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INTRODUCTION

Climate changes are currently perceived by thddaair science as a serious
problem which contemporary societies have to cofib. Wslobal warming be-
came an unquestionable fact and it is highly likelgt the factors responsible for
it are such as the increase of greenhouse gasks atmosphere and the change
of land use. However, while there is no consertheworld of science as to the
influence of human activity on the climate on olangt, the majority of serious
scientific reports confirm this hypothesis. The esmess of the consequences
which the climate changes bring about, both atgmieand in the future, induce a
better understanding of the mechanisms lying bethiadch as well as the essence
of the processes influencing climate. It is equatiportant to recognize the con-
sequences of climate changes both on a global dadahscale. Thus, it is not
surprising that the intellectual effort of the wbrmbf science is directed mostly
towards examining the above processes. If we wakhow how to protect cli-
mate from these changes we must answer the questiblow does the existence
and functioning of particular ecosystems influettoe global balance of heat and
greenhouse gases exchanged between the surfatieeaatchosphere?’

The research which will lead to answering the tjoesformulated above
must, by nature, be multidirectional and includetele range of issues concern-
ing mass and energy exchange. Such research, dsectomplex nature, must be
conducted over the surfaces of various elementheofandscape, so that in the
future it would be possible to create models whigh allow estimating energy
and matter balances for big areas (region, cowmtopntinent).

The following monograph addresses a whole arfagsues connected with
mass and energy exchange between various compafahts landscape and the
atmosphere. The problems presented here focusyr@ingjreenhouse gases ex-
change (water vapor, carbon dioxide and methane)e <hapters are devoted to
the influence of meteorological conditions on tlenaentration of other gases
over urban areas (ozone and radon). Six chaptelgdied in the monograph have
been written by the faculty of the Meteorology Depeent ofPozna University
of Life Sciences(PULS) together with co-authors from other foreigisearch
institutes (University of Helsinki (UH), Technicblniversity in Munich (TUM),
and the Liebniz-Centre for Agricultural Landscaped aLand Use Research
(ZALF). The remaining three chapters have beentewiby scientists from the
following institutions: University of Log Institute of Nuclear Physics of the
Polish Academy of Sciences and Warsaw Universityifef Sciences.

The Department of Meteorology d?ozna University of Life Sciences
(PULS) is one of the few units in Poland whosevéatis have for almost thirty
years focused on examining the structure of heknba of active surfaces in



various ecosystems and, currently, mainly on thenason of greenhouse gases
balance in ecosystems. During that time, the emplhas been placed particular-
ly on the development of modern research facilitiesmeasure the flux of green-
house gases exchanged between the active surfdcth@aratmosphere. In the
1990s the team from the Department of Meteorolagycé 2009 Agrometeorolo-
gy) carried out research with the use of the peafilethod and the heat balance
method while measuring mass and energy fluxes waeous ecosystems at dif-
ferent latitudes in Europe and Asia. Thanks toatiffely developed international
cooperation, a new measuring station was estallish@003 in the peatland in
Rzecin which was subsequently included in the Eemopconsortium set up with-
in the &" CarboEurope-IP Frame Program. The first statioRatand which was
established then for ongoing measurements of erardygreenhouse gases (O
H.0) fluxes over the land ecosystem by means of tliy e€ovariance method,
became one of the most important measurement rssatdthin the European
network of measurement stations of the CarboEuRypgect. In 2006, thanks to
the extensive equipment facilities of the statithve Department of Meteorology
entered another European consortium establishelinwihe NitroEurope-IP
project. As a consequence, Rzecin station was pegdipvith new sensors and
measurement facilities which largely extended drege of measuring techniques
(e.g. by including automatic chambers for methdue fneasurements and CO-
TAG system for measuring fluxes of such gases asania). However, NitroEu-
rope project includes not only Rzecin station. Jdiet efforts of research teams
of the Department of Meteorology of PULS and theeegch team from the Insti-
tute of Landscape Dynamics, Liebniz-Centre for Agjtural Landscape and
Land Use Research (ZALF) led to establishing twowiemn manipulation expe-
riments in Paulinenaue and in Zarnekow, Germanys&hwo experiments at-
tempt at answering the question how the changaeofriethod of land use may
influence the dynamics of nitrogen and carbon ihawd mostly the scale of gas
exchange between the surface of the ecosystenharatrhosphere. As a result of
the advanced international cooperation, alread?06 the Department of Mete-
orology began the implementation of another proyeithin the 8" Marie Curie
Actions Frame Program, of a Transfer of Knowledgget The project, whose
acronym is GREENFLUX, intensified international estlific cooperation of the
Department of Meteorology which led to trainingstloé scientists from Depart-
ment of Meteorology at the University of Helsinkicaat the Technical University
in Munich as well as at the ZALF Miincheberg mergmmabove. The transfer of
knowledge and experience conducted within the ptdgd to importing to Pol-
and chamber techniques for measuring greenhouss fages and to the devel-
opment and construction of the Relaxed Eddy Accatian (REA), for measur-
ing the fluxes of trace gases (e.g.Lkxchanged between the surface of the eco-



system and the atmosphere, which was the first system in Poland and one of
the few in Europe. All the achievements mentionealva made the team from the
Department of Meteorology an internationally redagd research unit focusing
on examining mass and energy fluxes over varioaesystems, both in Poland
and abroad. While developing the measurement nkiwo2008 the Department
of Meteorology built the first measurement towePioland for the fluxes of GO
and HO measured by means of the eddy covariance teahiger the pine for-
est in Tuczno. The station was established in cabjpa with the Central Admin-
istration of State Forests. The research resutsrsing from the projects men-
tioned above as well as the detailed descriptioth@fmethods of mass and ener-
gy fluxes exchanged between the active surfacetandtmosphere can be found
in relevant chapters of the following monographafaters 1, 2, 3, 7, 8 and 9).

