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Chapter 4

Hydro-meteorological measurements at the

sites

4.1 Measurement campaigns

The measurements used for this study have been collected during 2 campaigns.

• The campaign for the Edesebos site has been held in 1988 until 1990. To

measure λE by means of the Bowen ratio, i.e. β = H/λE, a Temperature

Interchange System has been used. This Bowen ratio system has been running

during the summer half year (May to October) only. Precipitation P has been

measured continuously during the two years of the campaign.

• The campaign for the Bankenbos, Fleditebos, Kampina and Loobos sites lasted

from the end of 1994 to 1998. All measurements were continued throughout the

year. At these sites the eddy-correlation technique has been used to measure

H, λE and τ . The Loobos site was the only site being continued after 1998.

At all sites most of the measurements were automatized. At the start all in-

struments were new and the factory calibrations were used. The tipping bucket

raingauges were calibrated in the lab prior to installation in the field. Maintenance

took place on a weekly basis and occasionally every two weeks. The Krypton hy-

grometers used for the eddy correlation system were factory calibrated regularly, i.e.

every one to two years. For the long term Loobos site, the instruments were cali-

brated following the guidelines of the manufacturers. Kabat et al. (1997) compared

at the same site H being measured with the Bowen ratio Temperature Interchange

System with the measurements by the eddy correlation system. Good agreement

between the two fluxes was obtained. Table 4.1 summarizes the heights at which the

different variables were measured.
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Table 4.1: Heights (m) at which the different variables were measured. Heights are given

in meters with the base of the tower as the reference level. Measuring instruments which

were added in July 1996 are denoted by ∗).

Variable Edese

bos

1988

Edese

bos

1989

Loo-

bos ∗)

added

in July

1996

Fledite

bos

Fledite

bos

after

1997

Ban

ken

bos

Kampi

na

(m) (m) (m) (m) (m) (m) (m)

H, λE, u∗, u,

Tson

25.99 23.17 25.44 27.80 29.60

β, u, Ta, κ 18.25 18.70

β, u, Ta, κ 20.60 20.70

β, u, Ta, κ 22.95 22.70

u 24.41 21.70 23.97 26.29 28.25

κr, Ta 2.30 2.30 23.52 20.76 23.03 25.41 27.40

u, κr, Ta 8.4∗

u, κr, Ta

u, κr, Ta 5.0∗

u, κr, Ta 2.5∗

udir 23.30 23.30 23.97 21.22 23.49 25.93 27.91

P (tower) 18.00 18.00 23.77 21.03 23.30 25.68 27.63

P (open field) 0.6 0.6 0.4 0.4 0.4 0.4 0.4

R
down/up
s ,

R
down/up
l

19.60 19.60 21.89 19.10 21.37 23.79 25.57

Rnet 19.50 19.50

p 2.00 2.00

G -0.05 -0.001 -0.05 -0.05 -0.05 -0.04 -0.05

G -0.025

Tsoil -0.025 -0.012

θ, Tsoil -0.03 -0.03 -0.03 -0.03 -0.03

θ, Tsoil -0.10 -0.10 -0.10 -0.05 -0.10

θ, Tsoil -0.25 -0.20 -0.20 -0.12 -0.30

θ, Tsoil -0.75 -0.45 -0.45 -0.32 -0.60

θ, Tsoil -2.00 -1.00 -1.00 -0.57 -1.10

θ -0.05 -0.05

θ -0.08 -0.08

θ -0.15 -0.15

θ -0.50 -0.50

h -0.40

h -0.60

θ, h -0.10 -0.10

θ, h -0.30 -0.30

θ, h -0.80 -0.80

θ, h -1.20 -1.20

θ, h -1.60 -1.60
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Table 4.2: The variables being measured by the various instruments with their estimated

field accuracy at the Edesebos site. Instruments only used in 1988 are denoted by 1).

Instruments installed in 1989 are denoted by 2).

