
Soil-meteorological measurements at ICOS monitoring stations 
in terrestrial ecosystems

Maarten Op de Beeck1, Bert Gielen1, Lutz Merbold 2,3, Edward Ayres4, Penelope Serrano-Ortiz5,6, 
Manuel Acosta7, Marian Pavelka7, Leonardo Montagnani8,9, Mats Nilsson10, Leif Klemedtsson11, 

Caroline Vincke12, Anne De Ligne13, Christine Moureaux13, Sara Marañon-Jimenez14,15, Matthew Saunders16, 
Simone Mereu17, and Lukas Hörtnagl 2

1Department of Biology, University of Antwerp, Universiteitsplein 1, 2610, Wilrijk, Belgium
2Institute of Agricultural Sciences, ETH Zürich, Universitätstrasse 2, 8092, Zürich, Switzerland
3Mazingira Centre, International Livestock Research Institute (ILRI), P.O. Box 30709, 00100, Nairobi, Kenya
4National Ecological Observatory Network, 1685 38th Street, Boulder, CO 80301, United States
5Department of Ecology, University of Granada, 18071, Granada, Spain
6Andalusian Institute for Earth System Research (CEAMA-IISTA), Universidad de Granada, 18006, Granada, Spain
7Department of Matters and Energy Fluxes, Global Change Research Institute, Czech Academy of Sciences, Bělidla 986/4a, 
 60300, Brno, Czech Republic
8Faculty of Science and Technology, Free University of Bolzano, Piazza Universita’ 1, 39100, Bolzano, Italy
9Forest Services, Autonomous Province of Bolzano, Via Brennero 6, 39100, Bolzano, Italy
10Department of Forest Ecology and Management, Swedish University of Agricultural Sciences, Skogsmarksgränd, 90183, 
  Umeå, Sweden;
11Department of Earth Sciences, University of Gothenburg, Guldhedsgatan 5a, 40530 Göteborg, Sweden
12Université catholique de Louvain, Earth and Life Institute, Croix du Sud 2/L7.05.09, 1348 Louvain-la-Neuve, Belgium
13University of Liège, Gembloux Agro-Bio Tech, TERRA, Ecosystems – Atmosphere Exchanges, Passage des Déportés 2, 
  5030 Gembloux, Belgium
14Department of Applied Physics, University of Granada, 18071, Granada, Spain
15CREAF, Cerdanyola del Vallès, 08193 Barcelona, Catalonia, Spain
16Department of Botany, Trinity College Dublin, College Green, Dublin 2, Ireland
17Centro Euro-Mediterraneo sui Cambiamenti Climatici, IAFES, via De Nicola 9, 07100, Sassari, Italy

Received January 10, 2018; accepted June 26, 2018

Int. Agrophys., 2018, 32, 619-631
doi: 10.1515/intag-2017-0041

*Corresponding author e-mail: maarten.opdebeeck@uantwerpen.be

A b s t r a c t. The Integrated Carbon Observation System is 
a pan-European research infrastructure providing standardized, 
long-term observations of greenhouse gas concentrations and earth- 
atmosphere greenhouse gas interactions. The terrestrial component 
of Integrated Carbon Observation System comprises a network of 
monitoring stations in terrestrial ecosystems where the principal 
activity is the measurement of ecosystem-atmosphere fluxes of 
greenhouse gases and energy by means of the eddy covariance 
technique. At each station a large set of ancillary variables needed 
for the interpretation of observed fluxes and for process studies is 
additionally monitored. This set includes a subset of variables that 
describe the thermal and moisture conditions of the soil and which 
are here conveniently referred to as soil-meteorological variab- 
les: soil temperature, volumetric soil water content, water table 

depth, and soil heat flux density. This paper describes the standard 
methodology that has been developped for the monitoring of these 
variables at the ecosystem stations. 

K e y w o r d s: ICOS, soil temperature, soil water content, 
water table depth, soil heat flux density

INTRODUCTION

The Integrated Carbon Observation System (ICOS) is 
a distributed pan-European research infrastructure 
providing in-situ standardised, integrated, long-term 
and high-precision observations of lower atmosphere 
greenhouse gas (GHG) concentrations and land- and 
ocean-atmosphere GHG interactions. The terrestrial com-
ponent of ICOS comprises a network of monitoring stations 
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in terrestrial ecosystems where the principal activity is the 
measurement of ecosystem-atmosphere fluxes of GHGs and 
energy by means of the eddy covariance (EC) technique. At 
each station a large set of auxiliary variables needed for 
interpretation of the observed fluxes and for process stu- 
dies is additionally monitored. This set includes a subset 
of variables that describe the thermal and moisture condi-
tions of the soil and which are here conveniently referred to 
as soil-meteorological variables: soil temperature (TS, °C), 
volumetric soil water content (SWC, m3 m-3), water table 
depth (WTD, m), and soil heat flux density (G, W m-2).

TS, SWC, and WTD are measured at ICOS ecosystem 
stations to explain variation in measured fluxes, since they 
are known to be key drivers of ecosystem-atmosphere flux-
es of GHGs and energy. For example, TS is known to drive 
the soil component of GHG fluxes through its effect on soil 
microbial activity and chemical reaction rates (Schaufler et 
al., 2010; Smith et al., 2003), while it affects also the vege- 
tation component of these fluxes through its effect on plant 
root activity and water uptake (Jarvis and Linder, 2000; 
Pregitzer et al., 2000). SWC exerts control over soil GHG 
fluxes through its role in the supply of substrate for soil 
micro-organisms and its influence on gas diffusivity and 
oxygen availability in the soil (Howard and Howard, 1993; 
Huang et al., 2011; Smith et al., 2003). It also affects veg-
etation fluxes through drought-induced stomatal closure. 
WTD drives soil fluxes because it marks the depth of tran-
sition between the zones where the soil biochemistry is 
dominated by aerobic or anaerobic processes, which con-
sume and produce GHGs at very different rates (Mikkelä 
et al., 1995; Smith et al., 2003; von Arnold et al., 2005). It 
also affects vegetation fluxes since root activity declines in 
the anoxic soil layer below the WTD (McDaniel, 2006) and 
because it determines the depth of the groundwater reser-
voir for plants in transpirational demand.

