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Abstract. Eddy correlation measurements of CO2 fluxes over grassland on peat soil
were performed from April to October 1994. In this article the measurement system is
described and some results are discussed. The closed path system was compared with
an open path eddy correlation system developed at the Royal Netherlands Meteorological Institute (KNMI) in December 1994. Fluxes deduced from the results of the two
systems agree within 10%. The eddy correlation system was adapted to perform eddy
correlation and relaxed eddy accumulation at the same time. Measurements over a
pasture in the Netherlands showed an agreement between eddy correlation and relaxed eddy accumulation CO2 fluxes within 10%.

Reference: Hensen, A., Vermeulen, A.T., Wyers, G.P., Zhang, Y., 1996: Eddy correlation and
relaxed eddy accumulation measurements of CO2 fluxes over grassland. Phys. Chem.
Earth 21, (5-6) 383-388, 1996.

Licor 6262 used for the Zegveld experiments
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3.1

Introduction

The direct measurement of the vertical flux of a trace gas by correlating the vertical
wind speed with concentration fluctuations has been described extensively in literature.
The eddy correlation technique requires fast response sensors for the constituent of
interest. Such instruments are available for H2O, CO2 and various other gasses. For
VOC's or pesticides however no fast response sensors are available. For these constituents eddy accumulation is a potentially useful method. With this technique air is
sampled in a separate container depending on the direction of the vertical wind velocity. The difference in concentration in the two air samples is related to the flux. This
concept was proposed by in Desjardins (1972). For eddy accumulation however sampling speed must be proportional to the vertical wind velocity. This is technically difficult. Businger and Oncley (1990) proposed a "relaxed" version of eddy accumulation
using a constant sampling speed. The relation between the concentration in the downdrafts (Cdown) and in the updrafts (Cup) is related to the flux (F) by
F = βοσw (C↑ − C↓)

(1)

In this formula bo is an empirical constant with a value of about 0.6 (Businger and Oncley, 1990). In order to increase the difference in Cup and Cdown sampling only takes
place whenever the absolute value of the vertical windspeed exceeds a certain deadband velocity wo. Using a zero deadband value both concentrations will approach the
mean concentration. Normally wo is set between 0 and σw. When choosing wo too large
only the large eddies will be sampled, if any air is sampled at all. The factor b has to be
corrected for the choice of the deadband velocity. This correction was derived by Businger and Oncley to be:
b = bo. exp(-0.75 * σw/wo)

3.2

(2)

Eddy Correlation Setup

3.2.1 Eddy Correlation: Technical description
A schematic overview of the eddy correlation system is shown in figure 3.1. This setup
was used from April to October 1994 at (Regionaal Onderzoek Centrum) R.O.C. Zegveld, an agricultural research centre in the centre of the Netherlands. CO2 fluxes over
grassland on a peat soil were monitored continuously during this period (Hensen et al,
1995).
A sonic anemometer (A.T.I. SWS-211/3K) was mounted on an open frame tower at 4
m above ground level. The anemometer was facing south and the fetch was >400 m for
the wind sector 60°-330°. For the wind sector 330°- 60° the measurement tower, which
was also equipped with other instruments, disturbed the flow.
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Experimental setup for eddy correlation measurements, used at Zegveld
(NL)

