large extent shaped by meteorological condi-
tions (Godtowska, Tomaszewska 2002, 2006, Hoffman 1998). Meteorology
determines the access of solar radiation, is responsible for dispersion of ozone
and its precursors and sporadic transport of ozone from the stratosphere in fron-
tal zones (Baertsch-Ritter e al. after Tomaszewska, Godtowska 2008). Meteo-
rological conditions become particularly important in a situation of a photo-
chemical smog hazard.

The goal of the study is to present changes in the concentration of tropospher-
ic ozone in comparison with fluctuations of nitrogen oxide concentration, which
is its precursor and with meteorological elements constituting catalysts of photo-
chemical reactions such as solar radiation and air temperature.

“The research on atmosphere pollution with nitrogen oxides and tropospheric ozone in the southern
part of the Warsaw agglomeration is conducted with the use of funds from the grant of the Ministry
of Science and Higher Education.
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MATERIAL AND METHOD

The research material comes from the automatic monitoring atmosphere sta-
tion Ursynow SGGW (¢ = 52°09’ N; A =21°03” E; Hg = 102.5 m above sea lev-
el) located in the southern outskirts of Warsaw within well laid out urban area.
The station is situated in the university campus of the Warsaw University of Life
Sciences (SGGW) about 12 km south of the city centre. In the closest vicinity of
the station there are two- and three-storey buildings of the University. The nearest
tall buildings of housing developments in the Ursynow district are located about
1-3 km north, west and south of the building; thus, only easterly air does not
move above residential arcas with tall urban buildings. The main emission
sources of pollutants for this station are motor vehicles moving along streets sur-
rounding the SGGW university campus: Ciszewskiego Street (150 m to the south)
and Nowoursynowska Street (100 m to the east) and Rodowicza “Anody” Street
(about 300 m to the west). The main industrial source of pollutants is the chimney
of the heat and power plant Siekierki located about 4 km north-east of the station.
However, it should be noted that the level of gas pollutants of the atmosphere
recorded at the Ursynow SGGW station is relatively low and permissible values
are not exceeded.

The data on the concentration of atmospheric pollutants and meteorological
data come from the period of the warm 6 months in 2009 (from April to Septem-
ber). The study used instantaneous values of nitrogen oxides concentration
(NOx), ozone concentration (Os) values of air temperature (t) and concentration
of total solar radiation (SR) measured every hour during the daytime. UV photo-
metric method is used to the ozone concentration measurement and chemilumi-
nescence method was used to the oxides of nitrogene concentration measurement.
Because formation of tropospheric ozone is related to solar radiation intensity,
from the whole set of data two subsets of days with a characteristic course of the
intensity of total solar radiation were separated. At a further stage of the analysis
it turned out that better results will be achieved in the case of a more detailed di-
vision of the set of data, considering also the course of air temperature. Finally,
four subsets of data, i.e. days, were separated for four types of the course of
weather: with a high value of the intensity of total solar radiation and high tem-
perature (type HH, with the letter H denoting high values of both elements), high
radiation and low temperature (HL type, with the letter L denoting low values of
the second element, i.e. temperature), low radiation and high temperature (type
LH) and low value of the intensity of total solar radiation and low temperature
(type LL). Categorisation of particular days into a specific subset depends on the
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value of average daily total solar radiation and average daily air temperature and
half the value of standard deviation of these meteorological elements, according
to the formulas presented in Table 1.

Table 1. Categorisation conditions of particular days into four subsets of data

Category

of conditions TypeEH Type HL Type LH Type LL

Solar radiation Ty> Tyt Vast Ty> Tt Vast Ty<Tm— Vst Ty<Tyn—Yrsy

Air temperature tg>tat Vars, ty <tn— Ys, ty>tyt+ Vars, ty<tn— Yars,

explanations:

T,— Daytime average value of intensity of total solar radiation,
T,— Monthly average value of intensity of total solar radiation,
st — Standard deviation of intensity of total solar radiation,
t,— Daytime average value of air temperature,

t,— Monthly average value of air temperature,

s, — Standard deviation of air temperature.

In order to determine the relationship between the concentration of tropos-
pheric ozone and the concentration of nitrogen oxides and meteorological ele-
ments, regression analysis was used. For data from each month, correlation coef-
ficients of pairs were calculated and also regression equations (multiple or linear)
which best described the relationship were determined. The analysis was con-
ducted with the use of the program Statistica.

RESULTS AND DISCUSSION

Strength of the relationship between tropospheric ozone concentration and the
concentration of nitrogen oxides and the examined meteorological elements de-
pends on correlation coefficients of pairs. The list of these coefficients was pre-
sented in Table 2. It is worth noting that in the case of days with high radiation
and high temperature (type HH) and days with high radiation and low temperature
(type HL) air temperature is the independent variable which is almost always best
correlated with the level of ozone concentration. In the case of days with low
radiation and high temperature (type LH) the concentration of nitrogen oxides is
the variable and for days with low radiation and low temperature (type LL) in
different months the highest values of correlation coefficient were obtained for
different variables both for nitrogen oxides, radiation and also temperature.
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Table 2. Correlation coefficients of pairs between the concentration of tropospheric ozone and the
concentration of nitrogen oxides, solar radiation intensity and air temperature

type HH type HL type LH type LL

Month
NOx SR t NOx SR t NOx SR t NOx SR t

Apr 042 0,19 093 072 026 071 08 042 0,79 057 051 0,65
May 0,78 028 087 080 0,17 091 087 025 077 0,74 044 0,71
Jun 042 031 049 0,66 030 0,77 - - - 036 047 0,25
Jul 0,61 037 086 005 008 098 08 040 093 039 033 0,52
Aug 042 026 08 075 032 09 028 028 091 043 037 0,65

Sep 0,74 038 089 091 044 095 - - = 0,79 0,41 0,72

explanations:

NOx — oxides of nitrogen concentration in ppm,
SR — intensity of total solar radiation in W m?,
¢ — air temperature in °C,

Tables 3-8 present regression equations and their coefficients of correlation
and determination best describing the relationship between the concentration of
tropospheric ozone and the considered independent variables. Tables 3-5 con-
cern the subset of days with a high value of the intensity of total solar radiation
and Tables 6-8 the subset of days with a low value of the intensity of total solar
radiation. The determination coefficients of equations presented in Table 3 are
lower than the coefficients in Tables 4 and 5. Comparison of the determination
coefficients of the equations in Table 6 with the coefficients in Tables 7 and 8
leads to a similar observation. It shows usefulness of dividing the set of data
into four subsets — additionally taking into account the criterion of temperature.
High correlation coefficients obtained in the case of the majority of the equa-
tions show a strong relationship between the level of tropospheric ozone con-
centration and the considered independent variables. It means that at the War-
saw Ursynow SGGW station, where the level of gas pollution is relatively low,
there occur reactions of nitrogen oxides, with participation of solar radiation and
air temperature as catalysts of these reactions, which are characteristic for the
formation of photochemical smog.
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Table 3. Regression equations between tropospheric ozone concentration at Ursynéw SGGW and

chosen independent variables for high values of the intensity of total solar radiation

Month n Form of equation Rﬂdjz SE
Apr 78 0;=129,2-0,65NOx + 1,69 87,6 4,7
May 156 0;=21,3-1,19NOx + 1,80 80,5 6,0
Jun 156 03 =133,6 - 1,22°NOx + 7,39:10°*SR +0,36/ 27,1 9,6
Jul 91 O3=-13,4-1,10-NOx + 2,50¢ 66,0 8,3
Aug 130 0;=-27,3+2,88¢ 70,8 7,2
Sep 91 0;=-8,1 - 1,50-NOx + 2,34 86,6 5,77

All relationships are statistically significant at the 99% confidence level

explanations:

n — number of observations (sample size)
R‘,,djz — determination coefficient (adjusted) for multiple (or simple) equation in %,
SE — standard error of estimation

O; — tropospheric ozone concentration in ppm,

NOx — oxides of nitrogen concentration in ppm,

SR — intensity of total solar radiation in W m™,

{ — air temperature in °C.

2

Table 4. Regression equations between tropospheric ozone concentration at Ursynéw SGGW and

chosen independent variables for high values of the intensity of total solar radiation and high tem-

perature (type HH)

Month n nod Form of equation Rudjz SE
Apr 39 3 0;=179-0,55NOx +2,19¢ 89,0 3,6
May 91 7 03=-6,7-1,03-NOx + 3,1 85,9 5.9
Jun 104 8 0;=12,4-0,95-NOx +1,29-¢ 31,6 9,9
Jul 78 6 03=-55,1-0,57"NOx + 3,82:¢ 752 7,5
Aug 91 7 0;=-31,9 + 3,04 64,5 8,2
Sep 78 6 03=-17,0-1,26:'NOx + 2,69 87,4 5,7

All relationships are statistically significant at the 99% confidence level

explanations:

nod — number of days of the month considered in the analysis.
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Table 5. Regression equations between tropospheric ozone concentration at Ursynéw SGGW and
chosen independent variables for high values of the intensity of total solar radiation and low temper-
ature (type HL)

Month n nod Form of equation Rm,j2 SE
Apr 39 3 03;=30,5-0,67"NOx + 1,67¢ 80,3 52
May 65 5 0;=16,8 -0,61'NOx + 2,017 91,0 2,6
Jun 52 4 0;=10,8-1,22'NOx +2,31¢ 69,0 55
Jul 13 1 03 =-31,2+3,20¢ 96,4 1,7
Aug 39 3 0;=-32,8+3,72¢ 93,3 2,7
Sep 13 1 0;=-17,4-9,50-10"8R + 3,051 93,5 2,9

All relationships are statistically significant at the 99% confidence level.

Table 6. Regression equations between tropospheric ozone concentration at Ursynow SGGW and
chosen independent variables for low values of the intensity of total solar radiation

Month n Form of equation Rﬂdjz SE
Apr 78 0;=19,3-0,52"NOx + 0,030-SR +1,00-¢ 61,2 8,6
May 91 0;=7,67-1,29-NOx + 2,07 80,0 5;2
Jun 52 0;=23,6-0,55NOx + 3,37-10%SR 32,6 8,3
Jul 91 0;=22,2-1,89:'NOx + 7,35:10° SR + 1,50+ 50,7 6,7
Aug 91 0;=-42,8+3,59¢ 71,1 5,7
Sep 65 0;=7,9-1,03NOx +0,0107-SR + 0,95-¢ 75,3 3,9

All relationships are statistically significant at the 99% confidence level.

Table 7. Regression equations between tropospheric ozone concentration at Ursynéw SGGW and
chosen independent variables for low values of the intensity of total solar radiation and high temper-
ature (type LH)

Month n nod Form of equation R(,,d)»z SE
Apr 13 1 0;=-2,9-1,01'"NOx + 3,04+ 87,0 4,6
May 26 2 0,=10,8 - 1,81"NOx + 2,181 86,1 4,9
Jun - 0 - - -
Jul 13 1 03=-16,0-1,56'NOx + 2,941 96,9 2,1
Aug 13 1 03 =-53,4-0,0224-SR +4,45¢ 92,4 2,8
Sep - 0 - - -

All found relationships are statistically significant at the 99% confidence level.
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Table 8. Regression equations between tropospheric ozone concentration at Ursynéw SGGW and
chosen independent variables for low values of the intensity of total solar radiation and low tem-
perature (type LL)

Month n nod Form of equation Radjz SE
Apr 65 5 0;=12,4-0,40-NOx + 2,67-102SR + 1,69+ 63,2 8,5
May 65 5 0;=8,8-1,10-NOx + 1,85:¢ 71,4 5,0
Jun 52 4 05=123,5-0,55NOx + 3,37-10%SR 32,6 8,3
Jul 65 S 03 =11,0-1,40-NOx + 7,77-103-SR +1,831 334 7,1
Aug 65 o) 0;=-22,1-0,25NOx +2,51¢ 440 5,7
Sep 65 5 0;=7,9-1,03-NOx + 1,07-102-SR + 0,95 ¢ 75,4 3,9

All relationships are statistically significant at the 99% confidence level.