Variable Instrument Manufacturer Type Field accuracy

Td, Tw Psychrometer In Situ Instru-

ments

0.02 K

Rdown
s Solarimeter Kipp CM5 1%

Rnet Net radiometer Solar radiation In-

struments

SRI4 5%

p Pressure trans-

ducer

Aanderaa Instru-

ments

2810

Ta Rotronic YA-100 0.1 K

κr Rotronic YA-100 5%

u Cup anemometer In Situ Instru-

ments

0.5 m s−1

udir Wind vane Aanderaa Instru-

ments

2750 30

P Pluviograph Van Doorne 5%

Tipping Bucket Ogawa Seiki2 PR200 0.2 mm tip−1

Tf Pressure trans-

ducer

Validyne1 DP15 5%

Trans

Instruments2
BHL 4879-

50-07MO

Sf Pressure trans-

ducer

Validyne1 DP15 5%

Tipping bucket Lambrecht2 LY100 0.001 mm tip−1

G Flux plate BWD Precision In-

truments

10%

Tsoil Platinum resis-

tance

Pt100 0.1 K

h Pressure trans-

ducer with ceramic

cups

TFDL, Mi-

croSwitch (Honey-

well)

141PC 5%

θ Capacity sensor TFDL 5%

4.2 Edesebos site

Table 4.2 gives an overview of the variables measured, the instruments used and of

the estimated field accuracy. The field accuracy incorporates the uncertainty after

factory or laboratory calibration, as well as the uncertainty because of the placement

of the sensor in the field and the operational practice being employed.
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Figure 4.1: The picture at the left shows the ladder mounted on top of the scaffolding tower

and 3 of the 4 trolleys with dry and wet bulb temperature sensors. The cup anemometers

are at a fixed height. The picture on the right shows a cup anemometer and the inlet for

the aspirated temperature sensors.

At the Edesebos site instead of an eddy correlation system, a Bowen ratio system

has been exploited, using the Thermometer Interchange System (TIS) as was devel-

oped by “In Situ Instruments”, Sweden. Here, two sets of air temperature differences

and dry and wet bulb temperature differences were measured using four aspirated

psychrometers. The temperature sensors were placed on trolleys fixed to a ladder on

top of the scaffolding tower (see Fig. 4.1).

To eliminate instrument errors the trolleys and thus the sensors for each set were

interchanged every 5 minutes. In addition the absolute temperatures were measured.

H and λE were derived by combining Eq. (2.23) and Eq. (2.24) with the assumption

KE ≈ KH .

At the top of the scaffolding tower the standard meteorological measurements of

u, udir, κr and Ta were made. Here, also Rnet and Rdown
s were measured at booms

2 m high and extending 2 m outside the tower, directing to the South. At 2 m above

the ground level p was measured. G was measured using 2 heat flux plates and a soil

temperature sensor. In 1988 the flux plates were installed at a depth of 5 cm with

the temperature sensor being installed at 2.5 cm. In 1989 one flux plate has been

covered with a thin layer of soil and the other was installed at 2.5 cm depth with

the temperature sensor being installed at 1.2 cm depth. To estimate the change in

energy storage in the forest Ta and κr were measured at 2.3 m height.

To measure P a tipping bucket raingauge (Ogawa Seiki, PR200, with a nominal

resolution of 0.2 mm tip−1) was installed at the top of the tower and a siphoning

gauge (van Doorne) in the eastern corner of a nearby pasture. The rim of this gauge
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was at 0.6 m height above the surface. The gauge has been set at this height because

it was felt that otherwise the fence and the young trees at the other side of the fence

would influence the catch of the gauge. In 1989 a collecting gauge was added to the

tower and another was set next to the gauge in the open field. These gauges had

the same funnel area (400 cm2) as the others and were also set at the same height.

The throughfall was collected in a reservoir using three gutters with a total length

of 30 m and a width of 10 cm. Every 20 minutes the water level in the reservoir

was measured by means of a pressure transducer (Validyne, DP15 in 1988 and Trans

Instruments, BHL 4879-50-07MO in 1989). Total stem flow of 6 trees was measured

automatically. In 1988 the stem flow was collected in a barrel where the water level

was measured by means of a pressure transducer. In 1989 the barrel was replaced by

a tipping bucket rain gauge (Lambrecht, LY100, with a resolution of 93 cm3 tip−1).

At the site soil water content θ and pressure head h were measured in 2 profiles 0.8

m apart, at 1 m and 2 m distance from the nearest tree. h was measured continuously

using ceramic cups and pressure transducers. θ was measured twice a week with

capacitive sensors (Hilhorst, 1984). The depth of the groundwater table zg was

measured every week in a well 30 m deep.