The sampling inlet was located near the sonic. Air was transported to the base of the
tower through 4m insulated (PE) tubing. The flow was kept at 7.5 l.min-1 using a mass
flow controller. This flow resulted in a delay time of 1.9 seconds between the sonic data
and the CO2 data. This delay time was checked to be constant during the experimental
period by reprocessing of the raw data. This check is necessary since a mismatch between CO2 and sonic data of about 0.1 second can reduce the calculated flux by 1530%.
The CO2 concentration measurements were performed using a fast response nondispersive infrared monitor (LICOR, Li-6262). N2 was used as reference gas with a 50
ml/min flow. Atmospheric pressure, temperature and H2O concentration were measured simultaneously. The CO2 concentrations were corrected for density fluctuations
and pressure effects.
Automatic calibration using N2 for zero calibration and CO2 in air for span calibration
was performed every day at 9:00 GMT in the morning. Zero drift of the monitor was
generally below 1 ppm/day. Span drift was below 0.5 ppm/day. In the design of the system the pump is located in front of the NDIR. The outlet of the measurement cell is
open to the atmosphere. Therefore pressure in the cell is unaffected when switching
from measurement to calibration operation or vice versa. In both cases the atmospheric
pressure can be used for correction.
Other parameters measured at Zegveld.
Temperature and windspeed measurements took place at 1, 2 and 5 m height. Both
photo synthetically active radiation (PAR) and global radiation were measured at the 1,
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3.2.2 Eddy Correlation Results
An example of the performance of the E.C. system is shown in figure 3.2. The CO2
fluxes over grassland showed a clear diurnal variation. Daytime uptakes of CO2
reached up to 0.7 mgCO2.m-2s-1 and night time emission up to 0.4 mgCO2.m-2s-1. On
most days the CO2 fluxes anti-correlated with available photosynthetical active radiation (PAR). This can be seen clearly for May 3-12. On May 13 and 14 however high
PAR levels were observed whereas the CO2 uptake was significantly reduced. The reduced uptake was found to be related to harvesting on upwind plots. Similar events
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2 m height south of the main mast. Furthermore detailed information was available on
fertilizer programmes, harvesting periods and grazing. The ground water table was at 60 cm in the wind sector between 90° and 180° between 90° and 180° degrees wind
direction. In the sector 180°-270° the ground water table was at -30 cm.

were detected showing emission of CO2 immediately after manure spreading. A more
detailed analysis of the data obtained at Zegveld is beyond the scope of this article and
will be presented elsewhere. (Hensen et al. 1995), (Villoria et al.1996).

3.3

Open and Closed Path Intercomparison Experiment

3.3.1 Technical Description
In order to check whether the eddy correlation measurements had to be corrected for
loss of high frequency CO2 variations, an intercomparison experiment was performed.
This experiment took place at Cabauw (experimental site of the Royal Netherlands Meteorological Institute, KNMI) in the centre of the Netherlands, about 30 km south of
Zegveld. The experiment took place in December 1994. Both open and closed path
measurement systems were mounted on a 4 m mast. KNMI used a 20 cm open path
sensor for CO2 and 1-I20 measurements (IFM, KNMI) (Kohsiek, 1991) and a sonic
anemometer (DAT-300, TR61A Kaijo Denki).
The ECN measurement system was located just behind the KNMI sensors using a
sonic anemometer (Gill Solent). Both units had their own data acquisition system. The
analogue signals of the open path sensor (KNMI) were also logged by the ECN system
in order to check for differences in processing of the data.
Additional meteorological data (wind, temperature, humidity profiles, and radiation) is
available from the routine measurements at the site (Monna and v.d.Vliet, 1987).

3.3.2 Results of the Intercomparison Experiment
Both the open and closed path systems worked well, apart from periods with rain, when
the open path sensor does not work. An example of raw data from the two CO2 sensors
is shown in figure 3.3. From this figure it can be concluded that the closed path system
shows no significant loss of information as compared to the open path system.
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Linear regression obtained for 272 data points

The flux measurements for the period December 4-7 are shown in figure 3.4. During
the measurement period the weather was sunny and mild. Therefore the grass still
showed photosynthetical activity. Uptake during daytime reaches up to 0.2 mgCO2.m2 -1
s . From November 24 to December 5,272 data blocks of 30 minutes were obtained
for which both systems operated simultaneously. The results of open versus closed
path measurements of the flux are plotted in figure 3.5. Linear regression shows good
agreement between the two methods:
Fopen path KNMI = 0.99 * Fclosed path ECN

r2=0.78 (n=272)