In Figures presented in the study, there are daily courses, being the average of
amonth, of ozone concentration, nitrogen oxides and the intensity of total solar
radiation and air temperature. In the case of days with high solar radiation and high
temperature (type HH) the course for April was chosen — the month for which re-
gression equation has the highest determination coefficient out of all the months
(89.0%). In the case of days with high solar radiation and low temperature (type
HL) the chosen month was May, of which equation is also marked by high determi-
nation coefficient (91.0%). Both figures (Fig. 1 and Fig. 2) present a course of the
examined elements typical for a sunny day. Concentration of nitrogen oxides reach-
es its peak in the morning (7 a.m.), then it drops and slightly increases in the after-
noon (5-6 p.m.). Concentration of tropospheric ozone increases over the day and
reaches the highest values in the early afternoon (2-3 p.m.), then it slightly drops
but still remains at a relatively high level. The course of solar radiation intensity and
temperature is typical for a day with anticyclonic weather. Diversification of the
course of tropospheric ozone concentration is distinct, but the daily amplitude does
not reach such high values as in the case of rural and suburban stations, which was
shown, among others, by Tomaszewska and Godtowska (2008). In the case of days
with low radiation and high temperature (type LH) the chosen month was July, for
which regression equation has a very high determination coefficient (96.9%), and
for days with low radiation and low temperature (type LL) September (determina-
tion coefficient of the obtained regression equation amounts to 75.4%). The shape
of curves of the course of nitrogen oxides and ozone concentration in Figs. 3 and
4 is similar to the curves presented in Figs. 1 and 2, but the peak of ozone concen-
tration is lower than in the case of sunny days, especially for type LL.
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Fig. 1. Average daily course of tropospheric ozone concentration (O5) in comparison with the inten-
sity of total solar radiation (7), concentration of nitrogen oxides (NOx) and air temperature (?) in
Ursynéw for days with high radiation and high temperature (type HH) in April 2009
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Fig. 2. Average daily course of tropospheric ozone concentration (Os) in comparison with the inten-
sity of total solar radiation (7), concentration of nitrogen oxides (NOx) and air temperature (f) in
Ursynéw for days with high radiation and low temperature (type HL) in May 2009
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Fig. 3. Average daily course of tropospheric ozone concentration (O;) in comparison with the inten-
sity of total solar radiation (7), concentration of nitrogen oxides (NOx) and air temperature (¢) in
Ursynéw for days with low radiation and high temperature (type LH) in July 2009
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Fig. 4. Average daily course of tropospheric ozone concentration (O3) in comparison with the inten-
sity of total solar radiation (7), concentration of nitrogen oxides (NOx) and air temperature (f) in
Ursynéw for days with low radiation and low temperature (type LL) in September 2009
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CONCLUSIONS

On the basis of the carried out analysis of variability of tropospheric ozone con-
centration in Warsaw-Ursynéw SGGW the following statements can be formulated:

1. In the southern part of the Warsaw agglomeration in the vicinity of the Ur-
syndw SGGW station there occur reactions characteristic of formation of photochem-
ical smog. A decrease in concentration of nitrogen oxides is accompanied by an in-
crease in ozone concentration of which peak takes place in the early afternoon.

2. On days with anticyclonic weather with high values of the intensity of to-
tal solar radiation, air temperature and concentration of nitrogen oxides determine
formation of tropospheric ozone. It is shown by the analysis of correlation of pairs
and the form of regression equations obtained for days with high solar radiation.

3. There is a strong relationship between the concentration of tropospheric
ozone and the considered variables: the level of nitrogen oxides concentration and
meteorological elements: air temperature and the intensity of total solar radiation.
Regression equations describing these relationships usually have high determina-
tion coefficients.

The obtained results come from a short research period — the warm 6 months of
2009. It would be advisable to verify the relationships for a longer period encompass-
ing several years. Lengthening of the research period will also enable separation of
additional subsets of data — apart from days with high and low radiation and days with
high and low temperature also days with a particular direction of air-mass flow. In the
case of the location of the Ursynéw SGGW station it seems to be appropriate. Easter-
ly air masses do not move above the agglomeration and northerly masses before
reaching the Ursynéw district move above the centre of Warsaw — an area with high
emission of atmospheric pollutants, especially traffic ones.
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INTRODUCTION

The natural radioactivity in the atmospheric boundary layer is mainly given by
the radon and radon progeny. Radon (***Rn) is an alpha-emitting radioactive gas
with half-life of 3.82 days, daughter of radium **° Ra that belongs to the uranium
28U decay series. In Poland, radon inhalation is responsible for over 40% of the
annual effective dose of ionizing radiation (Radiation Atlas of Poland 2005).**Rn is
released from the soil into the atmosphere (exhalation), where is dispersed mainly
by turbulent diffusion. Radon exhalation mainly depends on geological formation,
soil characteristics (radium content, permeability and porosity), meteorological
parameters. Temporal variability of *’Rn in the air near the ground in relation to
weather elements (air pressure, wind velocity, precipitations, snow cover) and ver-
tical mixing processes in the atmosphere were documented by various authors (Ar-
nold et al. 2009, Duenas ef al. 1996, Kataoka i Tsukamoto 1992, Porstendérfer et
al. 1991). Radon and radon progeny have been proved to be useful as naturally
occurring tracer of atmospheric transport and mixing conditions that can be used to
inter the behavior of other atmospheric pollutants within the atmospheric boundary
layer (Krajny et al. 2005, Perrino 2001, Sesana et al. 1998).

In Poland, the variation of atmospheric concentrations of radon with reference
to meteorological conditions is not well documented due to lack of long-term
measurements. Therefore, very few results have been published i.e. Kopcewicz
(1968, 1979), Mazur (2008). Based on the measurements carried out in Warsaw
during the period 1965-1969 the correlation between radon concentration in open
air and air masses types, synoptic situations, precipitations and fog occurrences
has been analyzed by Kopcewicz (1968, 1979). Mazur (2008) investigated the

*Funding for this research was provided by Polish Ministry of Science and Higher Education under
grant N306 015 32/1011 in the period 2007-2010
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radon exhalation from ground in connection with meteorological parameters and
soil properties in the period 2003-2006.

The aim of the present study is to investigate the temporal variability of near-
surface “**Rn concentration with special consideration of radon build-ups in rela-
tion to urban-rural contrast of meteorological parameters (i.e. air temperature,
thermal vertical gradient, wind speed) and urban heat island phenomenon.

MATERIAL AND METHODS
Study area and its subsoil radioactivity

Radon measurement sites are located in Central Poland (L.6dZ and Ciosny)
and in the South (Krakéw). In E6dz, ***Rn is measured close to geometrical center
of the city (¢ = 51°46’N A = 19°28’E) at urban automatic meteorological station
of the Department of Meteorology and Climatology of £.6dz University. Ciosny
village is located in agrarian area, 25 km to the north of £6dz. ***Rn levels in Cios-
ny are measured at rural automatic hydro-meteorological station (¢= 51°55°
N’A=19°24’E) of the Department of Hydrology and Water Management of L6dz
University. In Krakéw, **Rn concentration is registered in the north-west part of
the city (suburban area), on Radon Study Field (¢ = 50°05’N A=19°53’E) of Labor-
atory of Radiometric Expertise, Institute of Nuclear Physics, Polish Academy of
Sciences. The subsoil of investigated area consists of sand and clay (L6dz), glacial
sand (Ciosny) and loessial soil on loess stratum to a deph of 8 m (Krakow).

Radium (***Ra) activity concentration, the precursor of **’Rn, in surface-layer
soil at the measurement sites amounted to 13 Bq-kg" (Lodz), 4 Bqkg" (Ciosny)
and 22 Bq-kg' (Krakéw) whereas the mean value of ***Ra concentration in Poland
equals 25 Bq-kg™ (Radiation Atlas of Poland 2005).

Instrumentation and methods

The continuous measurements of ***Rn concentration (in 60-minute intervals)
in £L46dz, Ciosny and Krakow were made using one AlphaGUARD® PQ2000PRO
per one measurement point (ionization chamber, Genitron Instruments GmbH).
The device was set up in a meteorological box at the height of 2 m above the
ground from January 2008 to November 2009. In Central Poland, the following
meteorological parameters analyzed in the present study were recorded simulta-
neously with radon levels: air temperature at height 2m and 0.2 m above the
ground, wind speed, soil heat flux using HFPO1 Heat Flux Plate (Campbell Scien-
tific Ltd). The annual and daily courses of ***Rn concentration in urban, rural and
suburban were compared. The relationships between *’Rn concentration and
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temperature lapse rate in the air stratum 2-0.2m were studied. The annual and season-
al means of 24-hour patterns of *?Rn concentration were analyzed in relation to the
courses of wind velocity, soil heat flux and air temperature. Urban-rural differences of
radon levels and urban-rural differences of air temperature at the height 2m above the
ground with special consideration of urban heat island phenomenon (a positive ther-
mal anomaly of a city if compared to rural area) were presented. Additionally, the
synoptic charts were analyzed to reveal the favorable mesoscale weather condition to
increase of urban-rural differences of *Rn concentration.

RESULTS AND DISSCUSION

Outdoor **Rn concentrations were distinguished by high variability and the
radon levels through the period 01.01.2008-30.11.2009 did not exceed 21 Bgq'm®
in £6dZ (absolute maximum (AMAX) occurred on 17" September, 2009 at 04.00
a.m.; arithmetic mean (AM) : 5 Bg'm™) and 40 Bq'm™ in Ciosny (AMAX on 31*
May, 2009 at 08.00 a.m.; AM : 6 Bqg'm”) and 86 Bq'm™ in Krakéw (AMAX on
08" October, 2009 at 09.00 a.m.; AM : 10 Bg'm™). The annual pattern of ***Rn
concentrations characterized an increase from spring to autumn with a minimum
in March at 3 stations (Fig. 1). The annual variability of mesoscale weather condi-
tions corresponded with atmospheric concentrations of radon e.g. in February and
March 2008 and 2009 radon build-ups were rare and the months distinguished
high frequency of atmospheric instability resulting in cyclonic weather with ex-
change air masses. The summer and autumn months in 2008 and 2008 characte-
rized more frequency of anticyclonic, sunny weather with light wind and the in-
crease of radon concentrations was observed.
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Fig. 1. Mean monthly radon (***Rn) concentration in the air at the height 2 m above the ground in
Ciosny, £6dz and Krakéw in the period 01.01.2008-30.11.2009
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The daily pattern of *’Rn concentration was revealed with a maximum at
06.00 a.m. (Ciosny and Krakéw) and at 07.00 a.m. (£.6dz), and a minimum at
03.00 p.m (Ciosny and Krakéw) and at 05.00 p.m. (L6dz), Figure 2. The various
authors i.e. Arnold (2009), Baciu (2005), Duenas et al. (1996), Porstendorfer et al.
(1991), Winkler et al. (2001) documented this diurnal variation of 22Rn levels in
the air resulted from the formation of a surface thermal inversion at night and an
increase of turbulence in the daytime mixing layer. The urban station (L6dz) dis-
tinguished the lowest mean daily amplitude of ***Rn concentration (1 Bg'm”) and
one hour delay of the extremely daily values in relation to rural and suburban site
(Fig. 2). The differences in the diurnal cycle between urban and rural sites re-
sulted from the strong and fast radiative cooling of the rural site during the night,
resulting in a surface thermal inversion layer that trapped radon near the surface.
Differences between the rural and urban site disappeared in daytime when mixing
processes in the lower atmosphere developed.
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Fig. 2. Mean daily course of hourly radon (***Rn) concentration in the air at the height 2 m above
the ground in Ciosny, £6dZ and Krakéw in the period 01.01.2008-30.11.2009

Figure 3 shows the annual variability of air temperature lapse rate in the air
stratum 2-02.m above the ground at urban (£.6dZ) and rural (Ciosny) sites in relation
to “Rn concentration. Ciosny characterize increase of a nocturnal surface thermal
inversion with lapse rate over 3°C in May, June and July when maximum radon
levels were measured (Fig. 3). In LodZ, the surface thermal inversions and radon
build-ups were not observed in this period (Fig. 3). The maximum contrasts of
22Rn levels between £.6dz and Ciosny, exceed — 20 Bq m™ occurred from April to

September with maximum frequency in June, July and September (Tab. 1).
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Fig. 3. Annual course of hourly radon (***Rn) concentration in the air at the height 2 m above the
ground and hourly air temperature vertical gradient in the air stratum 2-0.2 m (°C) above the ground
in Ciosny and 16dz in 2008

Table 1. Frequency (%) of hourly differences of *?Rn concentration < —10 Bq m” between L6dz
and Ciosny in the period 01.01.2008-30.11.2009 (A). Absolute maximum of differences of hourly
22Rn concentration in Bqm™ between £6d2 and Ciosny (B)

Jan Feb Mar Apr May Jun

2008 A 0.0 0.0 0.5 3.2 43 14.0
B -9.0 -10.0 -140 -170 -21.0 -28.0

2009 A 1.2 1.2 0.1 6.8 Sl —*
B -190 -16.0 -10.0 -23.0 -35.0 -

Jul Aug Sep Oct Nov Dec

2008 A 10.0 2.0 2.0 3.0 0.5 2.0
B -31.0 -23.0 -24.0 -19.0 -16.0 -18.0
2009 A - 7.0 12.2 1.5 1.4 -
B - -22.0 -26.0 -17.0  -16.0 -

* lack of data.