The subsequent chapters of the monograph inteothe description of mea-
suring technigues and the results of measuremémmsmss fluxes and gases con-
centration over urban areas. Particular attentioin® reader should be drawn to
the work of the team of the Department of Meteaggland Climatology of the
University of £Léd which conduct the research into mass and enewygdl ex-
changed over a city area, a pioneering study féarfélo(chapter 4). Similarly, the
work conducted by two cooperating teams, one froenRepartment of Meteor-
ology and Climatology of the University of £#é&nd the other from the Institute
of Nuclear Physics of the Polish Academy of Sciencevery original, as well as
the work by the Department of Meteorology and Ctimiagy of Warsaw Univer-
sity of Life Sciences focusing on the influencenaéteorological conditions on
the gas exchange (radon and ozone) including teegrhenon of the ozone smog
in the city (chapters 5 and 6).

All the issues described above have been prasentéhe monograph as
a coherent whole, in the hope that it will bringignificant contribution to Polish
scientific research into the mass and energy flilesahanged between various
surfaces and the atmosphere, particularly in theest of research into climate
change and its prevention.

Prof. dr hab. Janusz Olejnik
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1. THE MASS AND ENERGY EXCHANGE IN THE SURFACE LAYERS
OF THE SOIL AND ATMOSPHERE

Jacek Lény, Janusz Olejnik

Meteorology Department, Poznan University of Lif@gehces
ul. Pigtkowska 94, 60-649 PozhaPoland
e-mail: jlesny@up.poznan.pl

INTRODUCTION

The matter and energy exchange processes in tfaeeslayers of the atmos-
phere and soil are the important part of a contisucirculation of matter and
energy flows taking place on the globe. This issag been dealt with for a long
time because of its importance for understandimgpiysical processes shaping
environmental conditions (Brutsaert 1988, Cole 19vibarne and Cho, 1988,
Johnson 1954, Kanemasi al 1979, Kdziora 1994,1995, Landsberg 1985,
Monteith 1975, 1976, 1977, Oke 1978, Olejnik, 198896, Oliver 1981, Riehl
1978, Rosenbergt al 1993, Sorbjan 1983). Exchange processes may dgcur
means of conduction (energy only), diffusion antb@lent exchange. In the gen-
eral balance the first two actually do not countauese of their very low efficien-
cy. In principle, as far as the environment is @ned only turbulent exchange is
noticeable. It is very important to link mass exulpa with the exchange of ener-
gy occurring as a result of water phase transiti@aporating water requires
very large portions of energy which is then transig in a turbulent way to the
place where the water condensation occurs. Onal cgay that this property of
water is vital for establishing the energy balarmed as a consequence the ther-
mal conditions prevailing on the Earth's surfacd anthe atmosphere. Unfortu-
nately, exchange processes are not as easily nabésas standard meteorologi-
cal parameters. Various methods are used in rdsgaactice, some of the most
frequently used ones are the profile method and édoWalance method. The
theoretical basis of the two methods has been knfmwm long time (Bowen,
1926, Johnson 1954, Kanemasual 1979, Monteith 1975, 1976, 1977, Oke
1978), but the high technical requirements limitieel possibility of their applica-
tion . Only the intensive development of electrsmpopularized these methods,
however, the requirements which the measuremerprmgnt has to meet and the
area over which the measurements have to be pextbcause that they will
probably never be standard measurements of metgiral stations, and always
will be carried out by specialist research campsaign



12

MOMENTUM EXCHANGE IN THE BOUNDARY LAYER OF THE ATMGSPHERE

When considering the process of evaporation from dctive surface (ex-
change of mass and energy) and the active surksateeiichange with the atmos-
phere (energy exchange), particular attention shbel paid to the layer lying
close to the ground and reaching the height of mote than a dozen meters
above the canopy level ¢dziora 1995). In literature the name boundary serfa
layer (Monteith 1975) has been adopted. Therahingthe order of a millimeter)
laminar layer adjacent directly to the ground . Tim@n mechanism of mass and
energy transfer in the laminar layer is moleculéfusion, while in the boundary
layer - turbulence. The movement of the air indbandary layer is very irregular
(as opposed to the upper atmosphere) and consiitetations in the form of
turbulences and “air bubbles”. Small fluctuatiomsl digh frequency turbulences
are caused by the friction against the base grsurfdce and by the air viscosity.
Larger, more rarely occurring disturbances causethé heat variations in the
surface layers of the air are superimposed on thesteations, which results in the
creation of outflow hydrostatic forces - warmerréges up. The laminar layer of the
atmosphere is separated from the base ground kacthve surface. Every surface
through which a process of mass and energy flowrscsimultaneously with their
transformation, is called the active surfacediora 1995, Molga 1986, Rosenberg
1974). For example, the soil layer is an activéagay, since the gas exchange (wa-
ter vapor and other gases) between the atmosphérhe soil takes place through
it. Soil absorbs short-wave solar radiation and®tong wave radiation. Mass and
energy exchange processes which are the most mmpddr the life of various
ecosystems occur in the atmospheric boundary |ayes. exchange is of course
multidirectional, but this paper is focused on ¢ixehange in the vertical direction,
from the active surface to the atmosphere or verear

