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We report the results on eddy covariance measurements of net ecosystem exchange
(NEE) and accompanying latent and sensible heat fluxes for 44 months in boreal
Scots pine forest (southern Finland). We analysed the temperature dependence of
ecosystem respiration and PPFD (photosynthetic photon flux density) dependence of
daytime CO, exchange and calculated the annual carbon budget filling the gaps in
data series with the temperature and light dependences. The estimated annual
balances of the NEE's were —234 g C m?2, =262 g C m2 and —191 g C m=2 in 1997,
1998 and 1999, respectively. We calculated also NEE's for every possible 365-day
periods included in the data series and the maximum and minimum of such NEE's
were—165 g C m2 and —304 g C m=2. The growing season started around 28 April, 16
April and 25 March in 1997, 1998 and 1999, respectively. The maximum light
saturated CO, uptake rate reached the value of 12 umol m2 s gradually by the end of
June. In autumn, the uptake did not decline gradually but ceased rapidly round the
beginning of November. The non-growing season activity is aso important, because
soil carbon decomposition occurs al year around, even in cold climates under snow
cover. The wintertime average CO, respiration rate was 0.44 pmol nr2 s,

Introduction

Our understanding of the global carbon budget
is incomplete. It is not known whether the
observed sequestration of half of the anthropo-
genic emissions of CO, is sequestered in the
oceans, in soils or in plant biomass (see e.g.
Baldocchi 1996). However, recent studies have
confirmed the important role of terrestrial vege-

tation in climate change and, especially, the role
of circumpolar boreal forests in the global car-
bon cycle (e.g. Ciais et al. 1995). The bored
forest is a mixture of coniferous and deciduous
tree species which covers currently about 1400
Mha, or 10%, of the earth’s terrestrial surface
(Bonan and Shugart 1989, Dixon et al. 1994).
The three principal experimental techniques
for estimating the carbon balance of forest bi-
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omes are micrometeorological measurements of
surface fluxes, biomass inventories, and the in-
version of atmospheric gas concentrations. The
advantages and drawbacks of these approaches
were recently reviewed by Mahi et al. (1999).
The primary method adopted for CO, flux meas-
urements is presently eddy covariance (EC),
measuring flux densities directly between bio-
sphere and atmosphere typically by means of
towers. However, on a daily scale, the net bal-
ance is the relatively small residual of opposite
day and night fluxes, and a small error in deter-
mination of one of these processes could lead to
amiscalculation of the balance (Moncrieff et al.
1996). Likewise, in annua scale, the accurate
determinations of summertime carbon sink and
wintertime source are desired. This may be a
complicated task since the response of the eco-
system to the environmental factors changes
over the year (e.g. Greco and Baldocchi 1996,
Goulden et al. 1997). The annual net balance
can even deviate in one or another direction asa
result of varying climatic conditions (Lindroth
et al. 1998). The biggest uncertainties in the EC
technique presently relate to nighttime fluxes
and, in high latitudes, to wintertime carbon
exchange. Notwithstanding, measurements of
CO, fluxes above plant canopies are useful tools
for parameterizing and for testing of the models
to assess NPP (net primary production) and GPP
(gross primary production) (e.g. Ruimy et al.
1996).

In the present paper, we report the results of
EC measurements of the net ecosystem exchange
(NEE) and accompanying latent and sensible
heat fluxes for 44 months in a boreal Scots pine
(Pinus sylvestris L.) forest in southern Finland.
We introduce the site and experimental set-up
briefly and report the long-term time series as
well as representative seasonal data. We analyse
the temperature dependence of ecosystem respi-
ration and PPFD (photosynthetic photon flux
density) dependence of daytime CO, exchange
and calculate the annual carbon budget. In addi-
tion, we consider the significance of inaccuracies
related to the nighttime problem, determination
of seasonal changes in activity and different
interpolation (gap-filling of data) procedures. All
of these issues are also highly relevant to the
research carried out within the global flux tower
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network (Aubinet et al. 2000, Kaiser 1998).

Methods

The data were collected at the SMEAR 11 field
measurement station (Station for Measuring For-
est Ecosystem—Atmosphere Relations), which is
located in Hyytidla, southern Finland (61°51"N,
24°17°E, 181 mas.l.) (see Vesalaet al. 1998).

Site

The 34-year-old (1996) Scots pine (Pinus syl-
vestris L.) dominated stand is homogeneous for
about 200 min al directions from the measure-
ment site, extending to the north for about
1.2 km (60° sector). The terrain is subject to
modest height variation. The height of the domi-
nant trees in the stand is 14 m, its zero plane
displacement is about 9 m and roughness length
is1.2 m. The mean diameter at breast height was
13 cm and the total (all-sided) needle area index
a its maximum was 9. The Scot pine stem
biomass was 45 t ha?, the total biomas (needles,
branches, stem and roots) was 72 t ha? and the
tree density was 2100-2500 per ha (Ilvesniemi
and Liu 2000).