In these months, the urban heat island effect (UHI, a positive thermal anomaly of
urban area if compared to rural area) was very frequent with maximum of intensity
amounted 8-9°C (Fig. 4). The heat surplus at urban site caused strong vertical mix-
ing of air and decrease of **Rn concentration near the ground in £6dz whereas at
rural site a strong surface thermal inversion occurred (lapse rate in the air stratum 2-
0.2 m reached 5°C) and it trapped radon in the air surface layer. The highest urban-
rural contrasts of **Rn levels and the clear 24-hour pattern of radon concentrations
were registered during anticyclonic type weather conditions with a weak increasing
pressure trend, wind speed <2 m s, a high positive thermal gradient between 2 m
and 0.2 m height (temperature inversion) indicating strong stable atmosphere.
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Fig. 4. Urban-rural (L6dz and Ciosny stations) differences of radon (***Rn) concentration in the air
at the height 2 m above the ground in relation to urban-rural air temperature differences at the
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Figure 5 shows the mean daily variability of *?Rn concentration with reference to the
daily courses of wind speed, soil heat flux and air temperature over the whole year,
summer and winter. As can be seen in Figure 5, summer is distinguished by more
clear daily pattern and higher daily amplitudes of *Rn levels at rural station than in
Lodz whereas this character of variability disappear in winter at both stations.

In general, the diurnal variation of near-surface *’Rn levels varied approx-
imately in phase with the soil heat flux and out of phase with wind speed (ie.
mechanical mixing in the boundary layer) and temperature (Fig. 5).

CONCLUSIONS

1. Analysis of two-year measurements of **’Rn concentration measured at
the height 2 m above the ground at urban and rural sites shows that outdoor radon
levels are related to local and mesoscale weather conditions.

2. **Rn concentration increased at night stronger at rural station than in
1.6dz due to the formation of a surface-based inversion. Increase of turbulence in
the daytime strongly reduced ***Rn concentration at both stations.

3. In winter, radon levels at the urban and rural stations did not vary signifi-
cantly over diurnal cycle because of strong atmospheric mixing.

4. *Rn build-ups occurred at night and increased with stable atmospheric
conditions from spring to autumn with a maximum during intensive urban heat
island. Anticyclone type weather with a weakly increasing pressure is favorable
for the accumulation of radon near the ground.

5. The increase of **Rn concentration was observed together with the in-
crease of soil heat flux and the increase of temperature lapse rate in the air stratum
2-02.m above the ground.

6. The daily course of ““Rn concentration was characterized by the opposite
pattern with air temperature and wind speed

7. The urban-rural contrast of meteorological parameters (i.e. air tempera-
ture, thermal vertical gradient, wind speed) can be used to determine near-surface
radon build-ups.
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INTRODUCTION

Understanding different biochemical and physiological processes in such
a complicated ecosystem like forest, requires precise and detailed research into all
of its components. Light, thermal and moisture conditions within the forest can-
opy are strongly related with the carbon, water and energy cycles. Although the
factors mentioned above are extremely important, such parameter like canopy
structure cannot be neglected. In recent years several measurement techniques
such as: gap fraction analyzes (GFA), allometric techniques (AT), terrestrial laser
scanning (TLS) have been developed for the purposes of the above mentioned
research. Within the scope of GFA method the hemispherical photography (HP)
can be distinguished. The application of HP technique allows describing precisely
such characteristics (variables) like: leaf area index (LAI) (Martens et al. 1993,
Mitchel et al. 1993, Chen et al. 2006), spatial and temporal variability of light
in forest understory (Clark et al. 1996), forest canopy architecture (Fournier et al.
1997), light environment in old growth forest (Weiss 2000). The HP is commonly
used as a standard and relatively simple method for the LAI estimation, which is
one of the basic indexes in the plant community ecophysiological research. Hemi-
spherical photograph provides a permanent record and therefore, is a valuable
source of such information as position, size, density, and distribution of canopy
gaps. It is possible to capture the species-, site- and age-related differences in the
canopy architecture, basing on light attenuation and contrast between the features
within the photo (Jonckheeere ef al. 2004).

The LAI index estimation is suitable for the assessment of canopy develop-
ment and structure stage over time, depending on the species of trees and different
environmental conditions. LAI calculation, in the HP technique, is based on as-
sessment of the proportion of visible sky as the function of sky covered by tree
canopy. In other words LAI can be defined as the leaf area per a ground area unit
which would produce the observed gap fraction distribution, taking into consid-
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eration a random leaf surface angle and the extent to which the examined area is
covered. Depending on the ecosystem: forest, grassland, wetland or cropland, HP
methodology will have several limitations related to the plants height, age and
canopy structure. One of the HP method limitations is the necessity of repetition
of the photographs taken at the measurement area. For the LAI estimation at one
marked point three images are necessary, which are subsequently subject to fur-
ther analysis. Taking into consideration the number of obtained photos, the man-
ual gap fraction calculation is highly laborious. Recently, numerous commercial
software packages have been developed, as well as freeware programs that were
consequently used for the numerical fraction calculations, such as: CI-110,
CIMES, Gap Light Analyser, HemiView, RGBFisheye, Solarcalc, Winphot and
WinSCANOPY (Jonckheere et al. 2005, Strzelinski 2006).

The TLS technique, unlike GFA (a passive system), is an active system of
data collecting. The distinction between TLS and GFA is based on a different
source of radiation. GFA takes advantage of a solar radiation reflection recorded
by a sensor which is usually a lens of a camera. The TLS methodology measure-
ment is based on the recording of laser radiation beam which was reflected by the
given object. TLS system allows to obtain the precise map of features of the land-
scape as well as the representation of its natural elements (trees, seedlings) by
recording the coordinates of XYZ points. The coordinates are described on the
basis of the distance measured between the laser instrument and the examined
element together with the vertical and horizontal angles of the beam. As a result
of a single scan the so called cloud of points is obtained. In respect of methodol-
ogy the scanner is similar to the total station equipment (like a laser radar) but it is
totally automatic. The scanner is able to obtain the information about the exam-
ined elements at a rate of several thousand points per second (Tompalski and
Koziot 2008, Zawita et al. 2008).

The main aim of this paper is the presentation of HP and TLS measurements
conducted in Tuczno 52-years Scots Pine (Pinus sylvestris L.) forest in 2009.
Moreover, the basic description of Tuczno site will be provided.

MATERIAL AND METHODS
Site description

The HP and TLS measurements were taken in Tuczno forest experimental site
which is located in Tuczno Forest District (North-West of Poland, 53°11°N,
16°5°E) (Fig. 1).
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The examined canopy is composed of 52-years old Scots pine (Pinus sylves-
tris L.) and birch (Betula pendula ROTH) trees which cover 99% and 1% of the
area, respectively. The average diameter of a tree at the breast height (DBH) is
21 cm and the average tree height is about 20 m. The average annual precipitation
and air temperature observed at this site are 570 mm and 7.6°C, respectively. West-
ern wind direction is prevailing in Tuczno. The under canopy vegetation consists
mainly of beeches (Fagus sylvatica L.) and hornbeams (Carpinus betulus L.).

Fig. 1. a) The EC openwork construction, based
on a reinforce concrete landing (photo: P. Strze-
linski). b) The EC tower air view photo at Tuczno
Forest District. In the quarter the location of EC
tower used for CO, measurement has been pre-
sented (195 forest department) (photo Geomar)

Micrometeorological measurements

The eddy covariance (EC) measuring system consists of two instruments: an open
path infrared gas analyzer IRGA Li-7500 (Li-Cor, Lincoln, NE, USA) and a three-
dimensional asymmetric sonic anemometer CSAT3 (Campbell Scientific, Logan, UT,
USA). Both instruments operate at a 20 Hz sampling rate. Moreover, Photosynthetic
Photon Flux Density (PPFD) is measured by PAR Quantum sensor (SKP 215) (Skye,
UK). All sensors are connected to a data-logger CR5000 (Campbell Scientific, Logan,
UT, USA). Basic meteorological parameters are measured by an automatic meteoro-
logical station WXT510 (Vaisala, Helsinki, Finland).
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Terrestrial laser scanning (TLS)

The terrestrial laser scanning was cho-
sen as it can precisely measure the selected
trees’ parameters as well as project the
accurate map of the landscape features in
Tuczno site. The FARO Laser Scanner LS
HES880 (Faro, Lake Mary, Florida, USA)
was used for this purpose. The scanning was
conducted in 71 selected points in 2008 and
41 points in 2009. The example of a 3D
FARO scanner view is presented in Figure
2. These points dotted about the 100 m tran-
sects facing North, South, East, West,
North-West and South-West from the main
tower (Fig. 3). The coordinates of each loca-
tion were established with a GPS receiver
(Trimble, GeoExplorer XT CE). The laser
scanning was made at "4 of scanner’s full

Fig. 2._ 3D FARO scanner view. The EC resolution (file size about 150 MB).
tower in the background

@l — forest section registration number in the State Forests National Holding data base,

— forest section border.
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Hemispherical Photography (HP)

Two HP applications have to be mentioned as a historical background. Firstly,
the measurements of cloudiness conducted by Hill (1942), which were the initial
measurements by means of HP also called fisheye photography. Secondly, in the
1950-s and 1960-s HP was used for the physiological studies in forest ecosystem
by Evans and Coombe (1959) and Anderson (1964). From the mid-1970s on-
wards HP was applied for forest regeneration in gaps, the so-called 'gap-phase
dynamics', which has grown to become a major focus for both temperate and
tropical forest ecology (Watt 1947). In the 1990s HP was commonly used in the
physiological studies of various ecosystems. Currently, the hemispherical photogra-
phy is used mainly to investigate leaf area index and forest canopy structure, how-
ever, the absolute amount of light reaching the forest canopy surface as well as
forest understory can also be estimated. (Martens ez al. 1993, Kucharik et al. 1998a,
1998b, Gower et al. 1999, Hyer et al. 2004). The scientific basis of the method is
the so called “threshold” — a selection (finding) of an optimum brightness value for
the individual pixels of the photograph as the threshold which allows distinguishing
between the vegetation and sky patches (Jonckheere et al. 2004).

In Tuczno forest site, HP was taken simultaneously with the TLS at all 112
measuring points. At each of them at least three HP repetitions were taken. The
digital camera LR Canon EOS 5D (12MP matrix) and glass lens Sigma 8mm £/3.5
DG EX FISH EYE were used during the field research.

The obtained photos were analyzed with the use of the Gap Light Analyzer
software. The research produced the following plant canopy characteristics:

e forest canopy transmittance of direct (CTdir) and diffused (CTdiff) light,

e canopy openness (CO),

e leaf area index (LAI),

e spatial variability of canopy foliage,

e photosynthetic active biomass.

The application of digital HP resulted directly in the estimation of the can-
opy openness and the measurement of absolute value of light reaching the forest
understory, and consequently the value of leaf area index. The equipment in-
cluded a 180 degree view angle eye lens and a digital camera, which were ap-
plied for forest canopy studies on previous occasions (Chan et al. 1986, Wagner
1994, Frazer et al. 1999, Englund et al. 2000, Inoue ef al. 2004). The obtained
hemispherical images were processed with the use of the Gap Light Analyzer
ver. 2.0 software (Fig. 4).



Fig. 4. The example of a single hemispherical photo analysis by the Gap Light Analyzer version 2.0
software

Traditional biomass measurements

The traditional biomass measurements were conducted at 112 measuring
points determined in 6 transects (N, S, E, W, N-W, S-W) from the tower. The
following basic parameters were measured on a surface in the shape of a circle
(ray 7.98 m and the surface 200 m®) between the marked points:

- the DBH of the trees which were inside every circular surface,
- the height of the three trees which were in the nearest distance from the middle
of the surface).

RESULTS FROM TUCZNO FOREST SITE
Leaf Area Index (LAI)

In the examined forest stand the measured LAI index varied within the range
0f 0.87 to 1.50. The average values of measurements are presented in the Table 1.
for the following points respectively:
® Ring 4 (calculated for the angle between zenith and 60° above the horizon) —
LATis 1.14,
e Ring 5 (calculated for the angle between zenith and 75° above the horizon) —
LAILis 1.23.
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Taking into consideration the fact that the HP technique is used very seldom
in Polish pine tree stands, hence there are no comparative data, the results pre-
sented in the Table 1. should be compared with the data from LAI-2000 Plant
Canopy Analyzer equipment (PCA) (www.licor.com). The comparison indicates
that the estimation of leaf area index by means of HP technology may be under-
rated (by about 30-40%) in relation to the results obtained from LAI-2000 PCA
(Strzelinski and Jagodzinski 2010).

Table 1. The calculation of basic HP parameters around the Tuczno EC Tower

o ) Transmission Transmission

Statistical Site LAI 4 LAIS (pmol m-Z day") (%)

Hicasure gpen (v) (1) @ Ter dif o din df toL
n 335 335 335 335 335 335 335 335 335
Sean 28.07 114 123 553 585 1137 37.74 3995 3884
Fha 3259 140 150 726 667 1349 4961 4554 46.07
Min 23.70 087  1.02 394 516 933 2689 3525 31.86
Standand 1.82 000 012 060 032 081 407 215 277
deviation
Coeffisicnt 0.98 102 098 106 096 101 1.06 096 1.0
of variation

(1) —results for ring 4 (calculated for the angle between zenith and 60° above the horizon),
(2) - results for ring 5 (calculated for the angle between zenith and 75° above the horizon).