The closer to a surface, the lower is the velooityair movements which
eventually reaches zero near the surface. Of cptheevertical velocity profile
depends on the type of a surface over which airem@nts take place. It looks
different over a smooth surface, such as an i o a road, and different over
more rough surfaces, such as a forest, a corn dield meadow. As a result of
a decrease in the wind velocity in the directionhaf active surface, there must be
a momentum flux transferred in the same directromfthe upper layers of the
atmosphere downwards. At the same time the movintalees the matter in the
gaseous form (including water vapor, $@r heat from the active surface or
passes such matter to it . It should be noted, ierv¢hat momentum is always
transferred in the direction of velocity drop, whimeans that it will be trans-
ferred from the air to the active surface, whilathenergy and water vapor can be
exchanged in both directions.
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The momentum exchange must be considered as @yrasess determining
other flow processes, especially the flow of hewt water vapor. It results from
the fact that even in the air with a uniform tengtere and uniform composition,
if there are differences in velocity, the momentwiti be exchanged. There are
two types of air movements over any surface. Thay ilme a laminar flow, also
called layered, when the air moves by distinguih&tyers not intermixing with
each other. The second type is a turbulent moveroeatirring as a result of fric-
tion in the flowing air, which causes a number istattions in the shape of small
eddies . Air flow in the surface layer may occurtwo ways. The more rough
surface and the higher speed of motion, the m&edylithat movement will have
a turbulent nature. Moreover, if the initially lamar flow will turn into a turbulent
one, then even a significant decrease in the sapedor example smoothing of
the surface, will not easily cause the transitiaokiinto the laminar motion. Due
to the strong mixing in the turbulent flow the eanolge rate of momentum, heat
energy and water vapor is 10 000 times greater ith#tme laminar motion. Sum-
marizing, it can be concluded that the only impatrtéactor for the exchange
processes in the natural environment is the tunibuheotion and the laminar
movement can be completely disregarded with no hartie quantitative de-
scriptions (Kanemasu 1979).

The value of the momentum flux depends primariiytloe wind velocity gra-
dient in the surface layers of the air and on thgghness of the surface itself. In
turn, the momentum flux is a measure of the efficieof the turbulent transfer of
other components, such as heat energy, water vapdson dioxide and other
(Kedziora 1995, Desjardist al 1992).

VERTICAL WIND VELOCITY PROFILE

The pace of the vertical mass and energy exchdegends largely on the
thermodynamic equilibrium state of the air. In thestable equilibrium state the
hydrostatic outflow forces predominate, in the dyeaquilibrium state the forces
damping the vertical exchange prevail and in themaéequilibrium state there is
a balance between these forces.

The neutral equilibrium state in the atmosphem@s®umed at the beginning in
order to obtain a simple description. Assuming thatwind velocity at the active
surface is zero, and already at the height of séwveeters above the surface the
velocity is little variable with the change in aliile, the vertical distribution of
wind velocity can be described by the equation:

u(z) =Allnz+B 1)

where:V(2z) — average wind velocity at the height z ,
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A andB — coefficients independent of height.
Lets B = -A:In 7, then:

u(z) = Alin(z/ z,) 2)
From the analytical considerations and field ekpents it follows that
k

where:k = 0,41- experimentally determined von Karman contsta.— a value
called dynamic or friction velocity(Kanemasu i #1879, Monteith 1975, Sorbjan
1983).

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

v(2) =V?In— (4)

For a given wind velocity at the heightthe dynamic velocityv,will be
greater over the more rough surface than over imth surface, and thus, the
effectiveness of turbulent exchange over variousasas will depend on their
roughness, i.e. on the parametger

The discussed case relates to a smooth surfateo(Wiplants) with small
roughnesg,. When considering the air flow over the vegetatitve wind profile
is much more complicated. Only in the area abogevéigetation canopy the wind
profile is logarithmic. In order to describe theti@l wind profile over the area
covered with vegetation by means of the logarithegjoation (4), a certain value
d should be deducted from the heighfThed value is called the height of zero
plane shift. This means that the value of wind ##jois not measured from the
ground surface, but from the plane shifted fromgiraund by the distanak

Equation (4) takes the form:

v(2) :%mid 5)

and is valid only for the heiglztgreater than the plants height. The valueg, of
andd are functions of the plants heights. In most cadesy can be calculated
from the following equations (Oke 1978):

0.1 <z,<0.15h (6)

d=2/3h (7)
where: h — plants height.



15

Vertical wind profile over a homogeneous flat agg remains in dynamic equi-
librium with the surface. So when the nature of timundchanges, e.g. the wind
blows from a mown meadow to a corn field (here fitheblem of the landscape
structure arises), then when crossing the bordeheoftwo complexes its profile
undergoes a distortion and transformation. Whaeeded it is some distance from
the edge of the fields on which the wind will gaimew dynamic equilibrium with
the ground and on which a new vertical wind profiié be formed.

This distance is called ttietch requirement and is essential for the selection
of the place for wind velocity measurements. Ower mew surface thimternal
boundary layer is generated which is in the dynamic equilibriufthvit only on
a certain, short distance from the surface. Thektigiss of this sub-layer, to which
the principle of fixed flow applies and in whichetflux momentum of heat, water
vapor, etc. is independent of the altitude, cadddmed by the following equation:

5(x) = 0,10° (702 ®

where:x — a distance from the border between the two tgpasirfacesz, — a new
surface roughness parameter.

For example, in the distance of 100 meters froentibginning of a corn field
of 1.5 m & = 0.15) height, there is only a 3-meter layer iofadove the field
when walking with the wind, and within this laydret streams are constant and
independent of altitude The anemometers for meaguhe appropriate wind
profile should be placed in this very layer.

