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Abstract There is great international concern over the increase of atmospheric carbon
dioxide and its effect on vegetation and climate, and vice versa. Many studies on this issue
are based on climate model calculations or indirect satellite observations. In contrast we
present a 12-year study (1994–2005) on the net ecosystem exchange of carbon dioxide
(NEE ) and precipitation surplus (i.e., precipitation–evaporation) of a grassland area in the
centre of the Netherlands. On basis of direct flux observations and a process-based model
we study and quantify the carbon uptake via assimilation and carbon release via soil and
plant respiration. It appears that nearly year-round the assimilation term dominates, which
indicates an accumulation of carbon dioxide. The mean net carbon uptake for the 12-year
period is about 3 tonnes C per hectare, but with a strong seasonal and interannual variability
depending on the weather and water budget. This variability may severely hamper the
accurate quantification of carbon storage by vegetation in our present climates and its
projection for future climates.

1 Introduction

To understand the impact of increasing atmospheric carbon dioxide on our climate, we first
must consider the natural reservoirs and fluxes of carbon dioxide in the earth–atmosphere–
ocean system. So we need to consider inventories of the carbon stored in, for example,
terrestrial plants and animals, carbon in the ocean, carbon in the atmosphere, and carbon in
soils. Each of these reservoirs takes up and releases carbon at different rates that must be
estimated to put natural as well as anthropogenic emissions into perspective (Nitschelm et al.
1997; Betts et al. 2004; Nelson et al. 2004; Wang et al. 2002).
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How will crop canopies as well as natural ecosystems respond to dramatic changes in the
atmospheric CO2 content? This issue is a key question in the current debate over the nature
of CO2-induced global change. Will plants that depend upon them for both sustenance and
shelter benefit or suffer the consequences of carbon dioxide’s direct plant physiological
impacts? If this consequence is uncertain, is it wise to restrict large changes in the
atmospheric CO2 as much as possible? To stop or limit rising concentrations of CO2 in the
atmosphere, nations are actively seeking ways to increase carbon storage capacity on land.
Research so far shows that forests appear to be good candidates to act as possible long-term
sinks for CO2. However, since 20% of the world’s land area is covered by grasslands
(Hadley 1993), such landscapes are of importance for the study of CO2 uptake or release as
well. Moreover, the relatively unexplored potential for grassland soils to store carbon has
increased interest in the carbon cycles of these ecosystems (Van Ginkel et al. 1999).

Currently, it is suggested that grasslands demonstrate the same CO2 accumulation rates
(Hu et al. 2001) as forests. If this is correct on a long-term basis, this is of great interest in
light of the discussions on global warming. Unfortunately, the majority of previous direct
observations of carbon exchange over grasslands have been obtained only during short-term
campaigns. For example, Kim and Verma (1990), Kim et al. (1992), Verma et al. (1992) and
Ham and Knapp (1998) did experiments over natural grasslands, while Meyers (2001) and
Soegaard et al. (2003) worked on rangelands. Recently, a long-term experiment was started
by Suyker and Verma (2001) over a native tallgrass prairie.

About 60% of agricultural land in the Netherlands consists of grasslands, where
rotational grazing is the most common land use. In the Netherlands, there is great concern
about the increase of atmospheric carbon dioxide and the effect of this increase on
vegetation and climate, and vice versa, but there is also great concern about aridification of
land areas. That is why a long-term experimental study was started in 2002 to investigate
the net release or uptake of CO2 as well as the aridification of grassland areas in the
Netherlands.

Until now long-term studies on net release or uptake of CO2 were only based on climate
model calculations or indirect satellite observations (Nemani et al. 2003; Cox et al. 2000).
In this paper, we present an 12-year study (1994–2005) on the net ecosystem exchange of
carbon dioxide (NEE) and precipitation surplus (i.e., precipitation–evaporation) of a
grassland area in the centre of the Netherlands on the basis of direct atmospheric flux
observations over a four year period and a process-based model verified with directly
measured eddy flux data.