4.3 Bankenbos, Fleditebos, Kampina and Loobos

sites

4.3.1 Measurement set-up

For the sites Bankenbos, Fleditebos, Kampina and Loobos a measurement system has

been designed that was able to run as stand alone for at least a week. The system

was powered by a solar panel and a wind generator. To reduce power consumption

some sacrifices had to be made to the system set-up, which will be discussed below.

In 1996 an infra-red gas analyser to measure H2O and CO2 fluxes was added to

the measuring set-up of the Loobos site, causing the power consumption to increase

considerably. To overcome this problem additional solar panels as well as a gasoline

generator backup system were installed. This generator started automatically when

the voltage of the batteries dropped below a certain threshold value. The generator

was placed about 50 m NE (prevailing wind direction is SW) of the measuring tower.

To prevent interference with the measurements, a tube has been connected to the

exhaust with its opening at 12 m height above the generator. In the summer the

generator was usually not needed. In the winter during prolonged overcast skies the

generator may run up till 16 hours a week. Later the generator was replaced by a

direct methanol fuel cell run on methanol.
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To measure the contribution to total λE and H by the undergrowth, a second flux

and automatic weather station was installed for limited periods below the canopy.

In March 1997 this additional station was first installed at the Fleditebos site. After

a couple of months the below canopy station was moved in June to the Loobos site.

Here this below canopy station remained until November 1997.

In Table 4.3 the instruments used at the Bankenbos, Fleditebos, Kampina and

the Loobos sites are given as well as the accuracy of each variable measured. In this

Table the effects of site specific circumstances on the accuracy have not been taken

into account.

4.3.2 Sensible and latent heat flux densities

To obtain the sensible heat flux density H and latent heat flux density λE the eddy-

correlation technique has been applied. The eddy-correlation system used at the

Bankenbos, Fleditebos, Kampina and Loobos sites, has originally been developed

in collaboration with Copenhagen University and Wageningen Agricultural Univer-

sity (Moncrieff et al., 1997). The data processing software has been developed in

mutual collaboration with the University of Edinburgh. The system is based on a

3D-ultrasonic anemometer in combination with a fast response device to measure

κabs or κ, being either a Krypton hygrometer or an infra-red gas analyser (see Fig.

4.2).

Because of drift, primarily originating from the scaling of the windows, the ac-

curacy of the Krypton hygrometer to measure κabs as a absolute value is not high.

However, the response time of the instrument is short and differences in κabs over a

short time interval (e.g. 30 minutes) are measured accurately. To derive λE the mea-

sured differences are needed only. The humidity signals were passed to the analogue

input ports of the sonic and from there recorded by a PC.

The PC calculated the 30 minute covariances and averages, which were stored

after each 30 minutes. To calculate the 30 minute averages a running mean has been

applied with a time constant of 200 seconds. For short periods at all sites “raw” high

frequency data were stored. Since the time the infra-red gas analyser was installed at

the Loobos site, “raw” high frequency data were continuously stored at this site. To

derive final results the following corrections were used: rotation corrections following

McMillen (1988), frequency response corrections based on Leuning and Moncrieff

(1990) and on Moore (1986), density fluctuation corrections as described first by

Webb et al. (1980) and cross wind contamination and humidity corrections for H

as given by Schotanus et al. (1983). The density corrections are minimal for the

closed path gas analysis system, but are needed for the Krypton hygrometer. For

this device also a correction as suggested by Tanner et al. (1993) was made for the
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Table 4.3: The variables being measured by the various instruments with the accuracy

provided by the manufacturer and their estimated field accuracy at the sites Bankenbos,

Fleditebos, Kampina and Loobos. For Rl the offset because of window heating introduces

an additional source of uncertainty.