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

Examining the phenomenon of energy and mass &aimsthe boundary sur-
face layer one should remember about the followwayprinciples:

1. Flux density of any value passing through the g@evironment at each point
is directly proportional to the concentration geatdiof the value causing this
flow.

2. Flux density of any value passing through the gieewvironment between two
points is directly proportional to the concentratidifference of the value
causing the flow between these two points and selgrproportional to the
resistance which the environment creates to themafux.

These principles explain fairly well the equatigmesented below which ac-
count for vertical momentum flux density, apparbeat and heat used for the
evaporation which is equivalent of the water vaffox density exchanged be-
tween the atmosphere and the active surface.
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Using the rule (1) and the concept of turbulerdhexge coefficient (K), one
obtains:

_ X 9)
T=p [K, 3
_ A (10)
E =- A
=G
or 11
S:_p[bDK_(E ( )

At the same time using rule (2) and the coefficignaerodynamic resistance
(fam), we obtain:

T=pG\@. (12)
ra,M
-q(0
E[zpq(Z) a0 13)
ra,V
T, -T
S=ple—=—=, (14)
ra,H

where in formulas (9) — (14) following notationused:

p — air density (1.Xg m®),

¢ - specific heat of air (1004 JKg™),

Kw, Ky, Kn, — diffusivity coefficients of momentum, water vapord heat (784,
ram fav, fan— aerodynamic resistance coefficients, respectificglynomentum,
water vapor and heat respectively (§m

0v/dz — vertical gradient of wind velocity €

0g/0z —vertical gradient of specific moisture (i

0T/dz — vertical gradient of air temperature (K)n

V(2) — wind velocity on the measurements lewth s%),

q(2) — specific moisture on the measurements legydkg kg"),

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

T, — air temperature on the measurements ley€Kj,

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

r— momentum flux density (&),
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E; — flux density of water vapor (kg fa"),
S— heat flux density (W ).

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

KM = KV = KH (15)

or that the aerodynamic resistance coefficientsnofmnentum, heat and matter
fluxes between the leve] and 7 are equal in the neutral equilibrium conditions:

r.a,M (Zil Zz) = r.a,V (Zil Zz) = r.a,H (Zil Zz) (16)

where the indexes M, V, H refer to the momentumiewaapor and heat respec-
tively.

Transfer coefficient (in turbulent exchange) of ahysical value Q in the given
liquid mediumK, can be defined as the ratio of this value fluxsitgr(Q m’s?) to
the concentration gradient of this magnitude (&m). As a result, th&, coeffi-
cient has a dimension of area/timée §1). This ratio is also called diffusivity.

The equations from 9 to 14 are not suitable factcal measurements of the
fluxes exchanged with the active surface untildbefficients K and r are not unra-
veled. Therefore, the following section is devdiethe presentation of the method
of transformation of these equations so that tlaeybe applied in practice.

If the flow is of a stabilized character, whichams that the flux values in this
layer are constant then the calculations are deimguhe first set of equations for
the developed boundary layer. The gradient valuaefjuantity causing the flow
is a function of height. Gradient decreases inrsegroportion to the height (the
derivative of equation 5). Therefore, as it follolvem equations 9 to 11, the
coefficients K have to grow with the height to emestihe fluxes stability.

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

g=fe. a”
p
where:
p — atmospheric pressure (hPa),
£—ratio of molecular weights of water vapor andwiich is equal to 0.622.



18

After this substitution equation 10 took the foofn

[
E, :_PapaEKV B;Z;e 18)

Integrating the equations 9, 18 and 11 in theeasfg;, z and converting the
formula, one obtains the following equation:

r:vﬂKM@?}% (19)

2
(e -
E = _P (K, E% & (20)
p 5L-4
— IL,-T
S=-ple, K, B——+ (21)
5L—4
Using equation 5 for the heiglts z one receives:
V, -V, = Vign2
k 7

After squaring this equation and using the detinitof v, given by the equa-
tion (Monteith 1975, Schwerdtfeger 1976):
vi= 22)
S

and using equation 19, we received:
K. = kz(vz -vi)(z,-2)
M
(in%2)?
Z

(23)

Given that the vertical gradients of wind velogityapor pressure and tem-
perature are inversely proportional not to the lhiemyover the active surface, but
to the z — d, where d is the height of zero pldni#, s1sing equation 23, and the
theory of similarity, one can formulate definitif@ms of the equations for mo-
mentum, water vapor and heat fluxes that are exgthbetween the two levels
in the atmosphere under the conditions of theastaty flow. They allow the
calculation of the density values of these fluxestloe basis of wind velocity,
vapor pressure and temperature measurements ortly@tevels:
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2

r=p k(Vz _Vl)
for momentum | z,-d (24)
n
z,—d

£ = _PEIC(V, -V, —e)

t

for water vapor p(In é)2 (25)
A

S= _pm:[kz(vz V)T, -Ty)
for heat (In22)? (26)

The flux of water vapor flowing from the activerface of the atmosphere can
be expressed as an energy flux needed to evapaade in the process of evapo-
transpiration (LE), because this process is a goafowvater vapor flowing into
the atmosphere. This energy flux is equal to tleelpet of the water vapor fluk
and the latent heat of evaporatids. After replacing the water vapor flug with
the energy fluX_E equation 10 takes the following form:

Liple, ok
LE=- Ky — 27
s (27)
introducing coefficient/(psychrometric constant) defined by the formula:
clp
=— 28
s (28)
one obtains after transformation:
Lle _c
Py
and ultimately the equation 27 takes the form:
__ple, &
LE=-—K 29
, B (29)

Together with the equation 2.11
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S=—pEbD|@?z

they create a pair of equations, which expresslémsity of latent and appar-
ent heat fluxes flowing from the active surfaceéhte® atmosphere under the condi-
tions of the stationary flow and the neutral edpilim of the atmosphere. As
already mentioned, these equations can be apptidafter coefficientX, and
Ky are unraveled. To accomplish this, the equatiangtfe vertical profile of
wind and the friction velocity yare used.