2 Model description

To quantify the carbon balance, we applied a so-called A–gs model. This is a process-based
model that couples the photosynthetic assimilation, A, to leaf stomatal conductance, gs
(Jacobs and De Bruin 1992). For four complete years (2002 until 2005), the model results
were compared with direct CO2 flux measurements obtained with the eddy-covariance
technique (McMillen 1988). Subsequently, we applied the validated model for 12 years of
forcing data. With this model the transpiration of the plants can be estimated (Jacobs and
De Bruin 1992) as well. An advantage of an A–gs model is that the calculations are based
on simple plant characteristics, for example, whether the vegetation uses the C3 or C4
metabolism, and on atmospheric variables that are measured on a routine basis at a standard
meteorological observation site.
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The carbon dioxide and water vapor in- and out-flow occurs through molecular diffusion
through the stomata. As a result, the net flow density of the carbon dioxide, An (mg CO2

m−2 s−1), which results from the difference between the gross assimilation rate, Ag (mg CO2

m−2 s−1), and the dark respiration, Rd (mg CO2 m
−2 s−1), can be described as

An ¼ Ag � Rd ¼ gl;c Cs � Cið Þ: ð1Þ

Here, Cs (m
3 m−3) is the carbon dioxide concentration at the leaf surface, Ci (m

3 m−3) is
the carbon dioxide concentration in the leaf interior, and gl,c (m s−1) is the leaf conductance
for carbon dioxide. Both Ag and Rd result from photochemical reactions. Typically, they
vary as a function of the photosynthetically active radiation, PAR (W m−2 s−1), the leaf
temperature, Tl (°C), and the internal carbon dioxide concentration, Ci. Plant physiological
models for Ag and Rd are used successfully in practice (Collatz et al. 1991; 1992), but still
can be improved for controlling factors as, for example, plant water condition (Ronda et al.
2001) or plant nutrient condition (Jacobs et al. 2003a).

In laboratory experiments the internal carbon dioxide concentration is often found to be
a fraction of the external carbon dioxide concentration. Under sufficient high levels of solar
radiation, it appears that the ratio of the internal and external concentration is only a
function of the water vapor deficit (Goudriaan et al. 1985; Jacobs 1994; Zhang and Nobel
1996) and can be expressed by (Jacobs 1994):

Ci � Γ
Cs � Γ

¼ fo 1� Ds

Do

� �
þ fmin

Ds

Do
ð2aÞ

where, Ds (Pa) is the vapor pressure deficit at plant level, Γ (mg m−3) is the CO2

compensation point, fo (−) is the maximum value of the ratio of Ci to Cs, Do is the value of
Ds at which the stomata close, and fmin (−) is a minimum value of the ratio of Ci to Cs.
Because the second term on the right hand side is very small (Jacobs et al. 1992), Eq. 2a
can be simplified by:

Ci � Γ
Cs � Γ

¼ fo 1� Ds

Do

� �
ð2bÞ

Combining Eqs. 1 and 2b gives a relation for the conductance to carbon dioxide at
leaf level

gl;c ¼ gmin þ a1Ag

Cs � Γð Þ 1þ Ds
D*

� � ; ð3Þ

where gmin (m s−1) is the minimum conductance, and a1 and D* are empirical quantities that
are both functions of fo and Do (Ronda et al. 2001). It must be noted that in Eq. 3, gmin was
added afterwards in order to account for the cuticular conductance.