The dominant stand contained only 1% of
species other than Scots pine: downy birch (Bet-
ula pubescens Ehrh.), grey alder (Alnus incana
(L.) Moench) and aspen (Populus tremula L.).
The ground vegetation consists of heather (Cal-
luna vulgaris L.), lingonberry (Vaccinium vitis-
idaea L.) and blueberry (V. myrtillus L.). The
dominating moss species was Dicranum undula-
tum. The annual mean temperature is 3 °C and
precipitation is 700 mm. The parent materia of
the soil is coarse, silty, glacid till and the soil is
aHaplic Podzol.

Measurements of CO, exchange of the
ecosystem

The eddy covariance method is based on the
average of the product of instantaneous vertical
velocity (w) and a scalar quantity (s). (Kaimal
and Finnigan 1994, Aubinet et al. 2000). The
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vertical flux is given by

F= W! (1)
where the primes denote instantaneous fluctua-
tions from mean values and the overbar repre-
sents a mean over agiven period. If the scalar is
the atmospheric concentration of a gas or the air
temperature, the quantity obtained is proportion-
al to the vertica flux of the gas or to the flux of
the sensible heat, respectively. When the scalar
is replaced by fluctuations of horizontal wind
speed and multiplied by the air density the
equation produces momentum flux (7). By tak-
ing a square root of ratio of momentum flux and
air density (p,) an important quantity caled
friction velocity is attained. Thus, the equation
for friction velocity is

w = Jtjp, =|(Tw) +(7w) ] @

where u and v denote the horizontal wind speeds
perpendicular to each other. The friction veloci-
ty is ameasure of turbulent velocity fluctuations
in the air. Generally, the sum of emissions and/
or uptake by underlying vegetation layer and
ground is not equa to the flux at the measure-
ment level because of storage or release in the
air layer. The rate of accumulation or release is
called storage flux and it can be estimated by
means of gas gradient measurements. The equa-
tion used for the storage flux is

h
dc
= (=dz, 3
F, -([dtdz ©)

where h is the measuring height and c is the
concentration of the measured quantity. During
calm periods atmospheric stability affects the
storage flux. Obukhov length (L) (Seinfeld and
Pandis 1994) is often used as a measure of
atmospheric stability. The storage fluxes are
biggest under stable stratification conditions or
under transition from stable to unstable when a
quantity is released into the atmosphere above
the measurement level. At the Hyytidla site, EC
fluxes were measured at two heights from a
measurement tower that is 72 m high. Both
measurement set-ups included an ultrasonic ane-
mometer (Solent 1012R2, Gill Instruments Ltd.,
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Lymington, UK) and a closed-path infrared gas
analyser (LI-COR 6262, Licor Inc., Lincoln,
NE). The distance of the anemometer from the
mast was 3.5 m, and a 7 m long heated teflon
(PTFE) tube (inner diameter of 4 mm) was used
to sample air from near the anemometer (tube
inlet fixed below the sensing head of the ane-
mometer, about 15 cm from the centre) to the
gas analyser. The flow rate was 6.3 dm® mintin
order to produce turbulent flow. In addition to a
membrane filter (1 um PTFE) at the gas analyz-
er inlet, there was a sintered brass filter at the
inlet of the gas sample line to remove particles
larger than 50 um. Pure, dry nitrogen was used
as the reference gas for the gas analyser. The
fluctuating components were extracted from the
turbulent records by linear detrending (see e.g.
Rannik and Vesala1999). The delay time dueto
sample gas flow in the tube was obtained by
determining the maximal vertical covariance.
Finally, the flux was corrected for the imperfect
frequency response of the system (damping of
fluctuations in the sampling line, frequency re-
sponse of the gas analyser) according to Moore
(1986) by using the model co-spectra of atmos-
pheric surface layer turbulence (Kaimal et al.
1994). A more detailed description of the opera-
tion of the set-up is given by Rannik (1998a)
(see also Rannik 1998b).

Continuous measurements of energy and gas
fluxes were started in April 1996 at 23 m, 10 m
above the forest canopy. In February 1998,
measurements were also started at 46 m. Since
then the measurements were done at either of
the heights, except for breaks for the mainte-
nance or calibration of the instrumentation or
failures in the operation of the set-ups.