Differentiating equation 2.5 and using equatio8safd 9, after the transfor-
mations one obtains:

K =k (2= @7 )

Using again the similarity theory, by substitutiig in the place oK, andKy
one finally gets a couple of equations to calculatent and apparent heat flux
densities in the developed boundary layer. Theg thk following forms:

__p_[C 2 Mo A\2
LE = y (k“ [{z—d) %%, (30)

S=-plelk®[{z-d) %% (31)

which are frequently used in the measurement peacli should be noted, how-
ever, that one can use them only under the conditod neutral equilibrium in the
atmosphere (possible vertical movements of tharaimot caused by the thermo-
dynamic forces). In another situation (unstablestable equilibrium) equations
are becoming even more complicated, which is ptegdn the following section.

THE EFFECT OF AN ATMOSPHERE THERMODINAMIC EQUILIBRIM
ON THE EXCHANGE OF ENERGY AND MOISTURE IN THE DEVEDPED
BOUNDARY LAYER OF THE ATMOSPHERE

In the previous section, all equations concerhedneutral equilibrium in the
atmosphere. Considerations on the impact of thesgthere on the momentum,
vapor and heat fluxes should be started by identifhe thermodynamic equili-
brium state of the atmosphere. For this purposectmcept of Richardson num-
ber has been introduced, expressed by the formula:
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d81 oz

g
Ri==
t (vl (32)

where: 6/ dz — vertical gradient of potential temperature (K)m
When the values of temperature and wind veloaigykmown only on the two
levels, then the Richardson numbRi)(is expressed by the formula:

Ri :QE(HZ -6)(z,-2) . (33)
t (v, _V1)2

In the ground layer one the potential temperati@n be replaced by the
actual temperature In the unstable equilibrium the value of Richamdsumber
is less than zero, in the stable equilibrium Riigger than zero.

After considering the impact of atmospheric thedgm@mic equilibrium the
equations 30 and 31 take the following form:

__p_[C 2 — 2 -1
LE=-2 0 o) ) 00, 0,)* 34)

S=-pk: qz-d) %Bﬁz—rmmx (35)

Where:fDM, CDV, CDH are the functions of atmospheric stability, formemtum,

water vapor and heat respectively.

In the last 20 years a humber of empirical fundi@f stability have been
developed. Most frequently, the following equatians used:

when Ri>0 steady equilibrium state

o, =P, =0, :(1_5R)_11 (36)
when Ri<0 unstable equilibrium state
¢, =, =df = (1-16R)*° (37)

Assuming, according to the similarity theory, ttempatibility of ®y and®,,
one can formulate a function of the thermodynangailéorium state impact on
the vertical exchange of mass and energy:

F= (('DV,H@M)-l

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, thka proposed function F
increases the momentum, water vapor and heat fldtberwise, the stable equi-
librium decreases fluxes.

The equations 34 and 35 enable the determinafidheoenergy fluxes used
for evaporation and heating of the air when vericafiles of temperature, vapor
pressure and wind are known. Therefore, using ¢lsalts of the measurements
and the aforementioned set of equations one cainothte two most difficult to
measure components of the heat balance of theeamiivace.

BOWEN METHOD

Generally it has been accepted to express theiequa the heat balance of
the active surface in the following form (Paszyn&Ri72, Monteith 1975, Oke
1978):

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

where:Rn — radiation balance (W ),
LE — latent heat flux density (heat consumed in exatfum) (W n¥),
S — apparent heat flux density (heat consumed irtingeaf the air)
(W m?),
G — soil heat flux density (W A).

It is assumed that the individual components efdfuation 40 take positive
values, if they represent the energy inflowing #sxto the active surface, and
negative if they represent fluxes of energy flowmg from the active surface.

It is relatively simple to measure the balancearfiation Rn) and soil heat
flux (G). Sensors used for such measurements are avadablare often used at
meteorological stations. Using the results of treasurements of these parame-
ters allows for the estimation of the individuangponents of the heat balance,
using the so-called Bowen's method. This name éeffrom the fact that the ratio
of apparent heat flux density to the latent heat been adopted as the Bowen
ratio (0):

=S
B=1g (41)

The values of the turbulent heat balance compsrent be determined on the
basis of the above equation (41) and by transfagrtiie equation 40. Then one
obtains the following:
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Rn+G
LE=- ,
1+ (42)
Rn+G
S=- )
1+ 5 )

This method for assessing the apparent and laist is called the Bowen
heat balance method. If now, one substitutes thatams (34) and (35) for the
equation (41) the following relationship is obtaine

a
B@)=yE. (44)
2

Thus, as seen above there is no need to incluéutittions of the atmos-
phere thermodynamic equilibrium in the Bowen’s roethin general one meas-
ures the values of temperature and water vaposyreon two levels and then,
just as in the profile method using the Lagrangmtem replaces gradients with
the differences quotient in the equation (44). Wnifoately, this approach in-
volves the risk of committing an error, especidllythe case of a non-linear
changes in gradientsande at the active surface. Another way to proceeais t
measure the abovementioned parameters on sevesld,léhen to set a function
of the parameters variability with the height aimdconsequence, to determine the
actual temperature and vapor pressure gradieng$n(iolL996, Forest 1998).

