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Abstract. We describe a 25 years (1996-2021) observational dataset of meteorology, turbulent fluxes and net
ecosystem exchange collected from the first tower at the Loobos site, the Netherlands (NL). This is one of the
17 first FLUXNET sites globally. The presented dataset contains six data streams, namely (1) the NL-Loo_BM
stream including meteorological data: four-component radiation (radiation balance), air temperature and relative
humidity, wind information, precipitation and throughfall, photosynthetic active radiation, bole temperature and
soil heat flux), (2) the NL-Loo_Profile stream containing vertical profiles of CO, mole fraction, H,O pressure,
air temperature and relative humidity, (3) the NL-Loo_ST stream derived from the aforementioned two streams
including total stored heat flux, HoO and CO, fluxes below the canopy, (4) the NL-Loo_EC stream including EC
measurements of CO, flux, sensible heat and latent heat fluxes, (5) the NL-Loo_Soil stream including vertical
profiles of soil moisture and temperature and ground water level data, and (6) ancillary data including soil
respiration, vegetation properties (i.e., tree height, stem width and dry aboveground biomass, Leaf Area Index,
sap flow, needle foliage properties and the associated nutrient analysis) and ground water level. The data quality
of these data streams is assured through standard operating procedures. To show the utility of gathering long-
term and comprehensive measurements, we present analyses of mean diurnal storage CO; flux, the trend of
NEE over the last 25 years and the energy balance closure. Being one of the longest datasets of its kind in a
temperate forest, this valuable dataset is anticipated to be used for investigating the performance of various gap-
filling algorithms, semi-climatological trends including extreme climatic events (such as the heatwave of 2003
and the drought of 2018) and the role of forest ecosystem in the carbon, water and energy cycle. Meanwhile,
it is expected to be employed for validating modelled land-atmosphere CO, and turbulent exchange fluxes,
verifying model assumptions and serving as ground truth for satellite data retrievals. The dataset is accessible
at https://doi.org/10.5281/zenodo.15721310 (Zhao et al., 2025) under a CC-BY4 open use license, where it is
published as an associated station-like site and the same data will also be available at the European Fluxes
Database Cluster. Hence, the data will be committed to the FLUXNET Data System Initiative too. It is noted
that in 2021 a second tower was built and equipped with new instrumentation as a replacement of the first tower,
which was labelled as an ICOS Ecosystem Class 2 site in 2023. Here we describe the first tower’s instrumentation
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and data processing up to a Level 1 product (derived variables and quality checks, but not gap-filled). The
instrumentation and data processing related to the second tower is described in van der Molen et al. (2026).

1 Introduction

In 1995, a tower was built in the Loobos forest area in the
Netherlands to measure water, heat and momentum fluxes
for investigating forest evapotranspiration using the eddy co-
variance method (referred to as EC from here on) (Dolman
et al., 1998). Following the Kyoto negotiations, which sought
to operationalize the United Nations Framework Convention
on Climate Change by committing industrialized countries
and economies in transition to limit and reduce greenhouse
gas emissions (https://unfccc.int/kyoto_protocol, last access:
15 December 2024) One of the key questions raised by the
Kyoto Protocol was how to calculate the changes in car-
bon stocks associated with land use changes and forestry
activity (IGBP Terrestrial Carbon Working Group, 1998).
This required to also observe the carbon dioxide (CO;) bal-
ance for forest ecosystems (Valentini et al., 2000). Conse-
quently, since 1996, CO; flux measurements have been con-
ducted in Loobos, which subsequently became one of the
17 first FLUXNET sites globally (https://fluxnet.org/data/
la-thuile-dataset/lathuile-data-summary/, last access: 15 De-
cember 2024).