Measurements of gas concentration gra-
dient and other environmental quantities

The temperature, wind speed, and gas concen-
tration gradients are continuously measured
from the flux tower at six levels: 4.2, 8.4, 16.8,
33.6, 50.4 and 67.2 m. Wind speed is measured
with Vector A101IM/L cup anemometers (Vec-
tor instruments, UK) and temperature with PT-
100 sensors (platinum resistance thermometer).
The temperature sensors are shielded from solar
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radiation and ventilated. Wind directions are
registered with Vector W200P wind vanes (Vec-
tor instruments, UK) at three heights (4.2, 16.8
and 50.4 m). The cup anemometers and the
temperature sensors are attached to horizonta
booms about 4.5 m and 2 m from the mast,
respectively, pointing to the north-north-west.
From each measurement level the air is sucked
through teflon tubes of equa lengths (100 m,
inner diameter 14 mm) to a measurement cottage
near the tower where it is analysed for concen-
trations of CO,, water vapour and trace gases.
The CO, and H,0O concentrations are measured
with URAS 4 (Hartmann & Braun, Frankfurt am
Main, Germany) infrared analysers in sequence
using a valve system. Soil temperature is meas-
ured at seven locations with silicon temperature
sensors (Philips KTY 81-110).

Results

We first present the measured fluxes of CO,,
H,0O, and sensible heat for the period of April
1996 to December 1999. Next we analyze the
validity of the data as regards the measurement
height, the wind direction, the atmospheric sta-
bility, and the friction velocity. This analysis
provides criteria for the representativeness of
the data and using these criteria we present the
seasonal patterns of daily CO, and storage fluxes,
Bowen ratios and ecosystem exchange under
radiation saturation. The gap-filling of the CO,
flux data series is carried out in three different
ways and finally daily and yearly balances of the
exchange are presented for the Hyytida Scots
pine site.

The measured CO, and water vapour ex-
change data at either measurement heights cov-
ered 83% of al the half-hourly periods during
the 1354 days of continuous measurements.
Data coverage of sensible heat measurements
was 86%, being somewhat larger than that of the
gases. The CO, and water vapour exchange and
sensible heat flux exhibited a clear seasona
pattern (Fig. 1). Absolute values of all the fluxes
had their seasonal minima in winter when there
was snow cover and the vegetation wasin a state
of dormancy. In spring, the sensible heat flux
started to increase due to the increasing intensity
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of solar radiation. The snow melted as the air
temperature increased and the water vapour flux
increased gradually its from winter values. Neg-
ative CO, fluxes implying CO, uptake by vege-
tation occurred later than the increase in sensible
heat and water vapour fluxes. The growing sea
son was considered to begin when the absolute
value of the daytime CO, fluxes started to in-
crease strongly and become clearly PPFD con-
trolled as opposed to the temperature regul ated
winter fluxes. The growing season started on 28
April 1997, 16 April 1998 and 25 March 1999.
In 1996, fluxes were negative from the begin-
ning of the data series and according to the
criterion used the growing season began before
the start of the measurements. The end of the
growing season was determined with the oppo-
site criterion to the determination of the begin-
ning, the end days being 11 November 1996, 1
November 1997, 30 November 1998, and 14
November 1999. Thereafter, the growing season
isreferred to as summer (or summertime).
Furthermore, summertime was divided into
nighttime and daytime to separate the periods of
pure CO, release from the periods containing
light controlled uptake of CO, by the vegetation.
Mean sun elevation angles of the half-hourly
periods were used to separate nighttime from
daytime. By comparing calculated sun elevation
angles and measured photosynthetically active
radiation values the limit of night and day was
found to be at a sun elevation angle of —3°. Then
the PPFD reached 10 umol m= s and the CO,
flux turned towards negative values due to the
light controlled photosynthesis by the plants.
The sun elevation angle was negative since the
atmospheric scattering of the visible light makes
the sky bright even when the sun is below the
horizon. With this criterion the nocturnal period
was at least three hours long every night.
Methodologically, EC measurements are
based on the existence of turbulence (vertica
mixing). However, NEE should be evaluated as
the sum of the turbulent and storage fluxes (Egs.
1 and 3, respectively), henceforth called the total
flux, where the significance of the storage flux
diminishes when the intensity of mixing increas-
es. The sum of the summertime nocturnal fluxes
for a limited temperature range should not be
dependent on the friction velocity, which de-
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Water vapor flux
(mmol m—2 s1)

Fig. 1. Half hourly EC val-
ues of gas and energy
fluxes measured above a
Scots pine dominated site
in southern Finland from
April 1996 to December
1999. Compelete data se-
ries of CO, flux, water va-
pour flux, and sensible
heat flux are presented
without any validation cri-

Sensible heat flux

teria.

scribes the amount of mechanical turbulence
(Eg. 2). Even though the storage term was
included the total flux decreased at the low
friction velocity (Fig. 2). Several studies (see
e.g. Goulden et al. 1996, Jarvis et al. 1997) have
discovered this discrepancy and the common
procedure to deal with the problem is the rejec-
tion of the total flux data using a threshold value
for u*. Within the air temperature range of 2 °C
< T, < 8 °C the sum of nighttime CO, and
storage fluxes was relatively constant when fric-
tion velocity exceeds the threshold vaue of
0.25 m s (Fig. 2). Values of threshold u* were
somewhat larger if storage flux was not included
in the total flux.