Variable Instrument Manufact-

urer

Type Factory

accuracy

Field ac-

curacy

u, v, w Sonic

anemometer

Gill Solent

1012R2

1.5% 0.02 m s−1

Tv Sonic

anemometer

Gill Solent

1012R2

0.5% 0.5%

κabs Fast response

hygrometer

Campbell Krypton

KH2O

8% 10%

κ Infra-red gas

analyser

LI-COR LI-COR

6262

1% 5%

Rdown
s , Rup

s Pyranometer Kipp CM21 1% 1%

Rdown
l , Rup

l Pyrgeometer Kipp CG1 10% 10%

T of Rl-sensors Platinum re-

sistance

Kipp PT100 0.1 C 0.2 C

Ta Platinum re-

sistance

Vaisala HMP35A 0.1 C 0.1 C

κr Solid state Vaisala HMP35A 2% κr 3.5% κr

u Cup

anemometer

Vector A101ML 1% 0.5 m s−1

udir Wind vane Vector W200P 2 3

P Tipping

bucket 0.2

mm resolu-

tion

Environ-

mental

Measure-

ments

ARG100 0.5% at 10

mm h−1

5%

Tf Tipping

bucket 0.07

mm resolu-

tion

SC-DLO - 1.0% at 10

mm h−1

5%

G (1x) Flux disk TPD-TNO WS31 5% 10%

G (3x) Flux ring Hukseflux SH1 5% 30%

absorption of light by oxygen in the detected wavelength. A full description of the

data processing has been given in Appendix C. For a description of the system in

combination with an infra-red gas analyser, as was applied since July 1996 at the

Loobos site, one is referred to Moncrieff et al. (1997), Aubinet et al. (2000) and Gash

and Dolman (2003).
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Figure 4.2: The left picture shows the top of the scaffolding tower, with the eddy-

correlation system at the top of the extendible mast, rain gauge, temperature/humidity

sensor, cup anemometer and wind direction sensor on top of the scaffolding tower and the

radiation sensors extending 3 m horizontally out of the tower. The right picture shows the

3D-sonic anemometer and the krypton hygrometer of the eddy-correlation system.

The limited storage capacity of the palmtop PC’s applied did not allow for storage

of the high frequency raw data. Thus the covariances and averages were calculated

on-line and stored. However, due to the limited speed of the processor of the palmtop

PC used not all covariances could be stored. Dyer et al. (1982) pointed out that the

error in the fluxes of the scalars T and κ is only 3% per degree of tilt, whereas for

momentum fluxes it is 14% per degree of tilt. With this error in mind it was decided

to store all the covariances needed to rotate the momentum flux and leave out some of

the covariances needed for the rotation of the scalar fluxes. For short periods during

which all raw data were stored, the effects of not applying all rotation corrections

has been quantified by comparing the fluxes based on the limited number of rotation

corrections with those based on the full rotation corrections, as will be discussed in

Section 5.2.1.

4.3.3 Measuring transpiration by sap flow

At the Loobos site sap flow has been measured using the Tissue Heat Balance-system

of Čermák (Ecological Measuring Systems, model P4.1, Brno, Czech Republic). This

system calculates the sapflow from temperature changes of the phloem, the amount
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of energy needed for heating and the specific heat of water; the system needs no

calibration (Swanson, 1994). In 1996 the system was applied at 3 trees while in

1997 and 1998 6 trees were used. Each tree was continuously measured at two sides.

Scaling up to stand level was done on the basis of the relation between sapwood area

and DBH , determined by coring 59 trees, and the distribution of DBH for the stand.

4.3.4 Radiation

The radiation sensors were mounted on horizontal booms extending 3 m outside of the

scaffolding tower. The booms were directed to the South. To measure Rnet the four

components of the radiation balance were measured separately: Rdown
s and Rup

s were

measured with two pyranometers, Rdown
l and Rup

l were measured by pyrgeometers,

with the sensor for Rdown
l being ventilated. Although the temperature dependence of

the sensor is improved by the ventilation, the effect of heating of the window by the

sun is still estimated as 25 W m−2 at 1000 W m−2 solar radiation. As mentioned in

Table 4.3, the offset caused by this window heating should be added to the uncertainty

of the measurements.

At the Fleditebos and Loobos sites for a short period a net radiometer has been

placed below the canopy. To check the accuracy of this net radiometer it was for

3 weeks mounted on top of the scaffolding tower to compare with the radiation

balance as measured with the separate long- and short-wave radiation sensors above

the forest. To check for differences in sensitivity of the two sides of the instrument

the net radiometer was turned 1800 during this period. The comparison with the

separate radiation sensors showed that the net radiometer deviated only by 3% from

the 4 component net radiometer. Also the net radiometer had the same sensitivity

at both sides.