The Loobos site is located near Kootwijk (52°9'59.50” N—
5°44'36.99” E). A 22 m tall tower was built on a small dune
(please refer to photos of Fig. Al in Appendix Al). The
tower base is at 26.4 m above mean sea level (Fig. 1). The
main tree species is Scots pine (Pinus sylvestris). In all direc-
tions the forest extends for more than 1.5 km. The forest was
planted around 1911 on bare sand (Kadaster, 2025) to control
the drifting of the sand and provide wood for the mining in-
dustry. Before planting, sand dunes had formed with heights
between 2 and 10m relative to the valleys in between. The
trees are now widely spaced with some open spots. In a ra-
dius of 500 m around the flux tower 89 % of the area is cov-
ered with Scots pine (Pinus sylvestris), 3.3 % with Corsican
or black pine, 2.3 % with birch, 1.3 % with Douglas fir, 0.6 %
with oak (Quercus Robur) and 3.5 % of the area is open and
mostly covered with heather and grass (Moors, 2012). The
average tree height increased from 15.3 m in 1996 to 20.6 m
in 2020, with a mean annual growth rate of 0.22 m. Trees
on top of dunes tend to be shorter than trees growing in the
valleys, hence the local topography is not visible from above
the canopy. The undergrowth of the forest has exhibited a no-
table increase in coverage over time, particularly since 1976.
It consists of mosses (Polytrichum spp.), grasses (Deschamp-
sia flexuosa), blueberries (Vaccinium myrtilus), and shrubs
(dominated by American cherry of Prunus serotina and Ame-
lanchier lamarckii) (Moors, 2012) (please refer to photos in
Appendix Al). It is noteworthy that at the outset of the ob-
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Figure 1. A map of measurement locations at the Loobos first
tower. The first tower is in the center (0,0)m. The black square
delineates the area where the tree inventories were done in 2000,
2005, 2008, 2012 and 2025. The green dots show the locations of
the trees in the inventory.

servation period, Vaccinium was absent, yet it now consti-
tutes the majority of shrubs, indicating a notable increase in
its spread over time (please refer to photos in Appendix Al).
Because of the local topography caused by the sand dunes,
the distance to the ground water table depends on the loca-
tion. In the valleys, the ground water table is at a depth rang-
ing from 2.5 to 4.3 m below the surface. More details on the
soil and vegetation composition in the first period of the site
can be found in the report by Moors (2012).

Measurement locations at the Loobos first tower site are
mapped in Fig. 1. The collected dataset contains measure-
ments of meteorological variables (e.g., radiation compo-
nents, precipitation, vertical profiles of wind, air temperature,
humidity and CO3, soil temperature and moisture content),
turbulent fluxes (i.e., latent heat and sensible heat and CO5)
at half-hourly intervals. The dataset from the first tower has
been used in many national and international studies and has
been cited more than 150 times in peer-reviewed articles, in-
cluding papers in high impact journals like Nature (Keenan
et al., 2013; Valentini et al., 2000; Enquist et al., 2003). The
conducted studies range from: (1) the development of data
quality control and gap-filling strategies for long term en-
ergy flux datasets (Falge et al., 2001a, b; Reichstein et al.,
2005; Pastorello et al., 2020; Meesters et al., 2012; Gockede
et al., 2008), (2) data analysis including trend analysis (Dol-
man et al., 2002; Falge et al., 2002; Tong et al., 2023; Elbers
et al., 2011) and to study the response of the ecosystem to
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droughts, heat waves and warm winters (Lansu et al., 2020;
van der Horst et al., 2019; Granier et al., 2007; Zhou et al.,
2024; Mallick et al., 2024; Garcia-Garcia et al., 2023; Ver-
meulen et al., 2015), (3) analyses of carbon and water fluxes
exchange dynamics via model development and validation
studies (Kramer et al., 2002; Veroustraete et al., 2002; Falge
et al., 2003; Papale and Valentini, 2003; Hari et al., 2018;
Aubinet et al., 1999; Wu et al., 2020; Strebel et al., 2024;
Vermeulen et al., 2015), (4) the development of land sur-
face models and parameter optimizations (Chen et al., 2016;
Raoult et al., 2016; Harper et al., 2016; Largeron et al., 2018),
(5) the development of the CarboEurope regional experiment
strategy (Dolman et al., 2006), (6) ecological and land man-
agement studies (Van Wijk and Bouten, 1999; Dolman et al.,
2003; Ceulemans et al., 2003; Balzarolo et al., 2016; Churk-
ina et al., 2003; Jansen et al., 2023; George et al., 2021),
(7) serving as ground truth for satellite data retrievals such as
evapotranspiration (Verstraeten et al., 2005; Hu et al., 2017,
Petropoulos, 2024) and gross primary productivity (Verma et
al., 2014; Joiner et al., 2014), and (8) groundwater manage-
ment (Moors, 2012).