The assimilation can be seriously affected by soil water stress, especially during summer
time with a low water table. Here we follow a correction for water stress as suggested by
Ronda et al. (2001):

Ag ¼ A*
g f qrð Þ ð4Þ
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where Ag
* (mg CO2 m−2 s−1) is the unstressed gross assimilation rate, θr (m

3 m−3) is the
mean moisture content in the root zone and f (θr) a soil moisture correction function taken
as:

f θrð Þ ¼ 2b θrð Þ � b2 θrð Þ ð5Þ
and

b θrð Þ ¼ max 0;min 1;
θr � θWP

θFC � θWP

� �� �
ð6Þ

where, θFC (m3 m−3) and θWP (m3 m−3) are soil moisture contents at field capacity and
permanent wilting point, respectively. At our site the field capacity and permanent wilting
point have the numerical values of θFC = 0.52 and θWP = 0.32, respectively.

The canopy conductance to carbon dioxide, gc,c, is found by integrating the stomatal
conductance over the canopy (Ronda et al. 2001):

gc;c ¼ gmin

1:6
LAI þ a1AgLAI

Cs � Γð Þ 1þ Ds
D*

� � 1� 1

KxLAI
E1 ye�KxLAI

� 	� E1 yð Þ� 	� �
ð7Þ

Here, LAI (m2 m−2) is the one-sided leaf area index, Kx (−) is the canopy extinction
coefficient for photosynthetically active radiation, E1 (−) is the exponential integral defined
as (Abramowitz and Stegun 1965):

E1 zð Þ ¼
Z1

z

e�t0

t0
dt0

And the dimensionless parameter y is given by:

y ¼ αKxPt

Ag
ð8Þ

Here, z (m) stands for height, the variable t′ in the exponential integral is a dummy
variable and the factor 1.6 in Eq. 7 is the ratio between molecular diffusivities of water
vapor and carbon dioxide in air. In Eq. 8, α (mg CO2 J

−1) is the light use efficiency and Pt

(W m−2) is the incoming photosynthetically active radiation at the top of the canopy.
Equations 1 and 7 together with the physiological model define the relation between the

net assimilation, An, and the crop conductance, gc,c (s m
−1) according to:

An ¼ gagc;c
ga þ gc;c

Ca � Cið Þ ¼ gc;c
1þ gc;c

ga

Ca � Cið Þ ð9Þ

where ga (s m
−1) is the aerodynamic conductance, Ca is the ambient CO2 concentration and

Ci is the carbon dioxide concentration in the leaf interior calculated with Eq. 2b. Note that
An and gc,c can be computed when the leaf area index, LAI, and the type of plant (C3 or C4)
are known in addition to the vapor pressure deficit, Ds (Pa) (here evaluated as (es(Tl) − e),
where e (Pa) is the vapor pressure and es (Pa) is the saturated vapor pressure), the
temperature at leaf level, Tl, and the amount of incoming photosynthetically active
radiation, PAR (here evaluated as PAR = 0.5Rg where Rg is the incoming short wave
radiation).
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The canopy conductance for water vapor, gc,w is closely related to the canopy
conductance for carbon dioxide, gc,c, according to:

gc;w ¼ 1:6gc;c: ð10Þ
The transpiration rate of the vegetation, LE (W m−2), can be written as (Beljaars and

Holtslag 1991):

LE ¼ rL
e
p

gagc;w
ga þ gc;w

Ds ¼ rLgc;w
e
p

Ds

1þ gc;w
ga

ð11Þ

where ρ (kg m−3) is the density of the air, L (J kg−1) is the latent heat of vaporization and
e = 0.622 is the ratio of the molar masses of water vapor and dry air, and p (Pa) is
atmospheric pressure. A more detailed description of the model can be found in Ronda et al.
(2001) and Jacobs et al. (2003a). The parameter values are taken as in Ronda et al. (2001),
unless stated elsewhere in the next sections.