4.3.5 Soil heat flux density

The soil heat flux density G was measured with 4 heat flux sensors installed below the

litter layer at a depth of 3 cm in the mineral soil at each side of the soil temperature

profile sensors with a distance of approximately 50 cm. Two types of sensors were

used: the traditional one in the form of a plate and another one in the shape of a

ring. van Loon et al. (1998) showed that the ring type flux sensors were not capable

of measuring G accurately. To estimate G the measurements of the heat flux plates

were used. The measurements of the flux rings were used only for estimating the

effects of spatial variability.
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Figure 4.3: The champagne glass shaped tipping bucket raingauge as has been used at all

sites, except Edesebos site, on top of the tower and in the open field.

4.3.6 Meteorological background variables: u, udir, κr and Ta

At the top of the scaffolding towers standard meteorological measurements of u, udir,

κr and Ta were made. At the Fleditebos site and at the Loobos site κr and Ta were

also measured during a short period in 1997. At the Loobos site, since July 1996

κr, Ta and u sensors were mounted on the scaffolding tower at 3 levels below the

tree crown. The κr used are based on a capacity principle. This is one of the main

reasons why the readings of this sensor slowly drop in time. As in the Netherlands for

a large part of the year κr reaches saturation in the early morning, this phenomenon

was used to linearly correct the readings of the κr sensor over the year in between

calibrations.

4.3.7 Precipitation, throughfall and stemflow

Precipitation P was measured using tipping bucket rain gauges with a resolution of

approximately 0.2 mm per tip.

At each site a rain gauge was located on top of the scaffolding tower. To minimize

the error due to wind turbulence another raingauge was installed in an open space

nearby. This gauge had the rim at 40 cm above the soil surface and was logged in event

mode. Measuring P is not as evident as often is assumed, which is not only caused



4.3. Bankenbos, Fleditebos, Kampina and Loobos sites 75

by instrumental problems, but also by the sometimes very large differences observed

in space and time. Most point precipitation data show an underestimation of the

catch, mainly because of changes in the pressure fields around the rain gauge. The

magnitude of this underestimation depends on the exposure of the rain gauge, u and

the intensity of P . The biggest errors have been observed for high u in combination

with low intensities of P and at high intensities of P because of the structure of

tipping bucket rain gauges. This latter error was minimized by applying a static and

dynamic calibration for each individual rain gauge. The first error was reduced as

much as possible by the shape of the selected rain gauge which reduces the obstruction

of the wind field by the champagne glass body look like of the gauge (see Fig. 4.3).

Under the assumption of minor spatial differences at low rain intensities (P < 0.5

mm h−1) and of minimal wind effects at the gauge in the open field, data of this

gauge were used for the low intensities. For higher intensities of P spatial differences

are more likely to occur. To prevent a decoupling of the measurements of Tf and P ,

for P ≥ 0.5 mm h−1, the data measured at the top of the scaffolding tower were used.

Data differing more than 5% between the two gauges were flagged and excluded of

the parameter estimation.

Throughfall rate Tf was measured by means of 36 manual gauges as well as one

tipping bucket rain gauge at the end of an approximately 10 meter long gutter of 10

cm width (see Fig. 4.4).

Each week the average of the manual gauges was used to calibrate the readings

of the tipping bucket for that week. Differences between the weekly throughfall of

trough and manual gauges were generally less than 10%, only for rare conditions of

snow larger differences were found. The manual gauges were set up at 4 m distance

of each other in a fixed grid of 400 m2. The diameter of the gauges was 9.72 cm with

the rim being at about 10 cm above the surface. Vegetation around the gauges was

kept short. The gauges were read either once a week or once every fortnight.

Figure 4.5 shows the frequency distribution of Tf as a fraction of P at the Loobos

site for 2 showers with a different intensity.

To check if the set up of 36 gauges placed in a fixed grid was adequate to obtain

a representative average of Tf , the data sets with different intensities of P for a

number of weeks were tested. A chi-square test showed that at all sites only for

amounts of Tf < 0.4 mm week−1, there was reason to reject the hypothesis that the

data were adequately described by a normal distribution. For these low throughfall

amounts the canopy does not become completely saturated and hence the spatial

variability pattern of throughfall is primarily determined by the degree of canopy

opening (Loustau et al., 1992).