Soil heat flux density (G) is measured at ICOS ecosys-
tem stations to provide data for energy balance studies and 
for performance checks of the EC system by means of the 
energy balance closure. G quantifies the flux of thermal 
energy released or taken up by the soil at its surface (Sauer 
and Horton, 2005) and is an important component of the 
short-term energy budget at the land surface, given by Eq. (1): 

Rn-G-S=LE+H, (1)
here: Rn is net radiation, G is the soil heat flux density, 
S is the heat storage in biomass, air, water, or ice, LE is the 
latent heat flux, and H is the sensible heat flux. By closing 
the energy budget, i.e. by balancing the left- and right-hand 
side of Eq. (1), the quality of the (half-hourly averaged) 
daytime LE and H measured with the EC system can be 
assessed. An imbalance between the two sides may indicate 
inaccuracy in the measurements of LE and H if all other 
factors that may generate deviations in the energy balance 
closure are factored out (Foken, 2008; Metzger, 2018; Stoy 
et al., 2013; Wilson et al., 2002). 

In this paper the standard methodology that has been 
developped for the measurement of these variables at ICOS 
ecosystem stations is described. This presented methodolo-
gy is the result of a series of discussions within a dedicated 
working group composed of members of the scientific 
community contributing to ICOS and with expertise on 
soil monitoring at EC flux measurement sites. It has been 
translated in two practical instruction documents, aimed to 
be field guides for the station teams (Op de Beeck et al., 
2017a, b), while in this paper the more general aspects of 
the methodology are explained.

METHODOLOGY

Measurement methods and instrumentation

The aims of the soil-meteorological measurements at 
ICOS ecosystem stations require continuous time series of 
high-quality soil-meteorological data with a minimum of 
data gaps. In order to guarantee this, all sensors employed 
in the field to collect these data need to fulfil a basic set of 
requirements. Employed sensors have to: 
•	 allow unattended and automated measurements in the 

field, 
•	be designed for long-term burial in the soil, 
•	 require minimal (re)calibration in the factory or the lab 

once installed, minimizing data gaps and soil disturbance 
due to sensor removal,

•	have a fast enough response time to detect changes in 
the variable measured (within the recorded time interval),

•	have a low susceptibility to drift,
•	 follow a well-validated measurement principle, and
•	measure the target variable over its entire field range 

with a given minimal measurement accuracy (specific 
per variable). 

This set of requirements has served as a basis to select 
for each variable one or more sensor types that are accepted 
within the ICOS ecosystem network:
•	TS is measured with resistance temperature detectors, 

thermistors, or integrated circuit sensors. Selected sen-
sors must have a measurement accuracy of ± 0.25°C 
or better (as indicated by the manufacturer in the sen-
sor specifications) that is valid over the entire TS range 
expected at the site where the sensors are installed. 

•	SWC is measured with dielectric sensors: time domain 
reflectometers, frequency domain reflectometers, or 
amplitude domain reflectometers. Phase transmission 
and time domain transmission sensors are only accepted 
if their looped probe design does not lead to considerable 
soil disturbance during installation (Muñoz-Carpena et 
al., 2010). Selected dielectric sensors must have a mea- 
surement accuracy of ± 0.05 m3 m-3 or better under fac-
tory calibration (as indicated by the manufacturer in the 
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sensor specifications), valid for the type of soil and over 
the entire SWC range expected at the site where the sen-
sors are installed. 

•	WTD is measured with submersible pressure transducers 
that are installed permanently in cased monitoring wells. 
To provide pressure measurements that are unaffected by 
changes in ambient atmospheric pressure, the transducers 
have to be gauged. Selected transducers must measure 
WTD – or better: water column height above the trans-
ducer – with a measurement accuracy of ± 0.5 cm or bet-
ter that is valid over the entire range of water column 
heights expected in the wells where the transducers are 
installed.

•	G is measured with self-calibrating heat flux plates. 
Selected plates must have a measurement accuracy of 
± 5% or better (as indicated by the manufacturer in the 
sensor specifications) over the entire range of G expect-
ed at the site where the plates are installed. Only with 
self-calibrating plates this measurement accuracy can be 
reached, since the self-calibration allows to correct for 
errors resulting from differences between the thermal 
conductivity of the plates and the changing thermal con-
ductivity of the soil and from thermal contact resistance 
(Ochsner et al., 2006). The only self-calibrating plate 
model currently available on the market and hence cur-
rently accepted within the ICOS ecosystem network is 
the HFP01-SC manufactured by Hukseflux (Hukseflux, 
2011). Because heat flux plates must be buried a few 
centimetres below the surface, plate readings must be 
corrected for the change in heat storage in the soil layer 
above the plate. The change in heat storage is estimated 
with calorimetric calculations from measurements of TS 
and SWC in the upper soil layer (see further). In addition 
to plate measurements, G must in peat soils also be deter-
mined from measured temperature profiles in the upper 
soil layer (Laurila et al., 2012), applying the temperature 
gradient method (Kellner, 2001). This is because poor 
contact between the porous peat material and the plates 
can introduce significant error in the measurements 
(Halliwell and Rouse, 1987).