The LAI data from Tuczno site were also compared with the data from forest
sites across Europe which were published in the literature (Tab. 2). According to
this comparison the LAT values for Tuczno site are the lowest. The difference is
particularly visible in comparison with Hyytiald (Finland) forest station. Such
large differences in LAI values stem from the 10-year difference in tree age in the
examined site and higher latitude. Furthermore the HP is related to the different
level of clumping in forest canopies, dependently to the tree species (coniferous,
broadleaves) and age. As the described technique makes use of large footprint
(360°) the appropriate amount of needle area in a shoot cannot be detected. This
situation increase with the forest canopy development when the shoot is too dense
to allow light penetration for deriving gap fractions (Gonsamo and Pellikka
2009). Additionally, the ground slope influence the LAI estimation. This phe-
nomena can be found in Norunda site, where elevation is about 45 m. The high
LAI values in the Sweden site are also related with the forest spices, which is
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mixed evergreen coniferous forest with 5% admixture of broadleaf spices. Similar
forest species composition can be found in Loobos (Holland). According to the
previous statements expressed in the current paper, also the applied measurement
techniques influence the obtained results. The HP underestimate the LAIT values,
in comparison with LAI-2000 PCA methodology (about 30-40%), which can be
one of the explanation for the above differences.

Table 2. The mean LAI values across European forest measurement sites from CARBOEUROPE-
IP project data base (http://gaia.agraria.unitus.it/database/carboeuropeip)

Mean
Site : Age air Precip.  Elevation
location Forest stand species (years) temp. (mm) (m) Lal
(9)
Hyytiild g ; z 5
(Finland) Pine (Pinus sylvestris) 100% 44 3.8 709 181 3.7

Pine (Pinus sylvestris ) 63%,

Norunda Spruce (Picea abies) 33%,

(Sweden) Birch (Betula pendula) 3%, 105 5:d ol 4 e
Alder (Alnus glutinosa) 1%

Pine (Pinus sylvestris) 93.8%,
Loobos Birch (Betula pendula) 3.3%,
(Holland) Fir (Pseudotsuga mensiesi) 2.3%,
Oak (Quercus robur) 0.6%

95 9.8 786 25 2.0

Beech (Fagus sylvatica) 61,7%,
Fir (Pseudotsuga menziesii) 20.7%,

]\3’ ‘fls.a'm) Spruce (Picea abies) 3.2%, 65 75 1000 450 5.1
{Belznm Pine (Pinus sylvestris) 2.7%,
Fir (Abies alba) 11.7%,
LeBray  pic (Pinus pinaster) 100% 34 13.2 900 62 2.9
(France)
Tuczno Pine (Pinus sylvestris) 99%, 54 76 570 170 11-12

(Poland) Birch (Betula pendula) 1%

LAI versus radiation

The mutual relation between the LAI value measured by means of HP and the
amount of radiation reaching both the surface of the canopy and the forest under-
story has been presented in Figure 5. The canopy openness (CO) is the percentage
of open sky seen from beneath the forest canopy in relation to a bigger picture.
CO values in the examined tree stand varied in the range from 23.87% to 32.59%
in 2009 across the measurement points. Moreover, the analyzed CO parameter is
strongly influenced by the amount of light under the tree canopy. The minimum
and maximum daily values of PPFD under tree canopy were 9.33 pumol m? day’'
and 13.38 pmol m”day™', respectively. Furthermore, the mean values of presented
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parameters in Tuczno forest stand were 28.71% and 11.32 pmol m? day™. The
proper application of HP requires specific weather conditions (the overcast cloud
cover). Therefore, the time available for taking all HP measurements is relatively
short. Taking into consideration the above facts, the amount of total radiation
(direct and diffuse) reaching the canopy surface in Tuczno forest is of a constant
value.

35 - 35
‘ =
o
Y oA - 30 g
i =
< AT W 3
g s o~ s __ &
9 =2
g 53
b i e 3
c 20 - 20 o
g 3
o] ol r<b
1! 15 o
> 5 ) j %?
5 : : 3
€ 10 — : 10 8
3 g
3
5 5
| 2
O Srrvrrerrverrersers L e e R s A N SRR AR TR TS FOTITERY H LR R AR i ¥ 0
§212R28338338888888538588338822
Lo I B I I e = [~ i i
Number of measurement surface
=== Canopy openness = = Total radiation above tree canopy - Total radiation under tree canopy

Fig. 5. The results of HP analyzes for the examined Tuczno forest stand in 2009
Laser scanning and traditional standing biomass measurements

The traditional standing biomass measurements were carried out on 369 trees
in the 100-m ray from the EC measurement tower. The obtained results indicated
that large timber resources (LTR) reach the values of 361 m’ ha™ (Tab. 3.). The
obtained values are significantly higher than the data collected during the forest
inventory which took place in 2005. This situation can be explained by the ad-
journment of maintenance cutting (as a result of which 20-25% of trees were sup-
posed to be cut down). The LTR values according to the report of the inventory
were estimated in the range of 273 to 291 m’ ha’' (depending on the age of trees
on the measurement surface). These values in turn, are slightly higher than the
average ones estimated at 260 m’ ha™ (for tree age of 50 to 57 years) for a pine
forest stand, according to the National Forest Monitoring Services in Poland. The
data presented above were collected in 1996.
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Table. 3. The trees and forest stand characteristics in the nearest surrounding of the EC
measurement tower in Tuczno site

Parameters Trees Canopy Me;sl?f{;;lem
Number of measurement surface 32 32 32
Number of examined trees 369 89 369
Mean tree diameter D (cm) 26.5
Mean tree height H (m) 232
Mean tree volume V (m’) 0.6265
Mean canopy height (m) 7.8
Mean height of steam without branches (m) 15.6
Large timber resources (LTR) V/ha (m*) 361.2

During the forest inventory work conducted in 2005 timber resources were
estimated to amount 238 m>ha™'. The total forest area in Tuczno Forest District is
22258 ha, and pine forest stands prevail (occupying about 83.2% of the total
area). The average age of a pine stand in Tuczno is 51 years (Forest Management
Plan 2005).

DISCUSSION

On the basis of the results of the detailed characteristics of Tuczno pine forest
stand presented above, the following conclusions can be adopted. The LAI values
for the examined forest stand, which were estimated to amount from 1.1 to 1.2,
are significantly lower than the data presented in the world literature. Especially
rich data base regarding various forest stands characteristics can be found in the
framework of CARBOEUROPE-IP project data base (Valentini et al. 2000,
2003). The differences between Tuczno and the sites across Europe can be partly
explained by such factors as:

e the occurrence of specific conditions for HP application, both meteoro-

logical and methodological,

e differences in the conditions of the measurement site (latitude, air tem-

perature, precipitation, the growing season length),

e the individual forest stand characteristics (tree age, height, canopy open-

ness etc.).
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The HP and its application is strictly related to the cloud cover at the time of
measurement. The proper measurement requires the overcast state of the sky. If the
sun disc is hidden behind the clouds application of HP is also possible. In the case
when the sun disc is visible (it is not possible to conduct the research if the sun disc
is hidden behind tree stems) it is extremely important to apply relevant correction
factors (related to the sun location above the horizon) during the analyzes of the
photographs (Bolibok 2010). Presented problems described in details Gonsamo and
Pellikka 2008. The unslope /downslope site surface can disturb the obtained results
(forest canopy can appear denser with only few gaps, on the other hand canopy can
appear lighter with less foliar elements). Taking into consideration the fact, that the
HP application in Polish conditions is extremely rare, the obtained results should be
compared with the data received from LAI-2000 PCA device.

According to the presented data the relation between CO and the amount
of light under the tree canopy, can be found. The maximum and minimum val-
ues of CO parameter result from the higher and lower values of the light which
reaches the forest surface. Moreover, the leaf development state, amount
of radiation (direct and diffused) Jointly with the growing season length can
determine the values of CO. Furthermore, the global trend in climate change
also influenced the weather conditions at measurement sites.

The TLS and traditional biomass measurements taken simultaneously in year
2009 can provide detailed information about LTR and Tuczno forest stand charac-
teristics (the tree height, death breast diameter, volume etc.). The differences in
the LTR estimation coming from different sources (TLS measurement in 2009,
National Forest Monitoring Services in 1996, Forest Management Scheme in
2005) are related to such factors as the year of measurements or the applied
measurement technique ete. Although several factors mentioned above influenced
the presented LTR results the differences are below the value of 30 m* ha™,

CONCLUSION

1. The Tuczno Scots Pine forest site is the first of this kind in Polish condi-
tions. Because of this fact, the obtained results arc especially important for the
description and understanding of different biochemical and physiological proc-
esses in such a complicated ecosystem like forest. The LAI values measured in
2009 provide the initial data sets for further analyzes and comparisons with the
data gathered in subsequent years.

2. The LTR values for the pine forest stand in the nearest EC tower sur-
rounding are relatively high in comparison with the estimation from other forest
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services. This situation can be explained by the adjournment of maintenance cut-
ting (as a result of which 20-25% of trees were supposed to be cut down).

3. The presented datasets are the basis of the forest stand characteristics in
Tuczno site. Furthermore, the above datasets in relation with meteorological con-
ditions and GHG fluxes (from the EC tower) will be applied for the estimation of
mass and energy balance between the atmosphere and the examined ecosystem.
On the basis of the data obtained during TLS and EC measurements and eddy
covariance technique, the estimation of carbon storage in the analyzed tree stand
will be carried out.
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INTRODUCTION

Methane is considered as a one of the most important greenhouse gases since
its very positive radiative forcing is observed in the Earth-Atmosphere system
(IPCC 2007). The peculiar organic matter conservation causes large methane
emission since these processes are take a place under very wet and anoxic peat
conditions.

It is estimated that approximately 30% of terrestrial carbon is found in organic
soils in the northern hemisphere (Gorham 1991). The form in which this carbon is
stored largely stems from the fact that the processes of "preservation” of organic
matter in wetland environments have been going on for thousands of years. The
large amount of the carbon stored in the organic soils results from the fact that the
organic matter is located in permafrost regions. Possible dissolution of those carbon
pools as a result of the global warming will lead to the release of large amounts of
this element into the atmosphere. This combined with the fact that the process will
take place under the conditions of soil saturation with water will result in the huge
amounts of methane released into the atmosphere (Friborg 2003).

Wetlands in Poland are also a source of methane emissions into the atmos-
phere, however, the values and seasonal dynamics of this processes requires de-
tailed research.

Previous measurements in Poland were conducted occasionally and only by
using the static dark chamber method (Paul 2005)

To test Feps in the scale of wide ecosystem it is necessary to use methods
based on the theories of mass transport in the atmospheric boundary layer. One of
the methods, frequently used at present to estimate methane emissions is the me-
thod of Relaxed Eddy Accumulation — REA (Rinne 2007).

The concept of ther REA system was developed in the Meteorology Depart-
ment Pozann University of Life Sciences, it was built and successfully applied. It
can continuously perform automated measurements of CH, fluxes.
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This article describes the construction, operation, and preliminary results of
Feng field measurements carried out at the measuring station in Rzecin which has
been built and maintained by the employees of the Meteorology Department at
the University of Life Sciences in Poznan.

SITE DESCRIPTION

The new system was tested and applied at Rzecin Wetland site, Poland
(52°45’ N latitude, 16°18’ E longitude, 54 m a.s.l.). This object is owned by Poz-
nan University of Life Sciences and Rzecin and the measuring station has been
developed, managed and serviced by the Meteorology Department scientific
group. This is the first wetland station in Poland where permanent measurements
of greenhouse gas exchange (CO,, CH4 and N,0) have been carried out since the
end of 2004.

The equipment that is installed at Rzecin site is constantly developed, howev-
er, several systems have existed there right from the beginning of the station e.g.
eddy covariance (EC) system for measurements of CO,, water and energy fluxes,
solar radiation, air and soil temperature probes etc. (Chojnicki et al. 2007). The
REA system was installed at the distance of 100 meters from the EC Tower where
REA power supply was also located. It is located in the middle of the study site.
The study area is approximately of 140 ha and the local plant cover is dominated
by following species: Sphagnum sp., Dicranum sp., Carex sp., Phragmittes com-
munis, Typha langifolia, Vaccinium oxicoccus, Drosera rotundifolia, Potentilla
palustris, Ranunculus acris, Menyantes trifoliate etc. (Wojterska et al. 2001).

The Rzecin substrate is described as a Limnic Hemic Floatic Ombric Rheic
Histosol (Epidystric) in terms of the FAO 2006 classification.

The annual mean air temperature and precipitation calculated for the mea-
surement period from 2004 to 2010 were 8.5°C and 526 mm, respectively. The
floating peat carpet (50cm thick) is located in the middle of Rzecin area while the
sandy bedrock based regular peat is found outside.