While the tower and its associated dataset were described
in a limited manner (Dolman et al., 2002; Elbers et al.,
2011), the purpose of this paper is to provide a comprehen-
sive overview of the instrumentation, data processing and the
resulting data archive, enabling its use in data analysis stud-
ies, model development and validation of satellite data re-
trievals. Section 2 describes the instrumentation, basic data
processing, data quality control and obtained data records.
Section 3 shows data evaluations by presenting data cross-
check results, the mean diurnal storage flux in comparison
to EC measured fluxes and total fluxes, seasonal and interan-
nual variations in net ecosystem exchange of CO; flux and
energy balance residual. Section 4 provides conclusions and
information on data and code accessibilities.

2 Instrumentation and data processing

2.1 In situ measurements
2.1.1 Meteorological variables

At the top of the scaffolding tower (highest platform at 22 m),
standard meteorological measurements were conducted, in-
cluding air temperature, relative humidity, horizontal wind
speed and wind direction. Air pressure was measured at the
site at 15m height starting from February 1999. The four
radiation components were measured individually: incom-
ing and reflected shortwave (solar) radiation using two pyra-
nometers, and incoming and emitted longwave (thermal in-
frared) radiation using two pyrgeometer equipped with a ven-
tilated sensor to ensure reliable readings, particularly during
dew and frost events. Additionally, quantum sensors were in-
stalled on 9 August 2001 to measure direct photosyntheti-
cally active radiation (PAR), diffuse PAR and reflected PAR.
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These data were sampled every 20 s and stored as half hourly
means and standard deviations.

Precipitation was measured using tipping bucket rain
gauges with a resolution of approximately 0.2 mm per tip.
One rain gauge was located on top of the tower. Another rain
gauge was installed in an open space nearby to minimize the
error due to high wind. However, this open space measure-
ment was discontinued after 9 January 2007 due to the re-
growth of pine trees, which caused the area to no longer be
open enough. Throughfall was measured from 2 June 1995
until 23 July 2014 using 36 manual gauges as well as a cus-
tom made tipping bucket rain gauge at the end of an approx-
imately 10 m long gutter through with a width of 10 cm. The
manual gauges were set up at a 4 m distance from each other
in a fixed square of 400 m?. The area around these manual
gauges was kept free of grass and shrubs. The resolution of
the tipping bucket gauge used for the throughfall trough is
approximately 0.07 mm per tip depending on the exact sur-
face of the gutter and the precipitation density. This tipping
bucket, along with the one on top of the tower, was initially
logged at a 5min intervals, with the tips accumulated over
each interval. Since 16 June 2004, a Campbell logger has
been recording data at 30 min intervals. Detailed information
about the instruments, their manufacturers and their specific
locations on the tower is provided in Table 1.

Notably, the key instruments that operate continuously
over long periods, such as pyranometers, Vaisala instruments
and quantum sensors were maintained on a bi-weekly scale
to ensure high-quality and reliable data. Routine mainte-
nance includes visual inspection, cleaning of sensor domes
and diffusers of remote dust and other deposits and verifica-
tion of sensor leveling and alignment.