Spatial sampling design

Organisation of the measurements in the target area: 
soil plots

At each station, the soil-meteorological measurements 
are concentrated in a fixed number of spatial replicates that 
are distributed in the area targeted with the EC measure-
ments. Put in other words, the soil is at a few locations 
around the EC measurement tower fully characterized in 
terms of its thermal and moisture conditions. These loca-
tions are here referred to as soil plots. In each soil plot, 
the four variables (TS, SWC, WTD and G) are measured on 
a continuous basis with sensors chosen by the station team 
from the accepted types described above.

The minimum number of soil plots that is installed at 
a station depends on the ecosystem type and on the station 
class and represents a trade-off between spatial cover-
age and feasibility. For stations in forests, croplands, and 
grasslands, the minimum number of soil plots is set to 
four for Class 1 stations (i.e. stations with highest level 
of standardisation) and two for Class 2 stations (stations 
with an intermediate level of standardisation). At stations 
in forests and croplands, each soil plot is located inside or 
at least very near a continuous measurements plot (CP), 
which is a permanent plot where repeated vegetation 
measurements are carried out (Gielen et al., 2018). This 
allows linking plot variation in vegetation growth to vari-
ation in soil conditions. At stations in grasslands, where 
no such CPs are installed, the location of the soil plots 
is decided by the station team, aiming at optimal cover-
age of the soil-meteorological conditions within the target 
area. This means that if the target area contains strata, i.e. 
areas with vegetation of distinct composition and struc-
ture that often reflect spatial differences in soil conditions, 
the soil plots are preferably distributed among the strata. 
For stations in mires, the minimum number of soil plots is 
a function of the number of plant community types that are 
distinguished in the target area and which are closely relat-
ed to the microtopographical features present (hummocks, 
lawns, etc.) or to other strata present. For stations where 
one plant community type is identified, the minimum num-
ber of soil plots is four for Class 1 stations and two for 
Class 2 stations. For stations where two or more plant com-
munity types are distinguished and identified, the minimum 
number of soil plots in each community type is two and 
one, respectively. Each soil plot is located near one of the 
CPs that are installed in each plant community type for 
repeated vegetation measurements (Gielen et al., 2018). If 
physically possible and if not interfering with the measure-
ments in the CP, the soil plot is preferably installed in the 
same microtopographical unit as the CP, e.g. in the same 
hummock. Otherwise, it is installed in the nearest similar 
microtopographical unit to the CP.

Measurements in each soil plot

The measurements in each soil plot follow a standar- 
dized set-up. They are spaced horizontally such that that 
they do not interfere with each other but still relate to the 
same elemental volume of soil: depth profiles of TS and 
SWC are measured at horizontal distances of 30 to 45 cm 
on either side of the plate measurement of G, while the 
monitoring well for measurements of WTD is installed at 
a distance between 2 and 3 m away from the other measure-
ments (Fig. 1). If using combined sensors for TS and SWC, 
these sensors are all installed in a profile at one side of 
the plate. 
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Measurement depths are always expressed as vertical 
distance to the local zero reference level and are negative 
above this level (Fig. 2). In mineral soils, the zero reference 
level is the boundary between the surface organic horizon, 
i.e. the O-horizon following the FAO definitions (FAO, 
2006), and the underlying mineral horizon. If a surface 
organic horizon is not present, the zero reference level is 
the soil surface. In organic soils, such as found at monitor-
ing stations in mires, the zero reference level is the top of 
the surface organic horizon, i.e. the H horizon following the 
FAO definitions (FAO, 2006).
•	Soil temperature and soil water content: For practical rea- 

sons and because GHG fluxes are mainly driven by the 
thermal and moisture dynamics in the upper soil, the 
minimum depth of the TS and SWC profiles is set to 1 m 
(Fig. 2a). If limited by the presence of the bedrock or 
a water-impermeable layer, the profiles can be less deep 
(Fig. 2b). If measuring to a depth of 1 m or more, the 
TS and SWC profiles include at least six and five mea-
surements, respectively (Fig. 2a). Less measurements 
per profile may suffice if measuring to a shallower depth 
(Fig. 2b-d). The uppermost TS measurement is done as 

Fig. 1. Standard horizontal distances between measurements in 
a soil plot, shown explanatory for a grassland site, with locations 
of the vertical profiles of soil temperature (TS) and volumetric soil 
water content (SWC), the soil heat flux density measurement (G), 
and the monitoring well for measurements of water table depth 
(WTD).

Fig. 2. Standard measurement depths in a soil plot. TS = soil temperature, SWC = volumetric soil water content, G = soil heat flux 
density, and WTD = water table depth. (a) Vertical profiles of TS and SWC are measured until a minimum depth of 100 cm and include 
at least six and five measurements, respectively, while G is measured with a heat flux plate buried at 5 cm depth. (b) If limited by 
the presence of the bedrock or a water-impermeable layer, the TS and SWC profiles can be less deep and include less measurements. 
(c,d) SWC should not be measured below the lowest expected WTD, while TS may be measured below this depth to monitor the 
temperature in the permanently water-saturated soil layer. 
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close to the local zero reference level as possible, while 
the second TS measurement and the uppermost SWC 
measurement are done at a fixed depth of 5 cm. The other 
measurement depths are selected in function of the hori-
zon profile and preferably follow a logarithmic distribu-
tion, i.e. the distance between two measurement depths 
increases with depth. If possible, it is recommended 
to follow the standard WMO depths of 10, 20, 50, and 
100 cm (WMO, 2008). TS and SWC are measured at 
the same depths whenever possible. Furthermore, SWC 
should only be measured in the soil layer that is not per-
manently saturated with water and should hence not be 
measured below the lowest expected WTD. TS may be 
measured below this depth to monitor the temperature in 
the permanently water-saturated soil layer (Fig. 2c-d).