According to foot-print analysis based on the

1 Jan. 1997

1 Jan. 1998 1 Jan. 1999

stochastic simulation of air parcel trgectories
(Rannik et al. 2000 ), 80% of the flux measured
at the lower level originates from the areawithin
240 meters of the measurement tower when
—75 m < L < 0 m. Because the site is not
perfectly homogeneous, meteorological factors
other than mixing affect the representativeness
of the data. In wintertime, the total CO, flux has
a clear dependence on wind direction at the
upper level during both stable and unstable
conditions. During stable periods wind direction
dependence is distinguishable at the lower meas-
uring level aswell. When wind isin west—south-
west direction the CO, flux is considerably
larger as compared with the fluxes during peri-
odswith other wind directions. Thisis dueto the
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Total CO, flux (umol m=2 s~7)

Fig. 2. Nocturnal summer-
time total fluxes (at 23 me-
ters) of the periods with air
temperature 2 °C < T, <
8 °C as a function of fric-
tion velocity. Total flux is a
sum of flux measured by
eddy-covariance and the
| storage term calculated
from the gas concentration
! gradient. The line indicates

0.6
u* (ms)

station buildings located 800 m west—south-west
from the site. Sun €levation, wind direction,
friction velocity and atmospheric stability de-
pendent criteria were used to select the repre-
sentative data for analysis of the ecosystem CO,
exchange hereafter in thiswork (Table 1).
Seasonal characterigtics of the measured fluxes
were studied separately for three complete cal-
endar years (1997, 1998 and 1999). The daily
pattern of the total CO, flux in April changed
considerably from year to year (Fig. 3A). This
variation may be partly explained by differences
in temperature because the state of the ecosys-
tem is strongly controlled by air and soil temper-
ature. Averages of air temperatures were 0.2 °C,

0.9 a running average of the
total flux.

2.1 °C and 4.5 °C and standard deviations were
3.8 °C, 7.2 °C and 4.3 °C during April 1997,
1998 and 1999 respectively. Soil temperatures
did not change significantly from their mid-
winter averages during the considered periods,
the average values of April being 0.5 °C, 0.6 °C
and 0.4 °C. The dates of abrupt increase in soil
temperature indicating completion of the snow
melting were 18 May 1997, 2 May 1998 and 16
May 1999. The soil does not freeze at the depth
of 5 cm in the site in wintertime. Differences in
magnitudes and variations of CO, fluxes in July
and October (Fig. 3B) were not as large as they
were in springtime.

The Bowen ratio describes the energy parti-

Table 1. Criteria for selecting reliable data for NEE estimates. The values given in parentheses in the friction
velocity column is the limit for friction velocity when storage measurement is not available.

Measurement Season Sun elev. (°) u*(ms?) Wind dir. (°) O length (m)
height
23 summer <-3 >0.25 (0.35) any any
23 summer >-3 >0.25 (0.35)* any <0and>-10°
23 winter any >0.25 (0.35) < 215 or > 265* <0and>-10°
46 summer <-3 >0.25 (0.35) any any
46 summer >-3 >0.25 (0.35)* any <0and>-10°
46 winter any > 0.25 (0.35) < 215 or > 265 any

* |f the condition is not fulfilled the Obukhov length criterion was used.
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Fig. 3. Daily total CO, fluxes during (A)
April of each year separately, combined
data for (B) July and (C) October of all
the three years. The line indicates
monthly median and the bars are the first
and third quartiles of the qualified data.

Total CO, flux (umol m=2 s~7)

Total CO, flux (umol m=2s~1)
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tioning between sensible heat and latent heat.
Latent heat flux isthe water vapour flux convert-
ed into energy units through multiplication by
the latent heat of vaporization. In springtime
mid-day, the Bowen ratios varied alot from year
to year (Fig. 4). In July, daily patterns of the
Bowen ratio were nearly similar during the three
years.