THEORETICAL BACKGROUND OF REA MEASURING SYSTEM
FUNCTIONING

Measurements of the size and direction of mass and energy fluxes in the at-
mosphere can be performed by applying various methods. Eddy Covariance me-
thod (EC) is currently regarded as the best and most reliable, however, its applica-
tion is particularly troublesome for the measurements of gases whose concentra-
tions in the air are very small, e.g. methane, etc. Usage of the covariance system
requires the application of a set consisting at least of an ultrasonic anemometer
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and a gas analyzer which performs measurements at a frequency of not less than
10 Hz. While the application of the anemometer that is sufficiently fast is not a
problem (the current technical level enables building adequate equipment), the
construction of a suitable rapid gas analyzer dealing with many atmospheric sub-
stances still causes a lot of technical problems.

One of the methods, which is the modification of covariance method and si-
multaneously allows using a slower gas analyzer is the simplified method of Re-
laxed Eddy Accumulation — REA. It was derived from Eddy Accumulation me-
thod (EA) (Desjardins 1972). EA is based on a simple strategy which allows
avoiding the limitations associated with the speed (frequency) of measurements. It
consists of collecting air samples, depending on the sign (direction) and size of
wind velocity vertical component (w). When w> 0, the air is sucked into the top
tank, and when w<0 the air is collected in the bottom tank. A sample size is pro-
portional to the size of wind velocity vertical component (w). At the end of the
sampling period the measurements of their concentrations in the tanks are per-
formed (Desjardins 1977). Despite the simplicity of this method, field tests have
not given satisfactory results, because it required high-precision measurements of
the volumes of the collected samples. This requirement resulted from the necessi-
ty of proportionality of the sampled air volume to the size of the vertical compo-
nent of wind velocity (w). In 1990, Businger and Oncley published their own
version of EA method, which they called the Relaxed Eddy Accumulation (REA).
In their version of the method they gave up sampling air that had volume propor-
tional to w parameter. REA method collects the air with a constant flux rate, bas-
ing only on the sign of w (Businger & Oncley 1990). The flux determined by
using of this method is described by the equation:

F = ﬂo- W (614[) - éd{)wn ) (l)

where: F —net gas flux density (umol m?s™);
[ — empirical coefficient (1 m™);
0, — standard deviation of the wind velocity vertical component (ms™);

C.» —average gas concentration in the top tank (pmol m’ )3

i —— average gas concentration in the bottom tank (umol m™).
When the gas concentration is expressed by the mixing ratio, then the equa-
tion which is used to calculate Fcy, takes the following form (Pattey et al. 2006):

F=fo, g Pu(Sup=Sim) @

a
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where additionally:
S.» —mean trace gas molar mixing ratio in updrafts (umol mol™);

S down — mean trace gas molar mixing ratio in downdrafts (pmol mol™);
M, — molecular mass of the gas (g mol™);

M, — molecular mass of the dry air (g mol™);

,Ba — mean molar density of the dry air (umol m™);

This paper adopts the principle according to which the flux outgoing from the
surface has a positive value and the absorbed flux a negative one.
B is an empirical coefficient, which can be determined by two different methods.
The first involves the calculation of the average value of the coefficient on the
basis of long-term data set from the EC system by using a transformed equation
(1), e.g. on the basis of air temperature:

wT'
ﬁ_

=— - 3)
O-W (Tup - Tdawn)

where: —7 : : . . ;
w'T" — vertical wind component and air temperature covariance (K'm-s™)

T ., —mean air temperatures in updrafts (K);
T down —mean air temperatures in downdrafts (K).

The second method consists of determining 3 coefficient using one of two
following equations. First (Businger and Oncley 1990):

B —O.7jw0’
B=5 CXE{—O*_“*] 4)

where: B, =Bw)|=0)=0.6
'Wo‘ — threshold velocity for up and down sampling (usually between 0 and 0,,).

Second equation (Pattey et. al. 1993):
B=pB,1-0437(1-exp(-1.958w,/0,))) (5)

The theoretical value of B coefficient ranges from 0.62 to 0.627, however, de-
termined on the basis of raw data from the EC system this ratio is lower and ranges
from 0.56 to 0.58 (Baker 1992, Pattey et al., 1993, Beverland et al., 1996, Katul et
al. 1996). It was also proved that the use of f coefficient determined on the basis of
apparent heat fluxes for the calculation of CO,, H,O and ozone fluxes does not
cause an error greater than 4%, while the use of constant B coefficient of 0.56
should not cause an error greater than 1% (Baldocchi 2005). There was also no
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evidence of a relationship between B coefficient and the stability parameter (z / L)
(Katul et al. 1996).

To increase the differences between the concentrations of the tested gases in
the tanks, the threshold value was established which was used to create a dead
band in previous studies. While the samples are collected by REA system they are
placed in two reservoirs, an upper and a lower one. The samples go to the lower
reservoir, when w<—wy, (Where wy, is a threshold value), and the samples go to
the upper reservoir when w>wg,. In contrast, when —wg,<w<wg, — inside the dead
band — samples are not collected in any of the tanks. As a result of that the tanks
get only samples of the eddies with the vertical velocity sufficient to exceed the
applied threshold value. In order to avoid the situation in which the increase in the
concentration differences between the samples would cause the overstatement of
the calculated flux value, B coefficient has to be reduced (Businger and Oncley
1990, Pattey et al. 1993).

During further research a relationship was found between the dead band size
and the difference of gas concentrations between the samples. The larger the dead
band, the higher was the difference between the concentrations of gas in the tanks.
The measure of a dead band range is a standard deviation from the vertical com-
ponent of wind velocity (STD(w)). The biggest differences in concentrations are
obtained for STD(w) from 0.5 to 0.6 m's" and further increase of STD(w) does
not give better results. Basing on the theory described above REA measurement
system was built in the Meteorology Department.

CONSTRUCTION AND OPERATION OF REA MEASURING SYSTEM
BUILT IN METEOROLOGY DEPARTMENT OF PULS

Classic measurement system based on REA methodology consists of the fol-
lowing parts (Baldocchi 2005):

1. anemometer,
twWo reservoirs,
valve system (air directing),
pump,

. control module.

Its operation consists in collecting air samples in two containers for a speci-
fied period e.g. 30 minutes. After this time the collected air is passed, usually
manually, to the analyzer where it is subjected to further analysis. The system
constructed in such a way unfortunately does not operate continuously, it requires
breaks in the measurements and the active involvement of the research staff dur-
ing the measurements.
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The system developed at the Department of Meteorology, the University of
Life Sciences in Poznan has been designed so that it can operate autonomously in
a continuous way. It has been equipped with two sets of tanks and a gas analyzer.
Thus, when in the one of the sets the air samples are collected, at the same time,
the air from the second set is pumped into the analyzer. Adding the second set of
tanks complicated the whole system and in particular the valve system. A single
tank consists of a hermetic container in which a bag made of a not reactive ma-
terial — tedlar is mounted. Air samples are collected in bags and their filling and
emptying is done through the changes of pressure in the containers (Fig. 1).

<_

1%

Fig. 1. The Relaxed Eddy Accumulation construction scheme where the following elements are
found: 1. filter, 2. needle valve, 3. 2/2 valve (PTFE made), 4. 3/2 valve (PTFE made), 5. gas sample
container and bag (ellipse), 6. 3/2 valve (Brass made), 7. flow meter, 8. gas analyzer with pump, 9.
Buffer tank, 10. pump; black arrow — underpressure, light gray arrow — overpressure, dark gray
arrow — sampled air

The equipment is controlled by an automatic control system, which apart from
steering the valves, processes and stores the measurement data. The system stores in
its memory not only the concentration values in the tanks, but also the fundamental
values of the statistical characteristics of wind velocity and the system diagnostic
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data. In this way, after the installation of the system, it does not require intense super-
vision and the service comes down to data transfer from time to time.

MATERIAL AND METHODS

The results of the observations presented in this paper come from the period
from October 2™ to 7", 2009. The average air temperature during this period was
9.4°C while the observed extreme values of air temperature were 16.0°C maxi-
mum and 1.3°C minimum respectively.

The weather recorded during the measurements was cloudy with periodic rain.
Analysis of the data obtained from the measurements conducted by REA system
at Rzecin peat bog, consisted of several steps.

At the beginning the series of measurements was divided into 30-minute pe-
riods and for each of them STD(w) values and the average methane concentration
in the air samples from the lower and upper reservoirs were calculated.
Concentrations were corrected for temperature and pressure in the gas analyzer
measurement chamber - for this purpose the following formula was used:

corr __ P ! M
Clig R-T- rCH4 (6)

corr

where: p”" — corrected methane concentration (pg m’);

P —air pressure (Pa);

M — molar mass (g mol™);

R —molar gas constant (J mol" K);

T — air temperature (K);

¥y, — methane mixing ratio (wmol mol™).

After the correction of concentrations in the reservoirs, the Feps fluxes were
calculated using formula 1 with P coefficient value adopted arbitrarily as equal to
0.44. This value is different from values presented in literature, however it was
assessed within B coefficient values studies realized using a EC data set obtained
at Rzecin Wetland before (Siedlecki 2007).

Due to the similarity of theoretical assumptions of REA and EC methods they
have the same limitations. This is particularly noticeable in the conditions of high
stability in the atmospheric boundary layer. The REA and EC measurements are
in such conditions impossible to perform due to poor air mixing (Aurela 2005,
Black et al. 1996, 2000, Urbaniak 2006). This was one of the main reasons for
discontinuities which appeared in the data series from the measurement period.
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RESULTS

The application of REA system allowed estimating the values of net methane
fluxes observed above the surface of the peat bog. The results were compared
with the values of average air temperature measured at the height of 2 meters
above the ground (ta2m) (Fig. 2) and the average temperature values measured in
the peat at the depth of 10 centimeters below the surface (ts10cm) (Fig. 3). The
average value of FCH4 during this period was 401.9 pg m~h’', the minimum flux
was — 270.2 pg m”>h'and the maximum was 1192.1 pg m™h'. Measuring period
was far too short to draw conclusions as to the value of seasonal methane emis-
sions from peatlands in Rzecin, but the momentary FCH4 values and high varia-
bility in time of FCH4 values are comparable with those presented in the literature
(Rinne 2007). Daily periodicity of emissions is not clear which has also been ob-
served in other peatlands. This low correlation is clearly visible at both figures
(Fig. 2 and Fig. 3) since the net methane flux density is dependent on more factors
than temperature e.g. substrate composition, soil water level.
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Fig. 2. The course of the 30-minute average CH4 net fluxes Fcys (ug m?h') and the air tempera-
tures at the height of 2 meters above the ground ta2m (°C)
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Fig. 3. The course of the 30-minute average CH4 net fluxes Fcpy (ug m?h™') and the soil tempera-
tures at the depth of 10 centimeters below the surface ts10cm (°C)

DISCUSSION AND CONCLUSIONS

Preliminary measurement results indicate that in the peat in Rzecin the ob-
served methane emission is on the level of 401.9 pg m™h™ in the cool period of
the year. The values of the observed fluxes show high variability in time. One can
not see a clear cyclical patterns of Fcy, throughout the day. It can be assumed that
the process of methane production in the wetlands should be correlated with the
temperature of subsurface soil layer. This is due to the relationship between this
temperature and microbiological activity, which is the direct cause of CH, emis-
sion by such environments. Our results are similar to those encountered in litera-
ture, suggesting that CH, release from the depths of the bog profile to the atmos-
phere is a random phenomenon, temporarily modifying the value of the flux.

The results presented in this study indicate the usefulness of the new REA
system for measuring methane emissions. Newly developed system was designed
so that the automatic measurements are possible to be conducted using REA tech-
nique and the staff supervision is limited to minimum. This will allow for conti-
nuous measurements of methane flux, which, in the light of the presented results,
will enable estimating the emissions of this gas into the atmosphere more accu-
rately. In consequence it will correct the data obtained from the chamber mea-
surements, made at much longer time intervals. An additional advantage of auto-
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matic REA system, which consists in a negligible interference in the structure of
the wetland area, will eliminate the impact of movements and pressure of the ob-
server feet on the momentary methane flux values.
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INTRODUCTION

Peatlands are peculiar ecosystems accumulating organic matter as a conse-
quence of the imbalance between net primary production and decomposition,
with decomposition being slower than net primary production. Such imbalance
makes peatlands effective sinks for atmospheric C, thus, these ecosystems are
estimated to store about one-third of the global soil C pool (Gorham 1991, Cly-
mo et al. 1998). The peatland plant communities play an important role in eco-
system carbon dynamics and storage, with every species possessing a unique
functional phenotype (Gajewski et al. 2001). Although, a considerable amount
of work has been done to assess the impact of CO, on terrestrial ecosystems
(mainly grassland and forests ecosystems), there is still a paucity of information
regarding the responses of peatlands. Moreover, the climate change will alter
terrestrial ecosystem (IPCC 2007) mainly by changes in soil temperature and
soil moisture, both of which having a strong impact on CO, fluxes. Peatlands
have been considered as a long term net sink of carbon, but their future ability
to store C seems to be unclear. Decreasing groundwater table caused by warmer
and drier weather will lead to aerobic conditions in the peat substrate. As a con-
sequence, the enhanced microbial decomposition of organic matter determined
by acrobic conditions can modify peatland carbon balance to become the long
term net source of CO, (Brown 1998, Alm et al. 1999, Aurcla et al. 2001).
Therefore, all studies of peatland greenhouse gases exchange processes are very
important to better understand the importance of wetland ecosystems in the
global C cycle.