For the study of the processes of interception storage and evaporation only data

with P > 0.4 mm week−1 have been used. To estimate the uncertainty in the
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Figure 4.4: The 10 m long and 10 cm wide throughfall gutter at the Loobos site, with at

the end (just behind the left tree) the tipping bucket gauge.

Figure 4.5: Relative frequency of the throughfall rate Tf measured by the throughfall

buckets at the Loobos site as a fraction of the precipitation rate P for two showers with a

total precipitation amount of 1.4 mm respectively 70.0 mm.

throughfall data the relative error was calculated by reducing the number of gauges

to 30 and comparing their mean with the mean of all 36 gauges. The obtained relative
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error was ± 2%, corresponding well with the findings of Helvey and Patric (1965).

To achieve a 5% standard error of estimate in Tf for hardwoods in the eastern US, 24

and 46 gauges were needed for throughfall rates below 0.5 mm in the non-foliated and

foliated period respectively and 6 to 18 gauges for higher throughfall rates. The fact

that more gauges are needed during the foliated period is in line with the findings

of Lloyd and Marques (1988). In order to obtain a 5% error in the mean throughfall

rate 20 roving gauges were needed in a tropical rain forest with high rainfall rates

and a large amount of foliage.

The resolution of the tipping bucket gauge is approximately 0.07 mm per tip

depending on the exact length of the gutter. For this tipping bucket as well as the

tipping bucket at the top of the tower the tips were accumulated and logged at 5

minute intervals.

Before the tipping bucket gauges were installed in the field, they were calibrated

and the resolution was adjusted depending on the collecting surface of the gutter.

The throughfall gauges were cleaned every week and the other gauges every two

weeks.

As the undergrowth was dense at one site (Fleditebos), additional throughfall rate

measurements were done here. Five gutters with a length of 2 m and a width of 10

cm were installed at soil surface level. Care was taken not to disturb the vegetation

around the gutters. At 4 gutters the throughfall was collected using barrels, while at

the outlet of the remaining gutter a tipping bucket was placed. This tipping bucket

had the same specifications as the tipping buckets used on the tower and in the open

field.

Stemflow was collected in barrels using spiral tubes fixed at breast height to 6

trees. The amount of water collected in the barrels was measured on a weekly basis.

4.3.8 Soil temperature and soil water

To obtain the temporal pattern of soil temperature Tsoil and soil water content θ

continuous measurements at 30 minute intervals were made. At the Bankenbos,

Fleditebos, Kampina and Loobos sites Tsoil, electrical conductivity ke (Ω m−1) and

the dielectric permittivity ǫ (J V2 m−1) were measured at 5 different depths in 2

profiles 1.5 to 2.0 m apart. For this Frequency Domain sensors (FD) were used. These

sensors measure ǫ at the 20 MHz frequency range. Every 30 minutes a measurement

was made at all 10 sensors and stored on a palmtop PC. All θ profiles were placed

in such a way that one profile was close (± 0.5 m) to the stem of a tree and the

other profile further away from the tree (± 2.5 m). To obtain an accurate estimation

of θ, calibration curves were made using undisturbed volumetric soil samples with a

diameter of 20 cm and a height of 20 cm taken at the installation depths of the FD
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Figure 4.6: Volumetric soil water content θ at the Loobos site on 1 April 1997, as measured

by the 5 permanent FD sensors of each of the soil profiles A and B and as measured by

taking gravimetric samples. The horizontal bars depict the standard deviation in θ of the

gravimetric samples.

sensors. To obtain an impression of the spatial variability of θ, we measured at a few

occasions θ at 3 to 5 depths.

In 2005 at the Loobos site the soil water and soil temperature sensors were

replaced by a new different system consisting of Campbell Scientific sensors (type

CS615). The sensors, with pens of 30 cm length were placed horizontally at 5 cm

depth in the litter layer and at depths of 0.03 m, 0.20 m, 0.50 m and at 1.00 m

respectively in the mineral soil. The measurement interval was set at 1 hour.