Daily averages of the CO, fluxes during
periods when PPFD > 850 pmol m? st and
T4 > 8 °C can be considered as maximal uptake
rates during each day. The criterion for radiation
is selected so that ecosystem exchange is practi-
caly in saturation in regard to radiation which
means that an increase in the intensity of the
radiation does not increase the rate of the CO,

18:00 24:00  Bowen ratios in April and

July daytime periods.

uptake significantly. The maximal rate of CO,
uptake had its minimum at the beginning of
every summer reaching gradualy a stable level
by mid-summer (Fig. 5). Besides the changesin
the physiological state of the forest, the growth
of needle mass during the first few months of the
growing season affects the maximal uptake rate.
There was no clear decline in maximal uptake
rates in autumn which is contradictory to the
results obtained from measurements in a black
spruce forest by Coulden et al. (1997).

The percentages of qualified data varied ac-
cording to the season and the time of day
(Table 2). During winters 1997-1999 the meas-
urements at the lower level were considered
unreliable because of the unusually large per-
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Fig. 5. Daily averages of CO,
fluxes of the periods with

PPFD > 850 umol m2sand
T, > 8 °C during the growing
seasons of each year.

1 Apr.

centage of negative fluxes. Consequently, only
measurements at the upper level were taken into
account in the calculations of the carbon balance
and in the determination of the temperature
dependence of the wintertime respiration. Be-
cause the trees are in a state of dormancy and
soil respiration is controlled by the relatively
constant soil temperature, respiration has no
strong air temperature dependence in wintertime
(Fig. 6). The range of wintertime soil tempera-
ture was—1.1 °C to 5.2 °C the average tempera-
ture being 0.9 °C. The average wintertime flux
was 044 pmol nr? s, Variation in CO , fluxes
increased with increasing temperatures and at
the highest temperatures the overal level of
fluxes decreased dlightly instead of growing
uniformly. During the summers the nocturnal
ecosystem respiration had a clear dependence on
the air and soil temperatures.

1May 1Jdun. 1Jdul.  1Aug. 1Sep. 10Oct

Date

The air temperature at 8 meters and the soil
temperature in a depth of 5 cm were used for the
temperature regression between combined win-
tertime and summer nighttime ecosystem respi-
ration. The coefficient of determination r? was
better for a regression with both air and soil
temperatures than for regressions with either of

Table 2. Amount of measured half hourly periods dur-
ing each year with complete data series (longest con-
tinuous break in measurements 2 week) and percent-
ages of qualified data.

Period 1997 1998 1999
Existing (1/2 h) data 13381 15620 15542
Qualified data
Summer day (%) 60 83 80
Summer night (%) 43 46 a7
Winter (%) 34 31 32
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Total CO, flux (umol m=2 s~7)

Fig. 6. Winter (cross) and
Summer night (circle) eco-
system respiration as a
function of the average soil
temperature in 5 cm. A

storage term is included if
available.

Total CO, flux (umol m—=2s~")

Fig. 7. Four examples of
total daily CO, fluxes clas-

400 800 1200 1600 400
PPFD (umol m2s™)

the temperatures separately. The equation used
for the temperature dependence was:

(4)

producing a coefficient of determinationr?=0.72,
whereas coefficients of determination for expo-
nential functions of soil temperature and air
temperature were r2 = 0.69 and r2 = 0.61, respec-

R =0.25T_, +0.27¢>*™

sified according to air tem-
perature in classes of 2 °C
as a function of PPFD.

800 1200 1600

tively. Other forms of the temperature regression
function were tested but none of them produced
aconsiderably better fitting. We also considered
the importance of the soil water content but it
appeared to be small. In the short term, the
instantaneous light is the environmenta factor
having the dominant effect on photosynthesis. A
common way to model the CO, exchange of the
ecosystem in daytime is to determine the light
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Fig. 8. Daily sums of CO,
exchange. Periods with no
reliable data due to instru-
mentation failures, main-
tenance and calibration
breaks or inappropriate
meteorological state have
been estimated by the light
and temperature relation-
ships of ecosystem respi-
ration and daytime canopy L !

Daily CO, flux (g m=2)

uptake.

dependence of the measured fluxes. Usually, a
Michaelis-Menten type equation is used (Valen-
tini et al. 1996, Goulden et al. 1997, Hollinger et
al. 1999):

= Al _
Rt Re= = —Re ©)

where F. and F4 are canopy flux measured with
EC and storage flux respectively, | denotes the
incident PPFD, R, is the daytime ecosystem
respiration rate, A, iS canopy photosynthetic
capacity, and K is half-saturation constant. The
values of the parameters in Eqg. 5 change over
the summer due to seasonal changes in the state
of the ecosystem, temperature and soil water
content. Here the effect of temperature was
taken into account by determining the PPFD
dependences for several temperature classes
(Fig. 7). The parameter values for each tempera-
ture class were used in the gap-filling (Table 3).
In the gap-filling procedure temperature classes
with r2< 0.5 or K > 1 000 pmol m? st where
excluded. After filling the gaps with available
temperature and PPFD regressions 4% of the
half-hourly periods were still lacking an esti-
mate for CO, exchange. These periods were
filled with the average exchange rate over the
respective year.