Exploiting the differences requires the use of enaccurate sensors, since
even a small error (deviation) of one sensor cesngty affect the value of the
determined heat balance components. Determinatiotheo vertical variation
function requires more sensors, but the calculapicotess allows eliminating
guestionable readings maintaining the accurachiefihal results.

CONCLUSIONS

In summary, in order to apply the profile methodassess the heat flux used
in water evaporation and for warming up the air oeeds to know the vertical
profiles of wind, temperature and vapor pressurgahdrtcoming of this method is
the eventuality that the heat balance of the astivéace will not be struck, i.e., the
sum of all fluxes will not give O value in resudss it should stem from the equation
(40). Such situation implies the occurrence of cagaacies or errors in the mea-
surements, but unfortunately it does not give thenar which of the components
was wrongly calculated. On the other hand, obtgirdero result for the sum of
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these components gives the investigator high denéie that the measurement
process was conducted properly, and the obtairsedtseare very close to reality.
The Bowen's method, to some extent by definitiatisfies the equation (40).
It does not require the information about the wspeed profile over the active sur-
face, which greatly simplifies the measurementesysand reduces the number of
sensors. However, it also has some drawbacks. iBgaat2 and 43 indicate that
when the Bowen ratio is close to —1 the determihwdes may drastically differ
from the real ones. For example: the results mdicate that there is a huge con-
densation of water vapor, and the heat emitted isywarming the air, or converse-
ly, that the great flux of energy from the air &ed in the evaporation. Both situa-
tions are absurd, but the uncritical treatmenhefresults may lead to such errors.
To avoid them, one should notice that the Boweio @pproaches the value
of —1 if the temperature gradients have opposgassand the absolute value of
the vapor pressure gradient roughly equals O.theftemperature gradient. It
occurs most often during the redirection of endhgyes flow, i.e. during sunrise
and sunset. Generally, all components of the hakinbe take then the values
close to 0. Then the temperature and vapor preggacdients are also very low,
which means that a researcher often reaches tlits lihthe sensors’ accuracy,
therefore, even if the determined gradients arsecto the actual ones, their ratio
and as a consequence also the Bowen ratio carsiggificantly from the real val-
ue. Since, as it has been mentioned before, thievalf the energy fluxes are low
during these periods they are often skipped irctteulations, and the fluxes’ val-
ues are interpolated on the basis of their dailyss. This procedure seems to be
burdened with a smaller error than the determinatiothe fluxes using formulas
42 and 43 at all costs, and in the case when arasd is seeking to obtain the
average daily values of heat balance componentsofaible error is negligible.
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INTRODUCTION

Studies devoted to the natural processes takamg ph every plant have a rich
historical background. The dependence of vegetagimwth on environmental
conditions and their common correlations are aiakussue for researchers. The
review of research by Lae al. (2002) presented such a correlation. It presented th
dependence between temperature and precipitatitm tve annual ecosystem
production, and also the relation between stonmatepiration (water released to the
atmosphere) and G@ssimilation (carbon uptake from the atmospheriegyTalso
found a correlation between the seasons of the Yw#h their individual
characteristics) and the ability of an ecosystemssimilate CQ The rate, intensity
and quantity of processes listed above is detenine several environmental
factors such as: light quality, temperature, watantent (Barret al. 2007) and
also biochemical factors such as the length of grgweason and light response.
The type and age of tree stands, soil properti@®st management and site
longitude also influenced the ecosystem releasefdaton of Greenhouse Gases
(GHG) from the atmosphere. The rate of the carboxide efflux from the soil is
influenced by temperature jointly with soil moigtuand can be expressed by the
Qo coefficient (Tjoelkeret al. 2001, Pavelkat al. 2007). The @ coefficient is
defined as the proportional change in carbon dmxfflux resulting from 10°C
increase in temperature. Temperature, as a shiemging factor, is also related to
the activity of micro-organisms. Together with wadgailability and organisms, it
influences soil decomposition, nitrification andnmialization (carbon, nitrogen
and nutrient cycle) (Hobbiet al. 2006). The plant reaction to increased,CO
concentration was also examined by several researdiNiinisto et al. 2004,

YThe research is financed by the State Forest htidolding in Warsaw. We would like to thank
the foresters from the Tuczno Forest District fbowaing the use of pine forest stand and support
during the measurements and field work. Sincerakhao the Biomet lab, UBC, Vancouver,
Canada, for all help with our EC system.
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Janssenst al. 1998, Saxeet al. 1998). According to Valentingt al. 2000 the
ecosystem respiration appears to go up just asidatiincreases and quite the
opposite occurs when the mean annual temperatareases. Furthermore, the
CQO, efflux from soil is strongly correlated with tempéure (Janssena al.
2001). The wide variety of environmental factorsl amdividual site conditions
are related to both types of respiration: autotiophd heterotrophic.

In recent years several techniques were applied GbiG exchange
measurements in different ecosystems across Euf@pa.standard method, the
Eddy Covariance (EC) technique is applied for theasurement of mass and
energy exchange between the land surface andntiosattere. In the last 20 years the
detailed description of wide variety of experimavith EC in different ecosystem
have been published in the frame of such Europeseag like CARBOEUROPE-IP,
FLUXNET, EUROFLUX etc. (Valentinét al. 2003, Aubinett al. 2000, Baldocchit
al. 2001). The scale of research ranged from mole¢silagle cell, leaf or needle) to
ecosystem (single plant, forest stand) (Urban 2003)

The main goal of this paper is to present the grymresults of EC
measurements from the Tuczno forest site locatddoiland for the year 2009.
The estimation of CPand HO fluxes exchange in the Scots Pine forest stand
(afforestation) will be analysed under environmersgad meteorological site
condition. Moreover, we would like to determine thelationship between
temperature, precipitation and radiation at theedbrstand. The structural
description of the Tuczno measuring site and thgliegh techniques will be
presented further on.