To capture the spatial variability of the soil water content special measuring cam-

paigns were held at each site. At the Loobos site 10 random spots with 3 points along

a line of 10 m were sampled within 200 m of the tower. At each spot θ was measured

using a TDR (Time Domain Reflectory) and volumetric soil samples were collected

to determine θ. At the sites Kampina and Fleditebos ± 20 points were sampled along

a transect of 250 m. At these sites θ was measured by a FD probe instead of a TDR.

Fig. 4.6 depicts the variation in θ at the Loobos site. Especially at a larger depth,

the measurements of θ made by the 2 profiles fall well within the range as measured

by the gravimetric method. Similar results were obtained for the other sites.
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Table 4.4: Groundwater level monitoring wells at the Bankenbos, Fleditebos, Kampina

and Loobos sites, with their total length, reference level and elevation of the soil surface. 1)

Reference is the base of the tower i.e. ± 22 m NAP.

Location Well number Filter depth Reference level Soil surface

(m) (m-NAP) (m-NAP)

Bankenbos 1 Tower 2.97 9.988 9.911

2 2.80 9.415 9.323

Fleditebos 1 2.45 -3.242 -3.336

2 2.45 -2.961 -3.230

3 Ditch 1.75 -3.554 -4.199

4 2.00 -2.976 -3.190

5 2.45 -2.838 -3.008

6 Tower 2.40 -2.540 -2.982

7 2.00 -2.698 -2.911

8 2.00 -2.530 -2.887

9 Ditch 1.86 -3.444 -4.110

10 1.99 -2.756 -2.882

11 2.00 -2.683 -2.866

12 2.45 -2.465 -2.840

13 2.45 -2.767 -3.207

Kampina 1 Tower 2.50 1.128 0.597

2 Ditch 2.00 0.963 -0.219

Loobos 1 Tower 6.50 +0.1671 -0.0091

2 4.80 -2.4631 -2.6741

4.3.9 Groundwater level depth

At all locations 2 or more groundwater level observing tubes have been installed.

The tubes had a diameter of 3.6 cm and a filter length of 50 cm. Every fortnight

all tubes were monitored by hand. Additionally at every site one tube had a data

logger with a pressure transducer installed. Depending on the range of the depth

of the groundwater table zg the resolution of the system was better than 0.8 cm

(range of 2 m) or 0.04 cm (range of 1 m). At the Fleditebos and the Loobos site

the measurement interval was 16 minutes. At the Bankenbos site the interval was 32

minutes. At these sites the raw A/D converter output was logged and in the office

transferred to water level depths using a calibration curve. At the Kampina site the

resolution of the system was 0.6 cm (range 1.50 m). Here, a measurement interval of

30 minutes was used.
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4.3.10 Discharge

At two locations measurements of the discharge Q of the ditches draining the site

were made with sharp crested weirs. At the Kampina site a triangular weir was used

with an angle of 90◦. And at the Fleditebos site two trapezium shaped weirs were

used. Automatic water level recorders were used with a 20 cm diameter float in a

stilling well. The accuracy of the recorder was 1 mm. Every minute a measurement

was made and every 10 minutes the actual, average, minimum and maximum values

were recorded. The discharge rate Q (m3s−1) was derived from the surface water

levels zsw (m) using the relationship:

Q = C1,2z
a

sw (4.1)

were C1,2 and a (-) are calibration constants. The weirs were calibrated in the

laboratory. For the V-notch C1 = 1.365 m−0.5s−1 and a = 2.5. For the trapezium

weir C2 = 1.860 m0.5s−1 and a = 1.5 was found.

4.4 Main uncertainties in the hydro-meteorological

measurements

The net radiometer used at the Edesebos site and later under the canopy at the

Fleditebos and Loobos sites deviated only by 3% from the four component net ra-

diometer. The net radiometer had the same sensitivity at both sides.

The mean and the standard deviation of the throughfall rate Tf based on the 36

manual gauges represents the true Tf well. The uncertainty in the mean of Tf is

approximately ± 2%. Only for amounts of Tf < 0.4 mm week−1 the uncertainty is

higher.

The two soil profiles at each site are a good representation of the range in θ values

that may be encountered in the footprint of the towers.

The groundwater level at the poplar stand of the Fleditebos site showed a concave

profile even in the wet part of the year. This profile is an indication of the high

transmissivity of the soil being caused by the permanent cracks.