Daily balances of CO, reached zero level

1 Jan. 1997

1 Jan. 1998 1 Jan. 1999

during a maximum of two days after the begin-
ning of the growing season every year (Fig. 8).
Thus, the beginning of the growing season was
reasonably selected in regard to the daily bal-
ances as well. There were a few days with
negative daily balances also in wintertime. Dur-
ing summertime, on the other hand, there were
days of positive daily balance when the weather
was cloudy but warm. A similar behaviour of
ecosystem exchange has been reported by Grelle
(1997) about the ecosystem exchange of mixed
Norway spruce-Scots pine site.

According to the three different gap-filling
methods used in this work, the site was a net
sink of carbon during each year (Table 4). The
yearly average temperatureswere 4.4 °C, 3.5°C
and 4.4 °C and growing season lengths estimat-
ed based on the measured flux data were 189,
206 and 235 days in 1997, 1998 and 1999
respectively, thus, variations in either of these
guantities alone do not explain the variation in
the yearly NEE values. The sink strength was of
average level of al the coniferous sites within
the EUROFLUX network (Vaentini et al. 2000)
where yearly NEE varied from 90g C n? to
—670 g C m Besides calculating NEE for the
three complete calendar years, the balances of
al the 365 day periods were calculated to find
out the variation between all the possible years
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Table 3. Coefficients of rectangular hyperbola function: FCO2 =
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Al
K+l

R;. describing the PPFD dependence

of the ecosystem CO, exchange classified according to the air temperature T,. /is PPFD above the canopy,
is the coefficient of determination between the data and the fitting.

Temp. (°C) Mean temp. K Anax Ry r
(°C) (umol m=2s?) (umol m=2 s™1) (umol m=2 s?)
-6<T<-4 -4.7 389.1 1.29 0.67 0.15
-4<T<=2 -2.9 5.6 2.35 271 0.11
-2<T<0 -0.8 110.4 3.43 1.17 0.49
0<T<2 1.0 79.3 5.21 1.92 0.73
2<T<4 3.1 99.8 6.74 2.04 0.81
4<T<6 5.0 191.4 10.20 2.68 0.83
6<T<8 7.0 187.6 11.44 3.53 0.81
8<T<10 9.0 286.5 14.84 3.80 0.85
10<T<12 11.0 276.1 17.45 5.23 0.87
12<T<14 13.0 288.2 20.49 6.00 0.87
14<T<16 15.0 409.0 23.16 5.90 0.85
16<T<18 16.9 556.2 26.45 6.20 0.82
18<T<20 18.9 682.7 24.85 4.84 0.78
20<T<22 21.0 536.5 24.82 7.00 0.78
22<T<24 22.9 630.6 25.90 7.10 0.73
24<T<26 24.9 578.5 22.18 6.55 0.70
26<T<28 26.9 2810.7 36.63 4.24 0.80
28<T<30 28.8 - - 4.64 0.86

within the series. Starting from 17 May 1996,
the total amount of these 365 day NEE values
was 988. The minimum and maximum running
annual NEE values were -165gC m= and
-304 g C m?, respectively. The maximum was
14% larger and the minimum was 16% smaller
than the maximum and the minimum NEE's of
the three calendar years.

Table 4. Yearly NEE’s estimated on the basis of the
EC measurements using different gap filling proce-
dures. (1) Gaps during winter and summer night and
day periods were filled with the averages of the corre-
sponding period in each year individually. (2) Gaps
were filled with common temperature and PPFD re-
gressions over all the growing seasons. (3) Gaps were
filled with separate PPFD regressions for the begin-
nings and ends of the growing seasons.

Method ~ NEE 1997  NEE 1998  NEE 1999
(gm™) (gm=) (gm=)

1 -403 -323 -256

2 -234 -262 -191

3 -217 -267 —200

Thus, according to the 44 month data series
used for the current study the site seemed to be a
net sink of carbon at its present state of develop-
ment contrary to the behaviour of the Northern
American black spruce site reported by Goulden
et al. (1998) or the Norway spruce-Scots pine
site in central Sweden reported by Lindroth et
al. (1998) which both can turn from net sink to
net source of carbon from year to year depend-
ing on the climatic conditions. Cumulative gap
filled NEE over the 1354 day period reached a
value —905 g C m2 (Fig. 9), the ecosystem res-
piration based on the soil and air temperature
regression (Eq. 4) during the same period was
3258 g C m? and the gross ecosystem exchange
(GEE) which can be estimated as NEE minus
respiration was—4163 g C m=.