The soil surface carbon dioxide flux is mainly caused by heterotrophic microbial
decomposition and plant root respiration in grasslands (Norman et al. 1992). The soil
respiration is likely to depend on soil temperature (Norman et al. 1992) and soil water
content (Grammerer 1989). In this study the soil surface respiration, Rs (mg CO2 m

−2 s−1),
has been calculated with a simple Arrhenius type of expression (Lloyd and Taylor 1994):

Rs ¼ R10 1� f θð Þð Þ exp Eo

283:15R*

� �
1� 283:15

Ts þ 273:15

� �� �
ð12Þ

where, R* (kJ kmol−1 K−1)is the universal gas constant, Eo (kJ kmol−1) is the activation
energy, Ts is the mean soil temperature of the upper soil at 5 cm depth, R10 is the respiration
at 10°C under no water stress condition and has for our grassland the numerical value R10 =
0.23 mg CO2 m−2 s−1 (Jacobs et al. 2005) and [1−f (θ)] is the water stress correction
function where:

f θð Þ ¼ C
θmax

θ þ θmin
ð13Þ

in which θ is the soil moisture content, C (=0.0016) is a constant, and θmax (= 0.55) and
θmin (= 0.005) are reference soil water contents. More details about the background of
Eq. 13 can be found elsewhere (Jacobs et al. 2006). The Net Ecosystem Exchange for CO2,
NEE (mg CO2 m−2 s−1), has been evaluated as the net effect of the assimilation flux, An,
and the soil respiration flux, Rs. NEE is calculated as:

NEE ¼ An þ Rs ð14Þ
Keep in mind that the assimilation flux is directed towards the earth’s surface, which

means this is a negative flux, while the soil respiration flux is directed from the earth’s
surface and consequently is positive. The model time step is from 30-min data averages (see
also “Experimental lay-out” below).

3 Experimental lay-out

The experiments were conducted at a grassland area of the Wageningen University mete-
orological observatory, Haarweg Station, in the centre of the Netherlands (lat. 51°58′N, long.
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5°38′ W, altitude +7 m a.s.l.;http://www.met.wau.nl) during a four year period from
2002 until 2005. The dominating plant species in this perennial grassland were Lolium
perenne and Poa trivialis. The soil at the site is predominantly a heavy clay resulting from
the back-swamps of the river Rhine. This Leaf Area Index, LAI, was kept constant as good
as possible and had a numerical value of 2.9 ± 0.3. About monthly the LAI was measured
by a plant analyzer (CID-Inc. model CI-110). During the growing season (1 May–1 Nov),
the grass cover was mowed weekly. With a special grass height meter (Eijkelkamp, model
NMI), the mean grass height was checked daily and had a mean height of 10 cm. There is a
unique relation between the grass height and the LAI (Keuning 1988). If the LAI exceeds
the maximum value of 3.2 within a week, the grass was mowed more frequently. At the
measurement site the mowed grass is not removed and evenly spread over the area.

A lattice tower was instrumented with an eddy-covariance system installed at a height of
4 m. This system included a three-dimensional sonic anemometer (3D Solent Res. Gill
Instruments Ltd., model A1012R2), a fine wire thermocouple (purpose-built) and an open
path infrared CO2 and H2O gas analyser (IRGA) (LI-COR Inc. Lincoln Ne, model LI-
7500). The 3D sonic anemometer and the IRGA were placed together, at 0.05 m apart. It
must be noted that under calm wind conditions (u* ≤ 0.1 m s−1), turbulence is suppressed
and the eddy-covariances become ill-defined since these conditions are nonstationary and
nonhomogeneous. Under low wind conditions the eddy-covariances were ignored and the
gaps filled with either interpolated results (small gaps) or with modelled results.