•	Soil heat flux density: The heat flux plate for G mea-
surements is installed at 5 cm below the local zero refe-
rence level. This installation depth ensures good contact 
between the plates and the soil above and avoids that the 
plates are exposed to direct solar radiation. For the major-
ity of soils, this installation depth furthermore limits the 
risk that the evaporation front penetrates the soil until 
below the plates and that the latent heat of evaporation 
is hence measured both belowground by the plates and 
aboveground by the EC system. In such case the latent 
heat would be counted twice in the surface energy bud-
get (Heitman et al., 2008; Peng et al., 2017; Xiao et al., 
2014; Zhang et al., 2012).

•	Water table depth: The pressure transducers for WTD 
measurements are installed below the lowest expected 
WTD (Fig. 3a), except if this level is below the depth 
where the effect of WTD on the ecosystem is expected 
to be negligible. In this case, a depth below the rooting 

depth is proposed by the station team and discussed and 
agreed with the Ecosystem Thematic Centre (ETC), the 
central facility coordinating the ecosystem component 
within ICOS. If the seasonal high WTD falls below an 
accessible depth at which there is no effect of WTD on 
the ecosystem GHG fluxes, WTD should not be mea-
sured. At stations in mires, WTD has to be expressed 
relative to a soil surface that may move up and down due 
to peat swelling and shrinking. The pressure transducers 
therefore have to be pending in the well not from a point 
fixed to the monitoring well casing, as is usually done, 
but from a frame that can freely move up and down with 
the breathing peat and that is restricted in lateral move-
ment. The conceptual design of such a frame is shown in 
Fig. 3b. 

All measurements of a variable at a monitoring station 
are done with the same model of sensor. The TS and SWC 
profiles are established employing either single sensors 
installed at the prescribed depths or profile probes that have 
individual sensors built in at the desired distances. Because 
technical lower limits on sensor distances in commercially 
available probes might make it hard to find probes that 
can include the two uppermost TS sensors, it is allowed to 
install TS profile probes that do not include the uppermost 
TS sensor. In that case, a single TS sensor must be installed 
as close as possible to the local zero reference level in order 
to complete the TS profile. This sensor may be a different 
model that the sensors built in the TS profile probe. If it is 
a different model, there must be installed also a single sen-
sor of that model at 5 cm depth (Fig. 4). This is to ensure 
that the two TS measurements used to calculate heat storage 
corrections for the plate measurements of G are done with 
the same sensor model.

Fig. 3. (a) The measurement of water table depth (WTD) with a pressure transducer, and (b) conceptual design of a frame to be used at 
stations in mires. The frame moves up and down with the surface of the breathing peat layer, allowing to express measurements of WTD 
done with the pressure transducer pending in the well from the frame relative to the moving peat surface.
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At Class 2 stations in forests, croplands, and grasslands, 
where less than four soil plots are installed, additional heat 
flux plates are installed in the target area to bring the total 
number of soil heat flux density measurements in the tar-
get area to four at least. The additional plates are located 
such that all installed plates together provide optimal spa-
tial coverage. This means that in open canopies plates must 
be installed both in canopy gaps and below vegetation and 
that, if the target area contains multiple strata with substan-
tial contributions to the measured EC fluxes, plates must be 
distributed between the strata. Class 2 stations in mires with 
only one soil plot per plant community type are strongly 
advised to install at least one extra heat flux plate in each 
community type.

Each of the additional heat flux plates at Class 2 stations 
is installed in combination with two TS sensors – three at 
mire stations - and one SWC sensor. These are installed at 
the same depths as the shallowest sensors of the TS and 
SWC profiles (dashed boxes in Fig. 2a, d and Fig. 4). The 
output of these auxiliary sensors is used for the calcula-
tion of heat storage change in the soil layer above the plate, 
which is needed to correct G measurements with the plate 
(see further). At Class 2 stations where the TS and/or SWC 
profiles in the soil plots are established employing profile 
probes, it is allowed to install auxiliary TS and/or SWC sen-

sors near the additional plates that are a different model 
than the sensors built in the profile probes. In that case, 
single sensors of that model must be added to each soil plot 
for the two uppermost TS measurements and/or the upper-
most SWC measurement (Fig. 4). This is to ensure that the 
TS and SWC measurements used to calculate heat storage 
corrections for the plate measurements of G are for each 
installed plate done with the same sensor models.

As an example of the standard set-up, Fig. 5 shows the 
TS, SWC, and G sensors installed in a soil plot in a min-
eral soil at a candidate ICOS ecosystem station in a short 
rotation coppice culture of poplar (Lochristi, Belgium). The 
sensors are installed in the wall of an excavated soil pit.

Specific cases

At stations where sensors have to be removed frequently, 
most notably croplands that are frequently visited by farm 
machinery, one permanent soil plot is installed in addition 
to the other soil plots. This permanent plot is located in an 
area where the engines do not roam, preferably the area 
immediately around the EC tower. This plot is a replication 
of the other soil plots, with the same number of sensors 
installed at the same depths. The sensors in the permanent 
plot are not removed during engine activity in the field and 
their output is used to fill the gaps in the data sets from 
the sensors in the field. Crop seeding/planting and harvest-
ing and management practices are mimicked manually in 
this permanent plot. Furthermore, WTD is only measured in 
the permanent plot. The other soil plots should not include 
a monitoring well for WTD measurements.