Conclusions
Measurements of mass and energy exchange

between the atmosphere and biosphere can be
carried out by several methods in various spatial
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Fig. 9. Gap-filled cumula-
tive net carbon exchange —900 ¢
between the atmosphere
and ecosystem starting at

zero on 17 April 1996.

and temporal scales. Nevertheless, the estimate
of the total exchange between the atmosphere
and ecosystem is a difficult task because of the
heterogeneity of the system at every scale and
non-linear relationships between the driving vari-
ables and fluxes (Jarvis 1995). The eddy covari-
ance technique is considered as an effective
measurement method for the CO,, water vapour
and energy surface fluxes (see Baldocchi et al.
1996). The technique involves certain require-
ments for the site (such as a flat terrain and an
adequate fetch) that only seldom can be perfect-
ly fulfilled by a natural forest. However, the
natural variability of the topography and canopy
composition is the redity we live with. The
deficiencies of the eddy covariance method and
the site characteristics must be taken into ac-
count in data evaluation and interpretation.

In this paper, we reported the results of EC
measurements of net ecosystem exchange (NEE)
for 44 months in a boreal Scots pine forest
(southern Finland). The annual cumulative NEE,
calculated for three gap-filled calendar years,
varied from-190 g C m2to—-260g C m=2.

There was a significant variation in daly
total CO, fluxes in April between the years. In
contrast to sites with freezing soil temperaturein
the wintertime, the soil temperature did not have
such a strong impact on the beginning of the

1
1 Jan. 1997

1 1
1 Jan. 1998 1 Jan. 1999

CO, uptake by the vegetation in spring time as
has been reported by e.g. Hollinger et al. (1999).

Acknowledgement: The research was supported in part by
the European Commission, Programme Environment and
Climate 1994-1998 (project EUROFLUX under contract
ENV4-CT95-0078), the Academy of Finland (projects
33687,164806 and 157697) and the Emil Aatonen Foun-
dation.

References

Aubinet M., Grelle A., lbrom A., Rannik U, Moncrieff J,,
Foken T., Kowaski A.S., Martin P.H., Berbigier P.,
Bernhofer Ch., Clement R., Elbers J, Granier A,
Grinwald T., Morgenstern K., Pilegaard K., Rebmann
C., Snijders W., Vaentini R. & Vesda T. 2000.
Estimates of the annua net carbon and water exchange
of European forests: the EUROFLUX methodology.
Advancesin Ecological Research 30: 113-175.

Baldocchi D., Vaentini R., Running S., Oechel W. &
Dahlman R. 1996. Strategies for measuring and mod-
eling carbon dioxide and water vapour fluxes over
terrestial ecosystems. Global Change Biology 2: 159—
168.

Bonan G.B. & Shugart H.H. 1989. Environmental factors
and ecological processes in boreal forests. Annu. Rev.
Ecol. Syst. 20: 1-28.

Ciais P., Tans P.P., Trolier M., White JW.C. & Francey
R.J. 1995. A large northern hemisphere terrestrial
CO, sink indicated by the *C/*2C ratio of atmospheric
CO,. Nature 269: 1098-1102.



78

Dixon R.K., Brown S., Houghton R.A., Solomon A.M.,
Trexler M.C. & Wisniewski J. 1994. Carbon pools
and flux of global forest ecosystems. Science 263:
185-190.

Goulden M.L., Daube B.C., Fan S.-M., Sutton D.J,
Bazzaz A., Munger JW. & Wofsy S.C. 1997. Physio-
logical responses of black spruce forest to weather.
Journal of Geophysical Research 102D: 28987-28996.

Goulden M.L., Munger JW., Fan S-M., Daube B.C,,
Wofsy S.C. 1996. Measurements of carbon sequestra-
tion by long-term eddy covariance: methods and a
critical evaluation of accuracy. Global Change Biolo-
gy 2: 169-182.

Goulden M.L., Wofsy S.C., Harden JW., Trumbore S.E.,
Grill P.M., Gower S.T., FriesT., Daube B.C., Fan S.-
M., Sutton D.J.,, Bazzaz A. & Munger JW. 1998.
Sensitivity of boreal forest carbon balance to soil
thaw. Science 279: 214-217.

Greco S. & Baldocchi D. 1996. Seasonal variations of CO,
and water vapour exchange rates over a temperate
deciduous forest. Global Change Biology 2: 183-197.

Grelle A. 1997. Long-term water and carbon dioxide
fluxes from a boreal forest: methods and applications.
Ph.D. thesis. Acta Univesitatis Agriculturae Sueciae,
Silvestria 28, pp. 1-80.