In a thermometer screen an aspirated psychrometer was installed to measure the air
temperature as well as the air humidity. The incoming short-wave radiation, Qg, was
measured with an aspirated pyranometer (Kipp & Zonen, model CM11). The short-wave
radiometer was used to evaluate the PAR radiation (PAR = 0.5Qg), needed for the model
evaluations. The outgoing long-wave radiation, QLo, was measured with a pyrgeometer
(Kipp & Zonen, model CG 1). The outgoing long wave radiometer was used to evaluate the
surface temperature Tsurf (K), Tsurf ¼ 4

ffiffiffiffiffiffiffi
QLo
"σ

q
, where σ (W m−2 K−4) is Stefan Boltzmann’s

constant and e (−) is the emissivity.
Sensitive cup anemometers (purpose-built, stalling speed 0.15 m s−1) measured the wind

speeds at 2 and 10 m height above the surface and a wind vane at 10 m indicated the wind
direction. The soil temperature profile was measured by Pt-100 elements at depths 0.05,
0.10, 0.20, 0.50 and 1 m. The soil temperature at 0.05 m depth was used to estimate the soil
respiration term (see Eq. 12).

To estimate the mean moisture content in the root zone, a simple bucket model is applied
in which the surface runoff term is neglected. This means that the water balance rules the
mean water content, θr, in the root zone according to (Jury et al. 1991):

θ r t þ Δtð Þ ¼ θ r tð Þ þ N � Dr � E�Δt
zf P

þ ΔS ð15Þ

where N is precipitation amount in mm within the time interval between t and t + Δt, Dr
is drainage, E is the evapotranspiration rate in mm s−1 and, zf is the depth of the freatic
surface in mm and P is the soil’s porosity. The drainage, Dr, in our well drained region
could simply be parameterized by (Schnel 2004):

Dr ¼ fDN ; ð16Þ
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where fD is the drainage factor, which is calculated by reversed modelling and has the
numerical value fD = 0.14 for our area. The storage change, ΔS, has been parameterized by
taking (Jury et al. 1991):

ΔS ¼ θ s � θ FCð ÞΔzf
zf

; ð17Þ

where θs = P is the saturated soil moisture content.
The slow response meteorological instruments were sampled at 0.25 Hz. The fast

response sonic anemometer, the IRGA system and the fine wire thermocouple were
sampled at 20.8 Hz. At 30-min intervals, data were averaged and stored in data loggers for
later processing.

The raw data of the eddy covariance system were stored on a PC and processed later,
using a first order recursive digital filter with a time constant of 200 s (McMillen 1988).
Here a moving average was subtracted from every sample to get the fluctuating value of
all the measured components. A software program (Van den Hurk 1996) performed the
necessary corrections, including coordinate rotation (McMillen 1986), Webb corrections
(Webb et al. 1980) and frequency response corrections (Moore 1986), required for
calculating the half-hour averaged flux densities. More details about the experiments and
area can be found elsewhere (Jacobs et al. 2003b).

4 Results and discussions

To check the model performance, for all two-monthly blocks (JanFeb, MarApr, MayJun,
etc.) for the four years’ experimental period, the measured daily evapoptranspiration and
NEE totals are compared with the calculated daily totals. Generally, it appears that the
months MayJun, JulAug mostly showed the best agreement, followed by the months
MarApr SepOct, and finally followed by the months NovDec and JanFeb. An example of
this comparison contains Fig. 1 for three two-month blocks in 2005. The linear
regressions forced through the origin and the correlation coefficients are also plotted in
Fig. 1. From this result and results discussed later, we conclude that year round the model
performs reasonably well to apply for the simulations. Note that NEE is not as well
characterized by the model as the evapotranspiration since this result is the difference
between two more or less equal terms (see Eq. 14).

The courses of the modelled total annual simulated assimilation, respiration and NEE
absolute fluxes are contained in Fig. 2. For the experimental period the measured NEE
totals also have been plotted in Fig. 2. Note that the measured NEE total agree well with
the simulated NEE total (mean difference < 5%). Note also that all fluxes show a slight
increase with time. The linear regressions of the assimilation and respiration fluxes are
provided in Fig. 2 to give an idea of the importance of this change.