Fig. 4. Possible set-up of the measurements of soil temperature 
(TS), volumetric soil water content (SWC) and soil heat flux densi-
ty (G) in a soil plot where TS and SWC profile probes are installed. 
If the TS profile probe does not include the uppermost TS meas-
urement, a separate single TS sensor is installed at the uppermost 
measurement depth. If this sensor is a different model than the 
sensors in the TS probes, a second single sensor of that model is 
also installed at 5 cm depth. At Class 2 stations where SWC profile 
probes are installed in the soil plots, a separate single SWC sensor 
is installed at 5 cm depth near the additional heat flux plates, and 
if this is a different model than the sensors in the profile probes, 
also near the heat flux plates in the soil plots. 

Fig. 5. Example of sensors installed in the wall of an excavated pit 
in a mineral soil at a candidate ICOS ecosystem station in a short 
rotation coppice culture with poplar (Lochristi, Belgium). Soil 
temperature sensors are installed along a vertical profile at 1.5, 
5, 10, 20, 50, and 100 cm depth (right). Sensors for volumetric 
soil water content are installed along a vertical profile at 5, 10, 20, 
50, and 100 cm depth (left). The three upper sensors are not posi-
tioned on a vertical line but diagonally below each other in order 
to create enough distance to avoid mutual interference. The heat 
flux plate for the measurement of soil heat flux density is installed 
at 5 cm depth (middle). 
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Exceptions to the standard design

The set-up of the soil plots at the ecosystems stations has 
to follow as much as possible the standard design described 
above, and this to guarantee harmonized and intercompa-
rable measurements within the ICOS ecosystem network. 
However, some flexibility is allowed: if site particularities 
and notably practical issues make it difficult to implement 
the standard design in the field, deviations from the stand-
ard design in terms of soil plot locations and measurement 
distances can be allowed. Such exceptions to the standard 
design are always discussed and agreed between the station 
team and the ETC. One of the cases where an exception 
can be agreed is, to give an example, a station in a forest 
where motorized equipment is needed for drilling monitor-
ing wells or digging soil pits and where such equipment 
is not permitted access in protected zones that include the 
CPs or is avoided access to the CPs in order avoid damage 
to vegetation. In this case, deviations from the standard soil 
plot locations can be discussed.

Temporal sampling design

The soil-meteorological variables are at each station 
measured year-round at high temporal resolution in order 
to assess the short-term variability as well as the long-term 
trends of the soil-meteorological conditions. The signal of 
each individual sensor is logged at 60 s intervals. Every 
measurement is recorded in physical units and, if available, 
also in raw instrument units. Measured data are transferred 
on a daily basis to the ETC, where they are subject to for-
mat checks and quality control routines, averaged over the 
same half-hour intervals as the EC flux measurements, gap-
filled, and aggregated at temporal and spatial scales desired 
by the end users of the ICOS data products.

Sensor calibration 

Soil temperature

The TS sensors can operate with the factory calibration 
and do not require any (initial) site-specific calibration. 
However, if quality control routines reveal long-term sen-
sor drift, recalibration of the TS sensors might be needed. 
This in fact applies to all soil-meteorological sensors.

Volumetric soil water content

The dielectric sensors selected for SWC measurements 
are allowed to operate under factory calibration, yet a soil-
specific calibration of the sensors at the start of the ICOS 
term is highly recommended, in particular for clayey and 
highly organic soils. A soil-specific calibration of the sen-
sors will reduce measurement inaccuracy associated with 
the differences in soil bulk density, texture, and salinity 
between the soil in which the sensors are installed and the 
soils used for factory calibration. Within the ICOS eco-
system network, there is no fixed calibration procedure 
prescribed. Instead, a detailed calibration methodology is 

discussed and agreed between each station team and the 
ETC, taking into consideration the type of soil (mineral vs 
organic), the variability of the soil at the station, the sensor 
model to be calibrated, etc. Whatever the specificities of the 
methodology agreed, it always involves calibration of the 
sensors against gravimetric measurements of SWC that are 
carried out on representative soil samples extracted from 
the field and that span the entire range of SWC expected 
at the site where the sensors are installed (Dane and Topp, 
2002; ISO, 2001). The calibration may be carried out on soil 
samples that are wetted to saturation in the lab and gradual-
ly let drying out, or vice versa (Campbell Scientific, 2012; 
Nagare et al., 2011; Quinones et al., 2003). Furthermore, 
the calibration may involve either establishing a unique 
calibration for each individual sensor that will be employed 
in the field, or else applying one calibration to multiple sen-
sors, such as to sensors installed in the same soil horizon. 
These particularities are discussed between the station team 
and the ETC. The calibration procedure yields a set of data 
pairs of gravimetrically determined SWC and raw sensor 
output, to which a linear or polynomial calibration curve 
is fitted.

Water table depth

The factory calibration of the pressure transducers is 
checked with a laboratory test prior to installation in the 
field (Freeman et al., 2004; Sinclair and Pitz, 2010). This test 
determines whether the instruments meet the manufactu- 
rer’s accuracy requirement or not. Each pressure transducer 
is tested by inserting and withdrawing the transducer in 
a vertical standpipe that is kept filled to overflowing with 
water. The transducer readings are at five different, equally 
spaced depths compared with direct measurements of the 
water column height with a measurement tape. The range 
of submergence is equal or larger than the expected maxi-
mum water column height in the monitoring well where 
the transducer is installed. The laboratory test also includes 
a ‘dry’ measurement in air, for which the gauged transduc-
ers should give a zero reading (within accuracy range of 
the instrument). Additionally, a ‘dry’ variable-temperature 
test is performed in the lab, leaving the transducers to 
record while the air temperature fluctuates over a range that 
includes the range of groundwater temperature expected 
in the monitoring wells where the transducers are installed 
(Freeman et al., 2004). For temperature-compensated trans- 
ducers the output during this test should not exceed the 
accuracy limits set for the compensated temperature range.