Hollinger D.Y ., Goltz SM., Davidson E.A., Lee J.T., Tu
K. & Vaentine H.T. 1999. Seasona patterns and
environmental control of carbon dioxide and water
vapour exchange in an ecotonal boreal forest. Global
Change Biology 5: 891-902.

llvesniemi, H. & Liu, C. 2001. Biomass distribution in a
young Scots pine stand. Boreal Env. Res. 6: 3-8.

Jarvis P.G. 1995. Scaling photosynthesis and problems.
Plant, Cell and Environment 18: 1079-10809.

Jarvis P.G., Massheder JM., Hale S.E., Moncrieff J.B.,
Rayment M. & Scott S.L. 1997. Seasonal variation of
energy, water vapor, and energy exchanges of a
boreal black spruce forest. J. Geophys. Res. 102D:
28953-28966.

Kaimal J.C. & Finnigan J.J. 1994. Atmospheric boundary
layer flows. Their structure and measurement. Oxford
University Press, New Y ork, 289 pp.

Kaiser J. 1998. New network aims to take the World's
CO, pulse. Science 281: 506-507.

Lindroth A., Grelle A. & Moren A.S. 1998. Long-term
measurements of boreal forest carbon balance reveal
large temperature sensitivity. Global Change Biology
4: 443-450.

Malhi Y., Baldocchi D.D. & Jarvis P.G. 1999. The carbon
balance of tropical, temperate and boreal forests.
Plant, Cell and Environment 22: 715-740.

Markkanen et al. * BOREAL ENV. RES. Vol. 6

Moncrieff J.B., Malhi Y. & Leuning R. 1996. The propa-
gation of errors in long-term measurements of land-
atmosphere fluxes of carbon and water. Global Change
Biology 2: 231-240.

Moore C.J. 1986. Frequency response corrections for
eddy correlation systems. Boundary-Layer Meteorol-
ogy 37: 17-35.

Rannik U. 1998a. On the surface layer similarity at a
complex forest site. J. Geophys. Res. 103D: 8685-8697.

Rannik U. 1998b. Turbulent atmosphere: Vertical fluxes
above a forest and particle growth. Ph.D. thesis,
University of Helsinki, Department of Physics, Re-
port seriesin aerosol science 35. pp. 1-24.

Rannik U. & Vesala T. 1999. Autoregressive filtering
versus linear detrending in estimation of fluxes by the
eddy covariance method. Boundary Layer Meteorolo-
gy 91: 259-280.

Rannik U., Aubinet M., Kurbanmuradov O., Sabelfeld
K.K., Markkanen T., Vesala T. 2000. Footprint analy-
sis for the measurements over a heterogeneous forest.
Boundary-Layer Meteorology 97: 137-166.

Ruimy A., Kergoat L., Field C.B. & Saugier B. 1996. The
use of CO, flux measurements in models of the global
terrestrial carbon budget. Global Change Biology 2:
287-296.

Seinfeld JH. & Pandis S.N. 1997. Atmospheric chemistry
and physics. John Wiley & Sons. pp. 292—293.

Vaentini R., de Angelis P., Matteucci G., Monaco R.,
Dore S. & Scaracia Mugnozza G.E. 1996. Seasonal
net carbon dioxide exchange of beech forest with the
atmosphere. Gobal Change Biology 2: 199-207.

Vaentini R., Matteucci G., Dolman A. J., Schulze E.-D.,
Rebman C., MoorsE. J., Granier A., Gross P., Jensen
N. O,, Pilegaard K., Lindroth A., Grelle A., Bernhofer
C., Grunwald T., Aubinet M., Ceulemans R., Kowal-
ski A. S, VesalaT., Rannik U., Berbigier P., Loustau
D., Gudmundsson J.,, Thorgeirsson H., lbrom A.,
Morgenstern K., Clement R., Moncrieff J., Montag-
nani L., Minerbi S, & Jarvis P. G. 2000. Respiration
as the main determinant of carbon balance in Europe-
an forests. Nature 404: 861-865.

Vesdla T., Haatgja J., Adto P., Altimir N., Buzorius G.,
Garam E., Hameri K., llvesniemi H., Jokinen V.,
Keronen P., Lahti T., Markkanen T., Makela JM.,
NikinmaaE., Pamroth S, Palva L., PohjaT., Pumpa
nen J.,, Rannik U., Siivola E., Ylitalo H., Hari P. &
Kulmala M. 1998. Long-term field measurements of
atmosphere-surface interactions in boreal forest com-
bining forest ecology, micrometeorology, agrosol phys-
ics and atmospheric chemistry. Trends in Heat, Mass
and Momentum Transfer 4: 17-35.

Received 2 March 2000, accepted 23 August 2000