Carbon dioxide flux is quantified by means of several different approaches.
The techniques in use include micrometeorological methods such as eddy cova-
riance (Aubinet ef al. 2000, Barford et al. 2001, Baldocchi 2003, Lafleur ef al.
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2003, Chojnicki et al. 2007), aircraft measurements and direct measurements
using various types of chambers (eg. Livingston and Hutchinson 1995, Pumpan-
nen et al. 2004). Chamber types include static, air-tight chambers (non steady
state, non-flow through) and dynamic, flow-through chambers (Livingston and
Hutchinson 1995). Chambers can be operated manually, or be programmed to
make measurements automatically. The methods of measurements involving
closed chambers, that follow CO, mixing ratio changes in an isolated headspace
above the surface, are perhaps the most common techniques for quantifying peat-
land CO, exchange (Drésler 2005, Livingston et al. 2006, Chojnicki et al. 2010).

Generally, the chamber method can be used for the direct measurements of
ecosystem respiration (eg. Bekku et al. 1997, Acosta et al. 2004, Pumpannen et
al. 2004). This method is not affected by CO, advection. Nevertheless, manual
chambers require greater time, physical labor and logistics, which makes this
technique more difficult especially during night-time and winter measurements.
Therefore, mainly day-time manual chamber measurements are usually used to
model and evaluate the ecosystem CO, exchange. However, the underestimation
of nocturnal CO, efflux measured by the eddy covariance method under calm,
stable conditions remains an unsolved problem at many flux observation sites
(Goulden at al. 1996, Lafleur 1999, Baldocchi 2003). Due to this, the night time
chamber measurements of CO, fluxes are extremely required and helpful for the
estimation of nocturnal CO, efflux. Measurements carried out by closed cham-
ber technique were often used to quantify the CO, flux underestimation during
the application of eddy covariance method (Zamolodchikov et al. 2003, Reth et
al. 2005, van Gorsel et al. 2007). However, Hutchinson et al. (2000) and
Schnider et al. (2009) proved that the results of chamber measurements depend
also on the near surface mixing conditions and during night-time low turbulence
conditions, which can lead to overestimation of the CO, efflux measured by
chamber techniques.

In this study, we measured the CO, efflux during night-time conditions at four
sites (different vegetation communities and water table) over one-year period in
a peatland ecosystem located in Poland, using a dynamic chamber method. The
use of the chamber method allowed us to study both, spatial and temporal varia-
tions in CO, efflux. Our aims were: (1) to characterize the CO, efflux by vegeta-
tion communities along the peatland area; (2) to quantify the CO, efflux over
night-time conditions; (3) to determine the influence of temperature on CO, efflux
and (4) to investigate the temporal variation in CO, efflux.
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MATERIALS AND METHODS
Study Site

The study was carried out at Rzecin peatland site, Poland (52°45° N latitude,
16°18’ E longitude, 54 m a.s.1.). Rzecin site (POLWET) is owned by Poznan Uni-
versity of Life Sciences and is managed by the Meteorology Department, Faculty
of Land Reclamation and Environmental Engineering. This is the first wetland
station in Poland, where continuous measurements of greenhouse gases (GHG)
exchange (CO,, CH; and N,O) are carried out (since January 2004). The
POLWET site was the core site of the CARBOEUROPE-IP (FP6) project and still
is the main site within NITROEUROPE-IP (FP6). The station is well equipped
with high level instruments such as eddy covariance system for the measurements
of CO,, H,O and energy fluxes (Chojnicki ez al. 2007), solar radiation, air and soil
temperature probes etc. Additionally, manual chamber techniques are used for the
measurements of GHG fluxes.

The area of the studied peatland is about 140 ha. This is an ombrotrophic and
mostly oligothrophic bog surrounded by a pine forest of Notecka Primeval Forest.
On the edge of the wetland (close to forest) there are located individual
farms/buildings of Rzecin village, but the anthropogenic pressure brought on the
wetland ecosystem is relatively small. Due to this Rzecin wetland is classified as
semi-natural. In the middle of the peatland there is a 50-cm thick floating carpet
of peat-substrate overgrown mostly by mosses. Vegetation is dominated by fol-
lowing plant species: Sphagnum sp., Dicranum sp., Carex sp., Phragmittes com-
munis, Typha langifolia, Vaccinium oxicoccus, Drosera rotundifolia, Potentilla
palustris, Ranunculus acris, Menyantes trifoliate (Wojterska ez al. 2001). The soil
substrate is a Limnic Hemic Floatic Ombric Rheic Histosol (Epidystric), accord-
ing to FAO 2006 classification. The average annual air temperature and the sum
of precipitation are 8.5°C and 526 mm, respectively.

Experimental setup

Night-time CO, effluxes were measured once a month from July 2008 till the
end of May 2009 by means of a closed dynamic chamber approach. During cach
campaign, the measurements started in the late evening (just before sunset) and
were continued till the sunrise of the following day. 4 different microsite types
were established in 2007. The first microsite (S1) is dominated by Caricetum
elatae plant communities, the second (S2) by Calamagrostietum neglectae, the
third (S3) by Menyantho-Sphagnetum teretis and the fourth (S4) by Sphagno api-
culati-Caricetum rostratae (Wojterska et al. 2001). Each microsite consists of
three plots. At each measurement plot, permanent collars made from PCV (75 cm
X 75 cm) were installed in 2007. The insertion depth of the collar was about
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20 cm. Elevated boardwalks were constructed at each site to prevent the distur-
bance of the plant cover and peat during the measurements.

At each microsite, soil temperature was measured at the depths of 2 cm, 5 cm
and 10 cm, with the sampling frequency of 5 seconds (T-109, Campbell Sci.,
USA). Soil thermometers were installed close to the middle plot of each site. Ad-
ditionally, air temperature was measured with the same frequency at the hight of
ca. 35 cm. The air thermometers (T-107, Campbell Sci., USA) were installed on
the chamber wall in order to measure both inside and outside temperature values.
All sensors were connected to a data-logger (CR 1000, Campbell Scientific, USA)
which recorded values at 5-second intervals. Moreover, air temperature at the
height of 2 m and soil temperature profile at different depths (2, 4, 6, 10, 20, 30
and 50 cm) were measured (together with other meteorological variables) at the
eddy covariance tower during the whole year.

The groundwater level was measured during the daily campaigns that pre-
ceded the night-time chamber measurements. The measurements were carried out
manually at 3 tubes preinstalled in July 2008 close to the edge of each collar. Pre-
cipitation was measured automatically by a rain gauge (RG2-M, Onset, USA).

CO; fluxes measurements

A dynamic chamber system (a non-steady-state through-flow chamber system
according to Livingston and Hutchinson 1995) was applied to measure the night-
time CO, fluxes. The chamber (77 cm x 77 ¢cm x 50 cm) has been made from
white PCV, with wall thickness of 3 mm and has a volume of 0.3 m’. The applied
dark chamber system was originally proposed and devised by Drésler (2005). The
chamber has been equipped with two fans (Sunon, MaglLev, Taiwan) with the
flow of about Ims™, to mix the air during measurements, and two thermometers
(T-107, Campbell Scientific, USA) installed in order to measure the inside and
outside air temperature. Pressure changes during measurements have been mini-
mized by the vent tube @ 6 mm and 40 cm long which has been inserted down-
wards into one of the chamber walls. During the measurements, the chamber was
put on the preinstalled collars and fixed to them by two elastic belts connecting
the top of the chamber and the base of the frame. The tightness of the chamber
during measurements was assured by a rubbery gasket installed on the chamber
lower edge (according to the system developed by Drésler (2005)). The CO, con-
centration changes were measured using a CO, infrared gas analyzer (LI-820,
Licor, USA) with the flow rate of 600 ml min™'. The readings were recorded with
5-second intervals over 150 seconds in summer and up to 240 seconds in winter.
Data were recorded by the data logger (CR-1000, Campbell Sci., USA) installed
in a portable control box. The logger was connected to a palmtop, thus all meas-
ured parameters and system performance were easily checked during measure-
ments. Additionally, in order to identify each of the measurement plots, the



117

chamber was equipped with a bar code scanner (the bar code label on the metal
stick was preinstalled at each plot before measurements).

The number of night-time measurements of CO, effluxes at each site was
different for each campaign. In total, there were 642 single measurements carried
out within all sites, when the data received allowed for flux calculations and
r>0.8. Different number of measurements conducted at each site was dependent
mostly on the peat temperature changes over night. When the temperature
changes were more essential, more measurements were conducted. During night-
time summer campaigns, 7 repetitions throughout all of the 12 plots were carried
out. While, during the winter night-time campaigns, when the measured peat tem-
perature was close to zero Celsius degrees and did not change very much, there
were only few (3 to 4) measurements at each site (always with three replicates), as
the expected and measured changes of CO, fluxes over night were very small.

CO; fluxes calculations

The CO, fluxes were calculated on the basis of CO, concentration changes in
the chamber headspace over time. The total chamber headspace for fluxes calcu-
lation was calculated as the sum of the chamber volume and the volume of an
individual collar. The linear approach was applied for flux calculations by fitting
the linear regression function, which determines the average rate of concentration
changes over closure time. The collected time series were validated in terms of
temporal linearity of CO, concentratlon The correlation coefficient (r*) were cal-
culated for each series and if r* > 0.8, then CO, flux rate (Fco,) was calculated and
used for modeling. The Munchmeyer (2001) equation was applied for CO, fluxes
calculation:

M[g-mol™']- P[Pa]-V[m’]- & ppm(W)]- f,
R(m* - Pa-K™-mol™]-T[K]-f[h]- A[m"]

FCOZ[’ug'COz“C'm_2 h'=

where:
Feo,— CO, flux density (ug CO,-C m™ h),

M — molar mass (g mol™),

P — atmospheric pressure (Pa),

dv — CO, concentration changes in chamber over closure time (ppm(v)/h),
V' — total volume of chamber and collar (m?),

R — gas constant (m’ Pa K™ mol™),

T — temperature in chamber (K),

t — closure time (h),

A — chamber area (m?),

Ji — factor used for calculation of C atoms into CO, (12 g/44 g).
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Modeling of CO, fluxes/Ecosystem Respiration (R,.,)

The nighttime CO, fluxes were modeled on the basis of fluxes measured at
30-min intervals for the period of 1.06.2008 till 31.05.2009. The modeling was
carried out only for the night hours for each month separately. Night length de-
voted for modeling was defined basing on the average length of nights (between
sunset and sunrise) in each month (the hours of sunrise and sunset of the 1, mid-
dle and last day of the month were taken for calculations). A nighttime CO, fluxes
are per definition equal to nighttime CO, ecosystem respiration (R...), which is
defined as a sum of soil respiration (heterotrophic respiration + autotrophic respi-
ration of roots) and aboveground autotrophic respiration of plants tissues.

The nighttime R, was empirically modeled on the basis of the first-order
exponential regression model of Lloyd and Taylor (1994). The parameters R,
and E, of the equation used for modeling were defined separately for each of the
campaign based on regression analyses of the measured fluxes and different tem-
peratures (air temperature, soil temperature at 2 cm, 5 cm and 10 cm depth) on the
basis of abovementioned exponential equation of Lloyed and Taylor (1994). Pa-
rameters received for the best fitted correlations between air/peat temperatures
and measured CO, effluxes were then used for modeling. The equation used for
modeling (Lloyed and Taylor 1994):

Rea;: ch/_e Eo (I/(Tr(ff—T”)-l/(Tmil« T()))

where:
R.co — ecosystem respiration (CO,-C mg m™ h’l),
R,.;— respiration at the reference temperature (CO,-C mg m~>h™),
E, — activation energy (K),
T,.;— reference temperature = 283.15 (K),
T, — temperature threshold of biological processes start = 227.13 (K),
T\, — soil temperature at the depth of best fit with the dataset (K).

RESULTS AND DISCUSSION
Temperature changes over the measurement campaigns

The air and soil temperature were modeled for the whole experiment and each
site based on the temperatures measured permanently on the Eddy Covariance
tower and temperatures measured on sites at the time of each measurement. The
modeled temperatures showed small, but statistically significant differences be-
tween sites (Tab. 1). Site S_1 was the warmest one. It can be concluded generally
that the closest the site is located to the middle of the peatland area, the lower air
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and peat temperatures are. The observed differences between the air and peat
substrate temperatures can be related to the type of vegetation (aboveground bio-
mass/plants density) and ground water depth/peat saturation with water. S 1
presents the highest quantity of aboveground biomass in comparison to the other
three sites. In the middle of the peatland area, more water is available close to the
surface and more energy is used for the evapotranspiration and hence less sensible
heat flux (less energy for air heating).