As an alternative to the laboratory test, the transducers 
can be subject to a field test after installation in the wells 
(Freeman et al., 2004). This field test is carried out in the 
first year of ICOS measurements and at the time of the high-
est seasonal WTD. The test is performed directly in the well 
by lowering and then raising the sensor by known incre-
ments and comparing transducer readings of water column 
height with manual measurements done with a steel tape, 
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a sounder, or another manual device. The test measurements 
are done at a minimum of five levels equally spaced over 
the full water column range. At each level it is made sure 
that the transducer has equilibrated and, because moving 
the transducer cable in the water column displaces water 
in the well, that the water level has stabilized. The top of 
the well casing’s riser pipe can be used as the reference for 
the direct measurement. The height of the riser pipe above 
the local zero reference level is subtracted from the direct 
distance measurement to obtain WTD.

Once the pressure transducers are installed in the field, 
WTD is at each field visit (or at least biweekly) measured 
manually in each well with a steel tape, a sounder, or another 
manual device, and compared with the transducer measure-
ments (Freeman et al., 2004). These accuracy checks are 
performed to document any potential transducer drift over 
time and in such case, the transducer is recalibrated. 

Soil heat flux density

The selected plates for G measurements are program- 
med to run a self-calibration once or twice per day. With 
each self-calibration, the calibration constant Esen that 
relates the heat flux density through the plate to the volt-
age output of the plate (Eq. (2)) is adjusted to the changing 
conditions in the soil: 

(2)

where: Gplate is the soil heat flux density at the depth of the 
plate, V is the voltage output of the plate, and Esen is the 
calibration constant. The self-calibration routine involves 
generating a heat flux of known density by powering a film 
heater mounted on the upper side of the plate. A new value 
for Esen is calculated such that the voltage response of the 
plate to the generated heat flux pulse agrees with the heat 
flux density through the plate that is expected if the thermal 
conductivities of soil and plate were perfectly matching. 
For details on the calculation, we refer to the HFPSC-01 
Manual (Hukseflux, 2011). The heating of the plate tem-
porarily affects the plate readings; it takes some time until 
the effect of the heating on the measured soil heat flux has 
disappeared. The length of this ‘cooling period’ is vari-
able and depends on how fast the energy generated during 
the heating step dissipates in the soil. This varies with soil 
type and soil water content and is hence very site-specific. 
Therefore, measurements of Gplate during the cooling period 
are not representative. Whether plates have to be calibrated 
once or twice per day depends on the average duration of 
one self-calibration, i.e. from the start of the heating until 
the heating effect on the measured heat flux density has 
fully disappeared. The calibration of the plates at a station 
is timed such that only one plate is calibrated at the time 
and that the calibration window is for each plate shifted one 
hour every day. Measurements during self-calibrations are 
omitted from final data sets.

In soils where the self-calibrations do not produce sat-
isfying results or where it takes very long for the effect of 
the plate heating to disappear – and an unacceptably large 
number of data hence has to be discarded -, it can be opted 
to perform a manual calibration of the plate following pro-
cedures that are agreed between the station team and the 
ETC. Such a calibration involves measurements that allow 
expressing Esen as a function of SWC, the latter being the 
most important driver of the short-term variability of the 
thermal conductivity of the soil. 

Maintenance 

Once installed in the soil, the TS and SWC sensors and 
the heat flux plates do not require specific maintenance. 
For pressure transducers, the only specific maintenance 
involves the timely replacement of the desiccant unit that 
might be used to keep the vent tube dry. As a general main-
tenance routine, all soil plots are visited on a frequent basis 
for early detection of possible disturbances, including dam-
age from wildlife, vandalism, roaming scientists, and, in 
grazed grasslands, livestock. Also the surfacing power 
and data cables running from soil plots to data loggers are 
checked at each visit. Furthermore, the monitoring wells 
are checked for unwanted objects inside the well (insects, 
etc.). The height of the riser pipe of the wells is checked 
after and during periods of frost, because freeze-thaw pro-
cesses create ‘frost heaving’ and can jack wells from the 
ground, changing the position of the well casing relative 
to the local zero reference level. This may lead to displace-
ment of the transducer if it is suspended in the well from 
a hanging point fixed to the well casing. At each visit, 
also the connection of the suspension cable to the hanging 
point in the well is checked, since the cable may be prone 
to slipping. Since ice formation on the sensor diaphragm 
will irreparably damage the sensor, the pressure transducers 
are removed from the monitoring wells at stations in cold 
climate zones at times when ice formation in the well is 
expected. The instruments are reinstalled after thawing. At 
mire sites, sensor depths are checked at the start and the end 
of each growing season, as the distance of the sensors to the 
local zero reference level changes in time due to the con-
tinuous accumulation of organic material at the soil surface. 
The position of the sensors is adjusted if needed. 

Calculations

The output of each sensor is averaged to half-hourly 
means from all 30 measurements in the half hour interval 
with: 

(3)

where:   is the half-hourly mean and xi are the individual 
measurements. Heat flux density measurements from the 
plate are first corrected for the change in heat storage in 

X
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the soil layer above the plate before being averaged. This 
change (ΔS, W m-2) is calculated with the calorimetric 
method:

(4)

where: Δz is the thickness of the soil layer between the plate 
and the zero reference level (0.05 m), Cs is the volumetric 
heat capacity of that soil layer (J m-3 °C-1), and ΔTS/Δt is the 
temperature change over Δt (60 s). The temperature change 
(ΔTS) is the difference between the current temperature 
measurement (at time t) and the previous temperature 
measurement (at time t-1 = t-60 s):

(5)

here, soil temperature (TSx) is the average of the tem-
perature read by the two upper TS sensors, i.e. the sensor 
installed just below the zero reference level and the sensor 
at 5 cm depth.