MATERIAL AND METHODS
Site description

The study site is located in the Tuczno ForestridtgNorth-West of Poland,
53°11'N, 16°5’E), about 40km west from Pila. Thedst canopy is composed of
52-year-old Scots pineP(nus sylvestris L.) and birch Betula pendula ROTH)
trees, which cover 99% and 1% respectively. ThecEs composition is typical
for a vast part of Polish lowland forests, wher@wb60-year-old Scots pine
afforestation is prevailing. The average tree di@mat the breast height (DBH) is
21cm and the average tree height is about 20 maVéeage annual precipitation
and air temperature observed at this site are 5@0amd 7.6°C, respectively.
These meteorological characteristics are simildhéoaverage values measured in
Poland in places where precipitation reaches 60@mndair temperature 8.5°C.
Western wind is most common in Tuczno, while southend north-western



28

winds are most typically observed in Poland. Thewjng season lasts
approximately 220 days. The under-canopy vegetatimsists mainly of beeches
(Fagus sylvatica L.) and hornbeamsCarpinus betulus L.). The solil in this area is
typical podzols according to the FAO classification

Eddy Covariance and micrometeor ological measurements

The Eddy Covariance (EC) technique is a standathad of ring gas and
heat exchange over a wide range of ecosystem. Then&hodology is widely
applied in European countries such as: Finlandndea ltaly and others
(Launiainenet al. 2005, Lundet al. 2007, Nakaiet al. 2008, Ilvesniemgt. al.
2009). It is also commonly used in American andafisicountries: the USA,
Canada, Japan and others (Baldocethial. 2003, 2005, Guaret al. 2006,
McCaugheyet. al 2006, Hirataet al. 2007, Missoret al. 2007, Kominamit al.
2008). Therefore, the EC technique is also appaltetle Tuczno forest site.

The EC system is installed at a 4-meter tall makich is mounted on the top
of 34-meter tower. The measuring system consistalynaf two instruments: an
open path infra-red analyzer IRGA Li-7500 (Li-Caincoln, NE, USA) and a
three dimensional asymmetric sonic anemometer CS&J8npbell Scientific,
Logan, UT, USA). Both instruments operate at a 28ampling rate. Moreover,
the Photosynthetic Photon Flux Density (PPFD) issoeed by Quantum sensor
(SKP 215) (Skye, UK). The basic meteorological peeters such as: wind speed
and direction, precipitation (without snow), bardrieepressure, air temperature
and relative humidity are measured by an automeg@ther transmitter WXT510
(Vaisala, Helsinki, Finland). The weather statia@s lbeen operating since August
2009. All sensors are connected to a data-logges00& (Campbell Scientific,
Logan, UT, USA). The power supply system considtdw® sets of 24DCV
batteries. The obtained data are stored on a dgtget compact flash disk, which
is connected to the local field computer. The agubkystem ensures proper data
protection. The EC system has been continuouslpperation since January
2008. The basic information related to the canopycture is described by
a hemispherical photography. The equipment usedhisrtechnique consists of
a digital SLR camera Canon EOS 5D (12 MP matrixhvei Sigma EX fisheye
lens — 8 mm, f/3.5. Gap Light Analyser is applied the analysis of hemi-
spherical photos (Chojnickt al. 2009).

The Net Ecosystem Production (NEP) denotes themetuction of organic
carbon by plants (Kirschbauenhal. 2001). The NEP can be considered a result of
subtracting the Ecosystem respirationgddp 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 4©gained by a forest ecosystem
and a negative NEP value indicates that carborididg lost. Evapotranspiration
is as a combination of physical and physiologisap®mration, which is a result of
plant gas exchange. In order to estimate the vegtde (including evapotranspi-
ration) in a terrestrial ecosystem a large numbiggamameters and coefficients,
which are necessary in numerical modelling, is iregl

RESULTS FROM THE TUCZNO FOREST SITE RESEARCH
M eteor ological Background

The meteorological data (daily average air tentpegaand precipitation
totals) for the time period from August to Decembere obtained from the
WXT510 Vaisala Meteorological Station. The statiwas installed on a mast,
which was mounted on the top of the Tuczno meaguawer. For the year 2009
the meteorological data were obtained from the fgteorological station, which
is located about 40 km west from the Tuczno site.
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Fig. 2. The correlation between daily average air tempegatecorded for the Tuczno forest site.
Fig. a) Vaisala meteorological station vs. CR500@-d#agger at the Tuczno measuring tower

Fig. b) CR5000 data-logger vs. Pila meteorologitaien

Fig. c) Vaisala meteorological station vs. Pila@oeeblogical 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 €kgood
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 (Fas) and
Tuczno (Taxr) 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 abasit 8.8C and the
precipitation was about 512 mm (Fig. 4a, Fig. 4n).the analysed year the
maximum air temperature occurred in late July (81)2vhile the lowest value
was observed in early January (-2@}% The mean annual precipitation was
about 512 mm. The monthly precipitation reached highest values of about
74 mm and 67 mm in October and May respectivelye Tdwest precipitation
records of 2 mm and 18 mm were observed in April danuary respectively.
According to the applied EC methodology, the winidection definition is
extremely important for the future data calculatitm 2009 western wind was
prevailing at the Tuczno forest site (Fig. 3).