The maximum values of night soil temperatures at 5-cm depth were measured
on 07.08.2008 and reached 20.4°C, while the maximum air temperature recorded
at the same night was 23.6°C. The minimum value of night soil temperature at the
same depth was recorded on 04.03.2009 and fall down to —0.1°C. Whereas, the
minimum air temperature was measured in May campaign and reached —3.5°C
(Tab. 1, Fig. 1). The night time measurements of CO, effluxes during the winter
and spring periods were carried out at “warm” nights, when strong frost was not
expected (due to the thermal characteristics of the equipment and comfort of re-
searchers). However, this led to the situation, that during the whole winter and
carly spring campaigns the night-time air temperature did not drop below 0°C (or
slightly below), although the peat surface was still frozen (Fig. 1). On the other
hand, it was supposed that during the cold nights with temperatures below 0°C,
the CO, efflux is very close to “0”, thus, there were no reasons to carry out mea-
surements in such conditions. Both maximum and minimum values of tempera-
tures were measured at the same site S_1 (Tab. 1).

Table 1. Maximum, minimum and average values of the measured temperatures and CO, effluxes

Flux CO, T air 20 cm T soil =2 cm Tsoil=5cm  Tsoil =10 cm

pumol m?s™! °C
max 13.95 23.6 20.7 20.4 19.2
S 1 min 0.18 -3.5 0.1 -0.1 0.0
avg 5.28 8.5 10.0 11.0 11.9
max 8.63 225 17.5 19.4 18.7
S 2 min 0.09 -2.9 0.1 -0.1 0.0
avg 2,72, 8.2 9.6 10.7 11.6
max 7.97 21.4 20.5 19.8 20.0
S 3 min 0.18 -3.4 0.2 0.1 -0.6
avg 2.72 8.1 9.9 10.7 11.9
max 12.40 21.4 19.7 19.5 19.7
S 4 min 0.07 -3.1 0.2 0.1 -0.6

avg 3.69 7.6 9.6 10.5 11.7
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Fig. 1. Measured average CO, night-time effluxes, air and peat temperatures at the sites S_1-S_4
for different campaigns; (C1: 17-18.07.08; C2: 7-8.08.08; C3: 8-9.09.08; C4: 1-2.10.08; C5:
4-5.11.08; C6: 21-22.12.08; C7: 3-4.03.09; C8: 6-7.04.09; C9:4-5.05.09)

Night-time measured CO, effluxes

Night-time CO, effluxes measured with the chambers showed essential spatial
and temporal differences between the sites (Tab. 1). Similar situation was re-
ported for example by Hirota et al. (2006) who measured CO, effluxes during the
whole year in wetland ecosystem in the Tibetan Plateau and also by Laine et al.
(2007) in a lowland blanket bog in Ireland.

The highest effluxes were measured in site S 1 (up to 14 umol m? s at
08.08.2008), where the average CO, flux for the whole measuring period reached
5.3 umol m™”s™ (Tab. 1). Surprisingly, both sites S_2and S_3 behaved similarly
(although the distance between them is about 200 meters) and had the same aver-
age values of CO; efflux (2.7 umol m™s™). Whereas, the site S 4 behaved simi-
larly to site S_1, although the distance between them is more than 350 meters and
the sites are covered with a completely different type of vegetation and the ground
water level at S_4 is much closer to the surface (during the most part of the mea-
suring period) than at S_1 (Fig. 2). However, the average CO, efflux measured at
S_4 is slightly smaller than at site S_1.

The lowest CO, effluxes were measured during the winter period (from Decem-
ber 2008 till March 2009), when the peat surface was frozen. Nevertheless, during the
winter campaigns some activity of the surface was observed (even through the snow
cover), as the measured fluxes were higher than 0. It has to be pointed out that these
campaigns were organized during ‘“warm” nights, when air temperature was close to
0°C. As it was proved by Mikan et al. (2002), a relatively small increase of the tem-
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perature of frozen soils may lead to the increase of CO, emission over the winter
period. This effect occurs also during our measuring campaigns.

The highest values of night-time CO, effluxes were measured in July and Au-
gust 2008. The night-time CO, effluxes measured during the autumn (October —
November 2008) were lower than those measured during the spring campaigns of
2009, although the average air temperature of the autumn campaigns was higher
than in spring, and soil temperature at S cm had similar ranges in both periods (Fig.
1). There were also not essential differences in ground water depth between those
periods (Fig. 2). This could lead to the conclusion that the ecosystem respiration of
the spring period could be related more to the autotrophic respiration of plants
(which starts to develop during that period), than to the peat respiration itself.
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Fig. 2. Average ground water depth within the period of July 2008-May 2009

One of the main drivers controlling the respiration processes (both autotrophic
and heterotrophic ones) is temperature (Lloyed and Taylor 1994). The classical
Lloyed and Taylor (1994) approach assumes that there is only one pool of carbon
— an organic matter of the soil. This does not take into consideration the C pool
related to the vegetation that is growing on the surface. Under this assumption
Lloyed and Taylor (1994) proved that the soil respiration processes are driven by
the soil temperature and in most cases the soil temperature at 5 cm explains the
measured respiration rates. However, in our case we are focusing not only on
measurements of soil respiration, but the total ecosystem respiration, which con-
sists of the respiration of soil, plants and micro/macrofauna (both autotrophic and
heterotrophic types). Due to this the analyzes carried out basing on our data
showed that the respiration processes at different campaigns were driven either by
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soil temperatures (at 2 or 5 cm) or by the air temperature. But, if we consider the
whole set of data for the whole measurement period, then the soil temperature at
the depth of 5 cm best corresponds to the measured fluxes (the r* is the highest and
close to 0.8). These analyses were done on the basis of the Lloyed and Taylor
(1994) exponential function and their results are presented in Figure 3. Standard
parameters of goodness-of-fit statistics as Mean Absolute Error (MAE) was used to
assess the Lloyed and Taylor model of relationship between R,., and temperature.
The MAE for sites S_1 and S_4 are the highest and are equal to 1.57 and 0.98, re-
spectively. For the sites S 2 and S_3 the MAE is much lower and is close to 0.77
for both sites. Although quite high the MAE values, especially for S1 site, seems to
be reasonable to use the Lloyed and Taylor (1994) model for all sites to estimate the
R, fluxes based on the temperature for the whole measurement period. Other au-
thors, for example Hirota ef al. (2006) and Bubier et al. (1998) received similar
results and confirmed that soil temperature at 5 cm rules the respiration processes.
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01.06.2008-31.05.2009
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Figure 1 presents differences in the average night-time CO, effluxes between
the sites. It is conspicuous that with similar soil/peat temperatures, the measured
fluxes at the same campaigns are different for each site. This could lead to the
general conclusion, that besides temperature, there should be other drivers con-
trolling the ecosystem respiration processes at our sites (e.g. the aboveground
plant biomass, the type of vegetation, the peat saturation with water/ground water
level depth). For example, the highest fluxes were measured at site S_1 which is
dominated by the Caricetum elatae communities (Figs. 1 and 3). The biomass of
plants in that site is definitely much bigger than in the other sites. On the other
hand, the CO, effluxes were the lowest at site S_3 dominated by Menyantho-
Sphagnetum teretis, which correspond also to the lowest biomass. Riutta et al.
(2007) showed that even in a wetland with a relatively uniform surface topogra-
phy and uniform vegetation composition, carbon gas dynamics differed markedly
between plant communities. Of course, the composition of the plant communities
over the sites of Rzecin wetland can be dependent on the nutrients availability,
ground water table and, most probably, also the peat structure (dependent on the
age and decomposition rate of peat). Nevertheless, it seems that at the sites with
heavier aboveground plant biomass (e.g. S 1) an autotrophic respiration can be
bigger over night than heterotrophic one and it can constitute the most essential
part of the measured ecosystem respiration.

The other driver controlling the respiration processes over Rzecin wetland is
related to the peat saturation with water (acration of the peat) or just the depth of
ground water level. Analyses carried out by us proved that there is a clear correla-
tion between ground water depth and average nighttime CO, fluxes. It seems that
the deeper groundwater table, the higher average nighttime CO, effluxes (Fig. 4).
The analyses were carried out on the basis of average fluxes calculated for each
nighttime campaign and these correlations were not so clear when the individual
measurements were used for the analyses. Nevertheless, the received correlations
indicate that the ground water table can explain some variability of average night-
time CO, fluxes over wetland sites. We have also found that, with the same
ground water depth, different average fluxes can be obtained for each site. This is
most probably caused by the differences in peat/air temperatures which rule the
respiration processes. However, a lot of studies showed that at boreal peatlands
the trophic status, above ground net primary productivity, and soil temperatures
may be more important to determine ecosystem respiration than water table (e.g.
Bubier et al. 1998, Silvola et al. 1996, Lafleur et al. 2005). The water table can
play a minor role in predicting daily R,.,, but it can be of great importance for
predicting seasonal average R,., (Bubier et al. 1998).
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Considering the above, it can be concluded that the ground water table should
be taken into account when predicting the average nighttime R,,, fluxes and most
probably also in modeling of R,., over wetlands.
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Fig. 4. Relationship between the measured average nighttime CO, effluxes and the ground water table

Beside the abovementioned drivers controlling the Ecosystem Respiration
there could be others (related to plant activity) that have not been considered here.
However, classical approach of R,., modeling, which is based on the thermody-
namic principles and simple first-order exponential equation with temperature as
the only determinant, has recently come in for criticism (Craine ef al. 1999). The
reason is that the temperature-dependent models poorly reflect the complex nature
of different components of ecosystem respiration as well as drivers controlling the
autotrophic and heterotrophic respiration types (Craine et al. 1999, Davidson et
al. 2006, Larsen et al. 2007).

Modeling of night-time Ecosystem Respiration (R..,)

The results of modeling are presented in Figures 6 and 7. As it has been dis-
cussed before, the modeled estimates of R,., fluxes in site S_1 were much higher
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during the summer time of 2008, than in the other sites. The maximum night-time
flux modeled for site S 1 exceeded 5 g CO,-C m™ night” in August 2008, whe-
reas for S_4 (most similar) has not exceeded 4 g CO,-C m™ night” (Fig. 6). For
the rest of the modeling period the fluxes were much lower and differences be-
tween the sites were smaller than for the summer time.
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Fig. 6. Courses of the modeled nighttime ecosystem respiration (R,,,) for all investigated sites over
the study period 01.06.2008-31.05.2009

The cumulative modeled nighttime ecosystem respiration for the whole mea-
suring period showed essential differences between the sites (Fig. 7). The fluxes
cumulated only for the night-time periods reached 650 g CO,-C m™ yr ™' at site
S 1,500 g CO,-C m™ yr ! for S_4 and have not exceeded 400 g CO,-C m™ yr !
for both S_2 and S_3 sites. The obtained values seem to be very high in compari-
son to the results of other authors. However, it has to be noticed that most of the
results are related to the R, modeled on the basis of day-time measurements and
calculated for the whole day. As a result of this the direct comparison of the ob-
tained results is rather impossible. However, the majority of the published data
related to the R.., measurements on wetlands gave much lower values. For exam-
ple, Drosler (2005) estimated an annual daily R,., at about 443 g CO,-C m’> yr !
in a degraded bog in the southern Bavaria (Germany). Wickland et al. (2001) ob-
tained the value of 360 g CO,-C m™ yr "' in an alpine wetland in the Rocky Mountains
(USA) and Heikkenen et al. (2004) reported the value of 232 g CO,-C m™ yr "in an
ombrotrophic bog in the eastern Russia. There are only two papers which pre-
sented directly the results of the chamber nighttime measurements of R,., in peat-
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land sites. The Alm et al. (1993) published nighttime R,., values measured only
for one night, while Schnider et al. 2009 published the results of three months
chamber campaign. These results, although very useful, cannot be applied for the
validation of our modeled results.
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Fig. 7. Cumulative course of night-time ecosystem respiration (R,,) for all investigated sites over
the study period 01.06.2008-31.05.2009

Nevertheless, considering big differences between the cumulated nighttime
R.c, values and those received during the daily measurements (the abovemen-
tioned papers), it can be concluded that nighttime chamber measurements of eco-
system respiration can be essentially overestimated. It was shown, for example by
Lavigne et al. (1997), that the modeled estimates of R,., using chamber measure-
ments can be even 20-42% higher than the nocturnal eddy covariance measure-
ments. The largest differences between the nocturnal measurements of CO- fluxes
conducted by means of chamber techniques and eddy covariance were reported by
Oechel et al. (1998) for late night and early morning. On the other hand, the night-
time eddy covariance measurements of CO, fluxes carried out during the stable con-
ditions with low turbulence are essentially underestimated (e.g. Zamolodchikov
2003). It was proved by La Dantec et al. (1999) and Schnider et al. (2009), that the
chamber measurements of CO, fluxes carried out during calm night conditions can
cause the disturbance of stratified air conditions and finally lead to the overestimation
of CO, fluxes when they are compared to the undisturbed situation. Therefore,
Schnider et al. (2009) recommended to apply CO, gradient measurements above and
under the peat surface to estimate CO, effluxes during calm stable night conditions.
Under stable nighttime conditions chamber measurements can be seriously biased,
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and therefore, the suitability of chamber technique for the nighttime measurements of
CO; effluxes (in order to replace the nighttime eddy covariance measurements) might
be limited (Schnider ez al. 2009).