The volumetric heat capacity of the soil (Cs) is the sum 
of the specific heat capacities of its constituents: soil min-
erals (sm), organic matter (o), water (w), and air (a). The 
specific heat capacity of air is negligible compared to the 
other constituents, so Cs can be calculated with (de Vries, 
1963):

(6)

here, φ is the specific heat per unit mass (J g-1 °C-1) and ρ is 
density (g m-3). Values for φ and ρ are given in Table 1. θsm 
and θo are the volume fractions of soil minerals and organic 
matter (m3 m-3 soil), and SWC is the volumetric soil water 
content measured with the SWC sensor at 5 cm depth. In 
soils containing no or very few organic matter, Eq. (6) can 
be simplified to:

(7)

where: x is the bulk density of the soil (g m-3). In highly 
organic soils with no or few soil minerals, Eq. (6) can be 
simplified to:

(8)

The volume fractions of soil minerals and organic matter 
can be considered time invariant. 

Then the heat flux density measured with the plate 
(Gplate) is corrected with ΔS to obtain the soil heat flux den-
sity at the zero reference level (G): 

(9)

Half-hourly G means are then calculated with Eq. (3) from 
all 30 values of G in the half-hour interval.

At stations in mires, G is also calculated from the output 
of the three upper TS sensors with a combination of the 
temperature gradient method and the calorimetric method. 
First, the heat flux density at a depth z (Gz) is calculated 
with the temperature gradient method using measurements 
of the first and third temperature sensor in the TS profile:  

(10)

where: T3 is the measurement from the third sensor, 
installed at depth z3 (= 10 cm) and T1 is the measurement 
from the first sensor, installed at depth z1 (just below the 
local zero reference level). The reference depth z is the 
midlayer depth between z1 and z3 (= approx. 5 cm). The 
thermal conductivity of the soil (λ) is calculated from the 
thermal conductivities of the different soil fractions. In the 
highly organic peat soils, which only have a small or neg-
ligible mineral fraction, λ can be estimated with (Kellner, 
2001):

(11)

here: λx is thermal conductivity of the soil constituents, for 
which values are given in Table 1. The variables θa and θo 
are the volume fractions of air and organic matter (m3 m-3 
soil), respectively, and SWC is volumetric soil water con-
tent measured with the dielectric sensor at 5 cm depth. θa 
can be calculated from soil porosity (n, %) and SWC:

(12)

The change in heat storage in the soil layer above depth 
z (ΔS) is calculated with the calorimetric method using 
Eqs (4) to (8). Instant soil heat flux density (G) and half-
hourly average (G) are calculated with Eqs (13) and (3), 
respectively:

(13)

Data on soil structural and compositional properties needed 
to calculate G are provided by – or can be derived from 
– results of the soil sampling campaigns that are at each 
station carried out during the establishment of the ICOS 
ecosystem station.

Data quality control

The measurements from all stations are centrally, at 
the ETC, subjected to a common set of automated, near 
real-time quality control (QC) routines for detection of non-

Ta b l e  1. Physical properties of soil constituents: specific heat 
capacity (φ), density (ρ) and thermal conductivity (λ)

Soil constituents
φ

(J g-1 °C-1)
ρ

(106 g m-3)
λ

(W m-1 
°C-1)

Soil minerals (sm) 0.87 2.65
Organic matter (o) 1.92 1.30 0.25
Water (w) 4.18 1.00 0.57
Air (a) 0.025

Values are taken from Campbell and Norman (1998).
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sensical or suspicious sensor output. The QC furthermore 
includes quality checks on long-term data series to detect 
possible sensor drift. The automated QC tests evaluate the 
quality of the soil-meteorological data at various levels of 
aggregation, starting from the high-frequency single-sensor 
data that arrive at the ETC. They include, among others, 
range tests to evaluate whether single data values fall with-
in established plausibility limits, step tests to detect spikes 
and zero changes, persistency tests to evaluate whether the 
variability of the measurements over a certain time interval 
falls within realistic or acceptable upper and lower limits, 
and consistency tests that evaluate the variable against 
other independently assessed variables on the basis of well-
defined empirical or theoretical relationships. The latter 
tests involve both quantitative and qualitative relationships 
and range from very simple to very complex (modelling). 
Examples are the comparison of plate measurements of 
G with values estimated from the measured soil tempera-
ture gradient in the upper soil layer and the evaluation of 
SWC changes in the upper soil layer against rainfall data. 
The limits and thresholds for QC tests are first set arbitra- 
rily but, in order to decrease the number of false positives 
and negatives, in a next phase adjusted by training the test 
algorithms in an automated fashion using the data from the 
sensors. The QC routines also include tests that evaluate 
e.g. temperature effects on WTD and SWC readings. For 
these tests, temperature readings of the transducers and TS 
measurements collected within each soil plot at the same 
depths as SWC will be used. A full description of the QC 
routines falls outside the scope of this paper and will be 
treated separately.

Final data set
As an example, Fig. 6 shows time series of the soil- 

meteorological measurements collected in a soil plot in- 
stalled in a mineral soil at a candidate station in a short rota-
tion coppice culture of poplar (Lochristi, Belgium, Fig. 5). 
These measurements have been subjected to a basic man-
ual quality check only, not to the extensive, automated QC 
routines that ICOS data undergo. While these time series 
demonstrate the finest temporal and spatial scale at which 
soil-meteorological data are available to the end users of 
ICOS data, also site-averaged values of the variables at 
larger timescales (e.g. daily and monthly averages) are 
made publicly available to the end users. Data users also 
have access to metadata on the employed sensors (model, 
manufacturer, location, calibration, and calibration meth-
od), as well as information on soil characteristics (horizon 
profile, soil composition, texture, and structure). 