=
= 5
L 1
ey
]
[wwi] o2ad

=

b) ] T j T I T T T

{1 I | | Ll J L., I||| I.I. |||II . \‘ ‘

d)

hh

=

} Wu;i‘\ i MM W M “ W Wﬂ \hw )

s

NEP [mg CO,-m2s1]

I i I I i i i I i I
Jan Feh Mar Apr May Jun Jul Aug Sep Oct Naw Dec:

Marth
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Fig. a). the annual course of air temperature andcipitation from WXT510 Vaisala
meteorological station

Fig. b). the daily sum of precipitation from Pile&taorological station

Fig. c). the Tuczno forest daily water vapour flsiXEE) course

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

Throughout 2009 the daily NEP values varied frairb-to 1.5 mg C@m?s*
(Fig. 4d). The negative NEP was observed from XonBecember, while the
positive NEP values during the period from MarchMay. In the remaining
months of the year the NEP values did not sigmnifiilyadiffer from each other.
The negative NEP values, which occurred duringvlgetation season, could be
the outcome of a decrease in the PhotosynthetidoRhBlux Density. The
reduction of radiation, which was partly absorbgdclouds, scaled down the
light, which could reach the needle/shoots surfate. additional environmental
factors, such as precipitation and temperaturee w&ongly NEP-related due to
the increase in microbiological activity in thelsdihe processes described above
increase the COlux from forest stand (Ro). In October and November, when
the average precipitation was about 5mm at theriausze, the C@Quptake was
significantly reduced and for a short period in years the forest stand was
a source of carbon dioxide. The annual precipitatio 2009 in the area of the
Tuczno forest site was about 512 mm. The soil higidvhich strongly
depended on precipitation, also influenced the GlpEake/emission from the
forest ecosystem. The high soil respiration, whitdmmed from the increase in
soil humidity and microorganism activity, signifittdy influenced the forest
ecosystem capacity to release {x@o the atmosphere.

Water vapour (LE) fluxes

Throughout 2009 the daily values of water vapduxes (LE) varied from
0 to 580 W rif (Fig.4c.) and revealed a similar course to the Nis. In winter
the LE fluxes dropped below 100 W?min contrast, in summer the average LE
values were significantly higher (about 300-400 W).nThis phenomena were
strongly correlated with the fluctuation of soladiation intensity, which influenced
the energy in ecosystem. Both, LE and NEP werd¢el® the season of the year
and the plant physiological development. In sumther NEP fluctuation was
linked to the variability of the daily evapotranspion fluxes. The intensive tree
growth significantly sped up the production of O@hich was assimilated by plant
cells in photosynthesis. Furthermore, the watemspaation was also higher in
summer than in winter. The increase igOHfluxes, which was recorded from
March to June, could be connected with the grovidmgst floor evaporation. The
basic environmental parameters, such as the apeieture and precipitation, were
the crucial elements, which influenced the houdbily and annually courses of
carbon dioxide and water vapour fluxes.
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GEP versus PPFD dependency

Gross Ecosystem Production (GEP) mainly dependshenPhotosynthetic
Photon Flux Density (PPFD) values, however suchofacas air and soil
temperature, precipitation, tree species and agrotée disregarded due to the
complexity of forest ecosystems (Blagtkal. 1996, Pilegaardt al. 2001, Carrara
et al. 2003). Soil temperature, as one of the most inambfactors, influenced the
intensity of plant physiological processes (phottsgsis or respiration).
Moreover, it was strongly connected with the micgamism activity and was
responsible for controlling the magnitude of solDLCefflux. The correlation
between such meteorological factors as precipitatsmil and air temperature
influences the amount of water, which is absorbgglants or is transpired into
the atmosphere. Taking into consideration the abibvis highly complicated to
describe the simple relation between the flux niage by parameter — PPFD or
soil temperature. In the light of the previousesta¢nt, the model parametrization,
which depends on the changes in ecosystems, iy &s&ge. The estimation of
ecosystem respiration is as important as the dieaiion of the amount of net
carbon dioxide gained by forest ecosystem (NEP&. gdp filling procedure was
based on a two-term function. The first term iglation between PPFD and GEP,
while the second term is an ecosystem respiraliothe literature several models
of both, NEP (Falget al. 2001, Carrarat al. 2004) and R-o (Barr et al. 2004,
Lloyd and Taylor 1994, Fang and Moncrieff 2001)raation were described. The
“Nelder-Mead simplex direct search” algorithm (Lega et al. 1998) was
selected for the models evaluation processes.

The data obtained from the Tuczno site were pescks terms of GEP versus
PPFD dependency estimation. The Michealis-MenteAMMdynamic formula
(1913), a model which is commonly used (equatiorwa) applied to describe the
relationship between these fluxes. The M-M formedafficients were established
for each month (Fig. 5). The relatively low detemation coefficient values Jrfor
the December to February time period, were nosaltref wrong selection of M-M
model parameters. The application of different nmdgescribed in the literature,
for such dispersive measuring points did not rergdgisfactory results. During
winter months (beyond the vegetation season) thie faikes were relatively low,
which could be a major cause of low determinatioefficient. Every change,
which is present in the natural ecosystem, evesiiegdlest one, strongly increases
the observed values of GEP, measured by the EEmsy3tking into consideration
the limitation of applied measuring technique, whitan be visible during the
model evaluation and gap filling procedure, an tolddl mea