The good result of the regression analysis is mainly determined by the high uptake values on December 2-5 and 18-19. For individual days the correlation can be lower, especially when the fluxes are small. Generally the two systems agree within 10%. This is
well within the expected accuracy of the individual systems. For a single flux value
w'CO2' the error was estimated from the resolutions of both the sonical anemometer
and the NDIR. For w' the error is typically 20% and for CO2 the error was between
100% and 10% for the small fluxes and the large fluxes respectively. Therefore the error in an individual flux value was 120% for the small flux values. In summer conditions
with high fluxes the error will go down to about 20%. For 30 minutes of averaging, 600
individual points are accumulated. The measurement error in the averaged flux will
then be about 4%. The variation of the flux within a 30 minute period will be larger than
that. Three 10-minute-averaged flux values will show 30-50% variability within a 30
minute period. Compared to this variability the agreement between the two sensors
was very good.
The conclusion from this experiment was that the damping in the tubing system of the
closed path system is probably only affecting those frequencies that represent eddies
with a diameter smaller than 20 cm. Smaller eddies will also be neglected in both the
open path CO2 sensor and in the sonic anemometers. During the experiment wind
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speed was below 6m/s. In order to determine the damping factor for situations with
more turbulent conditions (when the eddy spectrum shifts to higher frequencies) an intercomparison in summer time would be useful.
We did not assess the corrections for loss of the flux due to sensor response, sensor
separation etc., as described in Moore (1986), which are needed to obtain the actual
flux. For the intercomparison we assume these errors will be the same (within 10%) for
both systems.

3.4

A Combined E.C. and R.E.A. System

3.4.1 Technical Description
The combined E.C. and R.E.A. setup is shown in figure 3.6. The sonic anemometer
data was used to compute a running mean value for the vertical windspeed (w). Whenever the difference between the running mean and the actual vertical windspeed exceeded the deadband velocity, the up or downward valve was selected. This procedure
including sonic anemometer measurement, data transfer to the computer, processing
by the program and actuating the valves, took to be about 80 ms.
The two valves were connected to the main sample flow that was used for the eddy
correlation measurements at 54 cm downstream of the inlet. The transport time for the
gas to travel from the inlet to that point was also 80 ms. In this way the correct air volume was sampled and there was no dead volume in the inlet line of the r.e.a, system.
Eddy correlation measurements were performed for 20 minutes. Meanwhile conditional
sampling was done and two bags were filled with 7-8 litres of sample air each. The
NDIR was used to measure the concentrations in both gas bags and then the two bags
were evacuated. This procedure takes 10 minutes in total, after which the eddy correlation measurements were resumed. The revised inlet changed the delay time for the
eddy correlation measurements by 0.1 second to 2.0 seconds (see section 2.1).

Figure 3.6

Scheme of the eddy accumulation setup

3.4.2 Results of the combined E.C. - R.E.A. system
The relaxed eddy accumulation setup was used over a grass pasture. Experiments
were performed with two setups. During the first period a Solent anemometer was used
on a 4 m high mast. Data was obtained on 4 days, May 22-23 and May 30 -June 1,
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showing agreement of both systems within 20%. In the second period the system was
slightly modified and an ATI sonic was used at 2.5 m height. Just after the start of the
experiment the grass at the site was mowed. Therefore CO2 fluxes showed a small
emission only. Undisturbed measurements were obtained when the grass was removed. The results for these last 3 days of the experiment are shown in figure 3.7.
Both methods seem to agree well. A linear regression for the data from June 4-7 is
shown in figure 3.8. The result is:
r2=0.9

Frea =Fcc* 0.9 - 0.01

For these measurements a deadband velocity of 3 cm/s was used and the factor b was
corrected using (2). The concentration difference between the two bags was between
0.1 and 1.5 ppm. The error in the R.E.A. results is mainly deter-mined by the error in
the concentration difference. This difference can be determined within 0.1 ppm, which
will give an error of about 100% for the night time emission values and about 20% for
the day time uptake values. The 10% difference between the eddy correlation and relaxed eddy accumulation results is therefore not very significant. Further improvement
of the result will require a higher accuracy for the measurement of the CO z concentration difference.
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The main reason for the good agreement between both methods is the configuration of
the sampling inlet system which avoids otherwise necessary corrections for delay between sonic anemometer and CO2 signal while no dead volume is introduced.

3.5

Conclusions

Both the comparison between the open and closed path eddy correlation measurements and the comparison between eddy correlation and relaxed eddy accumulation
measurements were successful. The combination for CO2 flux measurements showed
that the relaxed eddy accumulation method worked satisfactorily. The described system can also be used for any other constituent that can be analyzed in the two sample
bags. Simultaneous measurement of E.C. and R.E.A. fluxes for one constituent (for
example CO2) provides a powerful tool for quality control of the system.
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ECN REA system at Braunschweig 2000
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