RESULTS AND DISCUSSION
Soil-meteorological variables are known to drive the 

fluxes of GHGs and energy between ecosystems and the 
atmosphere (Schaufler et al., 2010; Smith et al., 2003). 
Temperature and moisture levels of the soil have more- 
over been shown to be directly impacted by climate change 

through rising air temperature and altered precipitation pat-
ters (Gerten et al., 2007; Jungqvist et al., 2014; Kurylyk et 
al., 2014). Measuring these variables at ICOS ecosystem 
stations is hence essential for explaining and interpreting 
observed variability in monitored ecosystem-atmosphere 
fluxes in a changing climate. The standardisation of the 
methodology to measure these variables, as well as of the 
methods to evaluate the quality of the collected data, 
enhances harmonization and the intercomparability of data 
from the multiple stations in the ecosystem network.

A key component of the standard methodology involves 
the employment of a common set of sensors or measure-
ment techniques at all stations within the ICOS ecosystem 
network. For each soil-meteorological variable one or more 
sensors/techniques that are deemed most fit to fulfil the 
needs of the ICOS ecosystem network have therefore been 

Fig. 6. Time series of half-hourly averaged measurements from 
a soil plot installed in a mineral soil at a candidate ICOS ecosys-
tem station in a short rotation coppice culture of poplar (Lochristi, 
Belgium; see also Fig. 5). The two upper panels show a four-
day period in early summer 2017 with time courses of (a) soil 
temperature (TS) and (b) soil heat flux density measured with 
the plate (Gplate) and soil heat flux density at the soil surface (G). 
The two lower panels show (c) volumetric soil water content 
(SWC) and (d) water table depth (WTD) for the period February-
October 2017.
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selected from the wide range of sensors/techniques avail-
able. For example, SWC has to be measured with dielectric 
sensors within the ICOS ecosystem network. These sensors 
allow for automated, continuous measurements of SWC at 
predefined depths and are therefore preferred over other 
continuous sensors/techniques, such as neutron probes, the 
gamma ray absorption technique, ground penetrating radar, 
and heat pulse/dissipation sensors (Muñoz-Carpena et al., 
2010). Measurements of WTD have to be collected with 
gauged pressure transducers installed in cased monitoring 
wells. Pressure transducers provide an easy and accurate 
way to monitor WTD and are preferred over other con-
tinuous WTD devices, such as float recorder systems and 
ultrasonic or acoustic resonance sensors. The former are, 
unlike transducers, susceptible to mechanical failure and 
require relatively large monitoring hole diameters. The 
latter are, unlike transducers, sensitive to humidity and 
they are rather costly (IGRAC, 2008). Measurements of G 
have to be collected with heat flux plates, which are com-
monly employed for surface energy balance applications. 
Heat flux plates are preferred within the ICOS ecosystem 
network over other measurement methods, such as the 
calorimetric method and the temperature method, because 
plates provide a direct measurement of G, after a correction 
for the heat storage change in the soil layer above the plate, 
while the other techniques require detailed information on 
soil thermal properties that may not be readily available.

Furthermore, the standard methodology provides the 
station teams with detailed installation guidelines for all 
sensors to avoid or minimize errors associated with impro- 
per installation (Op de Beeck et al., 2017a, b), and other 
measures to deal with the errors that are unavoidably asso-
ciated with the measurement of the soil-meteorological 
variables with the prescribed sensors/techniques. These 
measures and guidelines aim at treating errors similarly for 
all ecosystem stations and minimizing them where possi-
ble. Also, the soil-meteorological measurements from all 
stations are centrally, at the ETC, subjected to a common 
set of near real-time quality control routines for detection 
of non-sensical or suspicious sensor output, enabling to act 
swiftly in case of sensor malfunctioning, and to quality 
checks on long-term data series to detect possible sensor drift.

The standard methodology as presented in this paper 
will be kept up to date with future developments in meas-
urement sensors and techniques. This means that the 
methodology explained in this paper will be re-evaluated 
towards the end of the lifetime of the sensors that are now 
being installed and employed at the ICOS ecosystem sta-
tions, and that new sensors or techniques may be included 
in addition to, or as replacement of, those currently accept-
ed. To give one example, it may be worth considering in 
a future iteration of the standard methodology the inclu-
sion of multi-needle heat pulse probes for the measurement 
of soil heat flux density. These probes make simultaneous 
measurements of the temperature gradient and the soil ther-

mal conductivity and allow direct calculation of soil heat 
flux by the temperature gradient method (Bristow et al., 
1994). They have been successfully employed to measure 
G in a limited number of studies (Cobos and Baker, 2003; 
Ochsner et al., 2006; Peng et al., 2017). An advantage of 
heat pulse probes over plates is that they are less intrusive 
and do not block vertical transfer of water. After more 
intensive testing, heat pulse probes may be considered as 
an alternative or successor to heat flux plates.

CONCLUSIONS

1. Continuous measurements of soil-meteorological 
variables are indispensable for explaining and interpreting 
variability of ecosystem-atmosphere fluxes of greenhouse 
gases and energy that are monitored at ecosystem stations 
in the Integrated Carbon Observation System. 

2. The standardisation of the methodology to collect 
soil-meteorological data and the methods to evaluate the 
quality of the collected data enhances harmonization and 
the intercomparability of data from the multiple stations in 
the ecosystem network.

3. The standard methodology for soil-meteorological 
measurements as described in this paper will be kept up to 
date with future developments in measurement sensors and 
techniques, and new sensors may be considered for inclu-
sion in future iterations of the methodology.
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