From Fig. 2 it can clearly be observed that the NEE is nearly always negative. Only in
2000 and 2001 was there a small net release of CO2. This means that this grassland area
mostly behaves as a sink for CO2. The same net sink behaviour for carbon dioxide was
found by Suyker and Verma (2001) for a native tall grass prairie in the US. In our grassland
area nearly 3 tonnes carbon per hectare per year is stored if no other exchange processes
take place in which the stored CO2 is transferred and released again in other gases, for
example through methane. These accumulated amounts are of the same order of magnitude
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that is often observed in young mid-latitude forests (Valentini et al. 2000; Goulden et al.
1996; Wofsy et al. 1993).

The years 2002 and 2004 were very sunny especially during the growing season. This
can clearly be inferred from the relatively large assimilation totals for these years. As
mentioned earlier, the NEE of the years 2000 and 2001 shows a net CO2 release. During
these years, the summer months June, July and August were wet and gloomy. Probably this
is the reason that these years show a net release instead of a net uptake of CO2.

Figure 3 contains the mean monthly course throughout the year, averaged over the
selected 12-year period, of the modelled assimilation, modelled respiration and modelled
NEE. From Fig. 3 we clearly infer that most of the year there is a net uptake of CO2.
Only during the months October, December and January a small net release of CO2 is
found. Note also that the months June and July show relatively low respiration fluxes.

Fig. 1 A comparison of the daily measurement totals of water vapour and NEE with the calculated results
for three two-months blocks in 2005. The unbiased linear regressions and correlation coefficients are
indicated
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Fig. 3 The monthly averaged fluxes of the assimilation, respiration and NEE between 1994–2005

Fig. 2 The total annual fluxes of assimilation, respiration and NEE between 1994–2005. Linear regressions
of the assimilation and respiration are indicated along with their correlation coefficients
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During these months the soil starts to dry out which reduces considerably the respiration
(see also Eq. 12).

The assimilation flux in Fig. 3 must show a clear relation with the Photosynthetically
Active Radiation (PAR), the part of the sun’s radiation that is responsible for the plant
assimilation process. A nearly linear relation between NEE and PAR must be expected since
the conductance, gc,c (Eq. 7) is nearly linear to PAR. The mean monthly scattergram
between NEE and PAR, plotted in Fig. 4, does indeed reflect this relation. Only one point,
the month of August (see indication in Fig. 4), deviates somewhat but not significantly
from the linear regression. August is the period of the year during which soil moisture
reaches its lowest values. This causes considerable plant water stress, which reduces the
assimilation flux (see Eq. 5). An illustration of the behaviour of the mean root zone soil
moisture content throughout the year is given in Fig. 5. In Fig. 5, the courses of the
freatic surface and precipitation regime are plotted along with mean soil moisture content
(Eq. 15) for 2003. Figure 6 clearly demonstrates the depression in the mean soil moisture
content during the month of August (1 August = Doy 213).

In Fig. 6 the annual amounts of incoming PAR radiation are depicted along with the
annual mean soil and air temperatures. From the results of Fig. 6 we can infer that
these annual values do not show much variation. During the selected 12-year period, the
mean annual PAR radiation was 8400·106 μmol m−2, with a standard deviation of
500 × 106 μmol m−2, the mean air temperature was 10.6°C with a standard deviation of
0.9 K and the mean soil temperature was 10.3°C with a standard deviation of 0.7 K. In the
same period, the annual fluxes of assimilation, respiration and NEE had a mean value of
−14, 11 and −3 tonnes C ha−1, respectively, (with corresponding standard deviations of 3,
2 and 2 tonnes C ha−1, respectively). These variations are relatively much larger than the
variations in PAR and upper soil and air temperatures. It is interesting to note that the upper

Fig. 4 The relation between the mean monthly assimilation and the PAR. The unbiased linear regression line
with its correlation coefficient are indicated

172 Climatic Change (2007) 82:163–177



Fig. 6 The interannual course of the total PAR radiation and the mean annual upper soil and air temperatures
between 1994–2004

Fig. 5 The courses of the precipitation, freatic surface and the soil moisture content in 2003
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soil temperature shows a small increase over time, which can be an indication of the slight
increase in time of the respiration as observed in Fig. 2.