CONCLUSIONS

1. The measured as well as the modeled nighttime CO, effluxes differ
among the sites. The differences between effluxes were most significant during
summer (the highest activity of plants and microbes due to the highest tempera-
tures). The cumulative nighttime modeled R,., was the highest at the site with the
highest amount of biomass and lowest ground water depth. Thus, it has been con-
firmed that the ecosystem respiration in wetland ecosystem is controlled not only
by the peat/air temperature, but also by the plant biomass and/or the saturation of
peat substrate with water/ground water depth. The nature of the respiration
processes is so complex, that it is difficult to define precisely whether autotrophic
and/or heterotrophic processes dominated the measured fluxes at each site and
during each measuring campaign.

2. Taking the above into consideration, it can be concluded that the CO, ef-
fluxes modeled on the basis of the single first-order exponential equation, with tem-
perature as the only determinant, cannot be suitable for the estimation of the ecosys-
tem respiration. Due to the complex nature of both autotrophic and heterotrophic
types of respiration it seems reasonable to include in modeling other drivers that
may control the respiration processes (plant biomass, ground water depth etc.).

3. The chamber measurements of nighttime CO, effluxes can be seriously
biased, and can lead to the overestimation of measured fluxes. Due to this the
applicability of nighttime chamber measurements for R, estimation during the
stable conditions can be questionable.
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10. SUMMARY

The changes in chemical and physical features of the atmosphere very often
influence, both directly and indirectly, human life conditions. The description and
parameterization of the exchange processes between the Earth surface and the
atmosphere require the development of both new scientific ideas and measuring
techniques. This monograph contains the description of the state-of-the-art at-
mospheric studies where novel measuring techniques were applied for both gas
fluxes and gas concentration studies. These studies were conducted in different
landscape elements under Polish climate conditions.

The profile methods presented in the first chapter of this monograph include
theoretical and practical considerations about the application Bowen ratio profile
method. These techniques have been commonly used since 1980s for heat and
water balance investigations of the ecosystem active surface. Their application
has been recently extended to other gas fluxes estimations e.g. ammonia, me-
thane etc.

The eddy covariance (EC) technique has become the main method of heat and

mass exchange estimation over the ecosystems. Both theoretical and technical
background of the EC method as well as preliminary estimations of carbon dio-
xide and water vapor fluxes are described in the second chapter. So is the parame-
terization of exchange processes between the forest and the atmosphere. The for-
est EC system in Tuczno that was the source of data for those studies is the first
permanent measuring station in Poland operating since the end of 2008.
The chamber technique can be considered as an alternative or supplement for the
EC method, under certain conditions e.g. small scale of measurements, lack of
turbulence in the atmosphere. The manual chamber measurements are not often
conducted in terrain conditions, e.g. monthly since this method requires consider-
able labor input. This technique must be applied along with such measurements as
e.g. air temperature and solar radiation that allow to estimate the fluxes between
each chamber measurement sessions. Both the chamber technique and calculation
procedures are presented in the third chapter. These studies were conducted at
Rzecin wetland where the Meteorology Department measuring station has been
operating since 2003.

Urban areas in Poland are considerable emitter of carbon dioxide to the at-
mosphere since most of the Polish homesteads are coal heat dependent. The re-
sults of EC measurements that were carried out in £6dz city center during the
period from July 2006 to July 2009 are presented in the fourth chapter. The stu-
died area is permanent and season independent emitter of CO,. The summer flux-
es observed over £6dz are the smallest during the whole year because of the com-
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bination of plants’ photosynthetic activity and very reduced carbon dioxide city
emission.

The nitrogen oxide affects directly human health and it is noticeable in the
city centers.

The goal of the study described in the fifth chapter of this monograph was the
presentation of the changes in the concentration of tropospheric ozone in compar-
ison with fluctuations of nitrogen oxide concentration. The observations show the
impact of meteorological conditions on photochemical processes appearing in the
atmosphere over Warsaw.

Natural radioactivity in the atmospheric boundary layer is mainly determined
by radon (222Rn) and radon progeny. This is the most important radioactive gas
observed in the atmosphere in Poland. Chapter six contains the study of the tem-
poral variability of near-surface 222Rn concentration in relation to urban and
rural meteorological parameters (i.e. air temperature, thermal vertical gradient,
wind speed) and urban heat island phenomenon.

The carbon dioxide exchange between the ecosystems and the atmosphere
depends on the state of development of its vegetation canopy. The Leaf Area In-
dex (LAI) is a commonly used parameter that expresses the ratio of alive leaf to
the ground area. The estimation of the value of this ratio in forest conditions can
be conducted by application of different methods. The hemispherical photography
technique was presented in chapter seven as common and non destructive method
of LAI estimation in the forest. The measurements were carried out at Tuczno
site, the first permanent forest EC tower established by the Meteorology Depart-
ment scientific team.

Methane is one of the most important gases in terms of global warming poten-
tial. The wetlands are described in literature as one of strongest sources of this gas
in the environment. The measurement of this gas is difficult since its concentra-
tion in the atmospheric air is very low. The Relaxed Eddy Accumulation (REA)
approach has been recently considered as a very reliable method for low concen-
trated gases fluxes measurements. The first polish REA was developed and suc-
cessfully tested by scientific workers of the Meteorology Department, Poznan
University of Life Sciences. The description of these activities is included in
chapter eight.

The possibility of chamber technique application under nighttime (lack of
turbulence) conditions is the advantage of this method in comparison to the EC
technique. The description of night time chamber measurements and studies of
the obtained data are presented in the last chapter of this monograph.
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11. STRESZCZENIE

Zmiany sktadu chemicznego atmosfery wplywaja na warunki zycia cztowieka
zar6wno w sposdb bezposredni, jak i posredni. Zmiany te zalezq migdzy innymi
od procesdw wymiany miedzy powierzchnig Ziemi a atmosfera, ktorych opis
1 parametryzacja wymagaja rozwoju zaro6wno teorii jak i technik pomiarowych
ich dotyczacych. W niniejszej monografii przestawione zostaty nowoczesne tech-
niki pomiarowe, ktore sg obecnie stosowane do oceny wielko$ci strumieni oraz
stezen okreslonych gazéw w atmosferze.

Wszystkie przedstawione wyniki badan zostaty uzyskane w polskich warun-
kach klimatycznych nad réznymi typami uzytkowania terenu.

W pierwszym rozdziale zostaly przedstawione zardwno teoretyczne, jak
i praktyczne rozwazania dotyczace wykorzystania metody Bowena. Technika ta
jest stosowana z powodzeniem od lat 80-tych do badan nad wymiana pary wodnej
1 ciepta miedzy powierzchnia czynna a atmosfera. Zastosowanie tej metody
w ostatnich latach zostalo rozszerzone do tez do badan pomiaréw strumieni in-
nych gazéw, takich jak amoniak czy metan.

Technika kowariancji wiréw jest obecnie uznawana za standardowa podczas
pomiar6w strumieni masy i energii nad ekosystemami. Teoretyczne i techniczne
podstawy tej metody, a takze wstgpne wyniki pomiarow zostaty przedstawione w
drugim rozdziale monografii. Opisano réwniez parametryzacje tych proceséw.
Zroédlem danych byt system kowariancyjny zainstalowany w koncu 2008 nad
lasem sosnowym w Tucznie.

Metody komorowe moga by¢ traktowane zastgpczo lub jako uzupetienie po-
miar6w wykonanych przy pomocy system kowariancyjnego np. w matej skali prze-
strzennej lub w warunkach braku turbulencji w atmosferze. Pomiary komorami
obstugiwanymi recznie w warunkach terenowych sa wykonywane z matla czesto-
tliwoscig (zwykle raz na miesiac) z powodu wymaganego duzego wkitadu pracy
fizycznej. Technika ta musi by¢ stosowana rownolegle wraz z pomiarami takich
charakterystyk jak temperatura powietrza i promieniowanie catkowite, co pozwala
na interpolacj¢ uzyskanych wynikéw migdzy poszczegdlnymi sesjami pomiarowy-
mi. Zaréwno technika pomiarowa, jak i obliczeniowa stosowane w metodzie komo-
rowej zostaly zaprezentowane w trzecim rozdziale. Badania te przeprowadzone
zostaly na terenie stacji pomiarowej w Rzecinie, ktorej obstuga zajmuja sie pra-
cownicy Katedry Meteorologii Uniwersytetu Przyrodniczego w Poznaniu od konca
2003 roku.

Tereny zurbanizowane w Polsce sa silnym emiterem dwutlenku wegla, po-
niewaz ciepto potrzebne w gospodarstwach domowych, pochodzi ze spalania
wegla kamiennego. Pomiary strumieni dwutlenku wegla przy pomocy system
kowariancyjnego, ktére wykonywano w latach od 2006 do 2009 nad f.odzig zo-
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staty zaprezentowane w czwartym rozdziale pracy. Obszar ten jest statym (nieza-
leznie od pory roku) emiterem dwutlenku wegla. Letnia emisja CO, obserwowa-
na nad Lodzig jest najmniejsza z catego roku gléwnie z powodu silnej aktywnosci
fotosyntetycznej roslin i mniejszej aktywnosci grzewczej.

Tlenki azotu wptywaja bezposrednio na stan zdrowia ludzkiego i fakt ten jest
szczegoblnie zauwazalny w centrach duzych miast. Celem badan przedstawionych
W pigtym rozdziale monografii bylta prezentacja zmian stezen tlenkéw azotu oraz
ozonu W przygruntowej warstwie powietrza. Obserwacje wskazuja na wplyw
procesow fotochemicznych na tworzenie si¢ badanych zwiazkéw w atmosferze
nad Warszawa.

Naturalna radiacyjnos¢ atmosfery wynika glownie z wystgpowania w niej
radonu (222Rn). Jest on takze obserwowany w Polsce. Rozdziat szosty zawiera
wyniki badan czasowej zmiennosci stgzenia tego pierwiastka przy powierzchni
ziemi. Wyniki pomiaréw stgzenia radonu zostaty przedstawione na tle parame-
trow metrologicznych w warunkach miejskich oraz poza miastem.

Wielkosci i kierunek wymiany dwutlenku wegla migdzy atmosfera a podto-
zem zalezy w duzej mierze od stanu rozwoju szaty roslinnej. Wspotezynnik
Ulistnienia (ang. LAI) jest powszechnie stosowanym parametrem do opisu szaty
roslinnej 1 jest to stosunek powierzchni zywych lisci do powierzchni gruntu, nad
ktérym sie znajduja. Ocena wartosci tego parametru w warunkach lesnych odby-
wa sie przy zastosowaniu wielu r6znych metod. Technika fotografii hemisferycz-
nej zostata zaprezentowana, jako jedna z niedestruktywnych metod oceny LAI
w lesie. Badania te byly prowadzone na pierwszej lesnej stacji pomiarowej, na
ktorej wykonuje sie pomiary metoda kowariancji wiréw, w Tucznie.

Metan jest ostatnio postrzegany jako jeden z najwazniejszych gazow szklar-
niowych zwiazanych z obserwowanym obecnie dodatnim wymuszeniem radia-
cyjnym na Ziemi. Tereny podmokte sa opisywane w literaturze, jako jedno z naj-
wigkszych zrodet emisji tego gazu do atmosfery. Pomiary strumieni metanu
sprawiajg sporg trudno$¢ z powodu jego niskiego stgzenia w powietrzu. Rozsze-
rzona Metoda Akumulacji Wiréw (ang. REA) jest obecnie uznawana za stosun-
kowo tatwa i pewna metodg pomiardw strumieni gazéw wystepujacych w atmos-
ferze w matym stgzeniu. Pierwszy w Polsce system REA do pomiardéw strumieni
metanu zostal zbudowany i przetestowany w warunkach terenowych przez pra-
cownikow Katedry Meteorologii Uniwersytetu Przyrodniczego w Poznaniu. Wy-
niki tych prac przedstawiono w rozdziale 6smym.

Jedna z najwigkszych cech pozytywnym metody komorowej jest mozliwosé
zastosowania jej w warunkach braku turbulencji, wtedy gdy metoda kowariancji
wiréw nie moze by¢ wykorzystywana. Wyniki badan w takich warunkach (naj-
czgsciej noca) zostaty przedstawione w ostatnim rozdziale monografii.