The annual courses of the most important water balance terms – precipitation,
transpiration (model) and precipitation surplus (model) – are contained in Fig. 7 for
the selected 12-year period. Moreover, for the last four years the measured evapotranspi-
ration quantities have been plotted. Figure 7 shows that the measured transpiration totals
agree well with the simulated totals (mean difference < 1.5%). Note that the simulated
transpiration totals do not contain the free water contribution due to dew (condensation as
well as evaporation) and interception (evaporation). In another study over the same period
we showed that dew is the second most important free water contribution to the water
budget (Jacobs et al. 2006) and amounts about (37 ± 8) mm y−1. These dew events,
however, mainly occur during calm wind conditions (u* ≤ 1 m s−1) in which the eddy-
covariance technique fails to measure the free water transport. That is why the evaporation
contribution is not discussed here in detail.

Because the annual precipitation amount in a dry year can deviate considerably as
compared to a wet year, it is clear that the evapotranspiration and the consequent
precipitation surplus will show a large interannual variation as well. This effect can clearly
be observed from Fig. 7, where it appears that during the selected 12-year period the
precipitation surplus had a mean value of 410 mm with a standard deviation of 200 mm. In
comparison to the standard deviation in the mean PAR radiation and mean soil temperature,
the standard deviation in the precipitation surplus is very high which means that processes
depending on the precipitation surplus must also show a large standard deviation.

In Fig. 8, precipitation, evapotranspiration and precipitation surplus have been plotted
throughout the year, averaged over the selected 12-year period. From Fig. 8 it can be
inferred that precipitation is more or less equally distributed throughout the year. This is in

Fig. 7 The total annual water fluxes of the precipitation, transpiration and precipitation surplus between
1994–2004
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contrast to the course of the evapotranspiration flux, which, as must be expected in a
temperate climate, is small during the winter half year and large during the summer period.
Consequently, the reverse course must be observed for the precipitation surplus; large
during the winter half year and small or even negative during the summer half year. During
the months June, July and August there mostly exists a negative precipitation surplus where
extra water will be extracted from the ground water reservoir needed for the transpiration
process. This also means that particular during the summer period a shortage of water for
transpiration can occur which certainly limits the transpiration process and consequently
also the assimilation as well as the respiration processes (Norman et al. 1992; Jacobs et al.
2003b).

5 Conclusions

In this paper we quantify the surface fluxes of water vapor and net ecosystem exchange of
carbon dioxide (NEE) in a grassland area in the centre of the Netherlands over a period of
12 years on the basis of common meteorological weather variables during this period, direct
flux observations during four years and a process-based model evaluated with the data. For
the four-year period with available flux measurements it appears that the model simulated
the total evapotranspiration within 1.5% and the NEE within 5%. Then the validated
process model is applied to the 12-year period using a constant set of input data. On basis
of the results we find that our grassland region in a temperate climate can serve as a sink for
CO2 in the same way as young forests. The question remains, however, to what extent do
other processes, such as methane transformation, play a role in the total CO2 storage in the
soil. We also conclude that there is a large seasonal and interannual variation in the NEE.
From our analysis we expect that this variation is mainly caused by strong variations in the

Fig. 8 The monthly averaged water fluxes of precipitation, transpiration and precipitation surplus
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incoming PAR and the precipitation surplus, particularly during the summer period. As
such, this strong link between the carbon balance and the two most important weather
variables (incoming radiation and precipitation) may severely complicate future climate
projections (Cox et al. 2000), in particular at the regional scale. We also found that during
the 12-year period studied, that the increase in time of the CO2 uptake by assimilation is
somewhat faster than the release of CO2 by the respiration process. This subject needs
further analysis.
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