While these manual interventions ensured optical and
structural integrity, the long-term consistency of the data was
further supported by the high intrinsic stability of the sen-
sors themselves. For instance, air temperature measurements
through Vaisala remained highly stable due to inherent resis-
tance to calibration drift from the platinum resistance ther-
mometers (PT100). Similarly, soil moisture and temperature
sensors (Campbell Scientific, Inc.) described in Sect. 2.1.4
demonstrated high temporal stability with negligible sensor
drift throughout the study period. While the Vaisala humidity
sensors drifted, unfortunately, they were not often calibrated.

The sonic anemometers and wind vanes were character-
ized by high long-term stability, as their measurement ac-
curacy is dependent on fixed transducer geometry rather than
electronic calibration. Any potential measurement deviations
were attributed to frame-induced flow distortions rather than
transducer degradation; therefore, the anemometer did not re-
quire factory calibration.

Radiation sensors were subject to slow, systematic sen-
sitivity degradation due to the environmental aging of the
sensor’s optical surfaces. To account for this, these instru-
ments were returned for factory recalibration every couple of
years. To assess the potential for long-term sensitivity degra-
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Table 1. List of instruments, installation height and measurement period.

Variable Instrument Manufacturer Type Height above ground (m) Measurement period

Incoming/reflected short wave Pyranometer Kipp&Zonen CM21 21.9 5 Jan 1995 to 30 Mar 2023

radiation

Incoming/reflected long wave Pyranometer Kipp&Zonen CGl 21.9 5 Jan 1995 to 30 Mar 2023

radiation

Temperature longwave Platinum resistance Kipp&Zonen PT100 219 5 Jan 1995 to 30 Mar 2023

radiation sensors

Air temperature Platinum resistance Vaisala HMP35A 23.5,7.5,5.0 5 Jan 1995 to 30 Mar 2023

Air pressure Analog barometer Vaisala PTB101C 15 22 Jul 1996 to 30 Mar 2023

Relative humidity Capacitive sensor Vaisala HMP35A 23.5,7.5,5.0 5 Jan 1995 to 31 Dec 2022

Wind speed Cup anemometer Vector Instruments A101ML 24.4,75,5.0 5 Jan 1995 to 31 Dec 2022

Wind direction Wind vane Vector Instruments W200P 24 5 Jan 1995 to 31 Dec 2022

Precipitation Tipping bucket EML ARGI100 23.9 (tower), 0.4 (open 5 Jan 1995 to 30 Mar 2023
field)

Throughfall Tipping bucket IMAG-DLO - 1 2 Jun 1995 to 23 Jul 2014

Direct photosynthetically Quantum sensor Delta-T Devices BE-3 24.5 9 Aug 2001 to 30 Mar 2023

active radiation

Diffuse photosynthetically Quantum sensor Delta-T Devices BF-3 24.5 9 Aug 2001 to 30 Mar 2023

active radiation

Reflected photosynthetically Quantum sensor LI-COR LI-190SZ 219 9 Aug 2001 to 30 Mar 2023

active radiation

CO, mole fraction and HyO A single channel PP Systems, modified CIRAS-SC 25.97,23.22,7.5,5.0 and 23 Jul 1996 to Oct 2007

pressure

infrared gas analyser NOAA system 2.5 m before October 1999,
(IRGA) and 25.97,7.5, 5.0, 2.5 and
0.4 m afterwards.
AIRCOA: Autonomous LI-COR Li-Cor LI-820 25.97,7.5,5.0,2.5 and Oct 2007 to 12 Nov 2021

Inexpensive Robust
CO; Analyzer

0.4m

Turbulence components

Sonic anemometer Gill instruments A Gill Solent 1012R2 27 21 Aug 1996 to 7 Jun 2001
sonic anemometer

Sonic anemometer Gill instruments ‘Windmaster Pro 27 7 Jun 2001 to 1 Jun 2016

Sonic anemometer Gill instruments Gill R3-50 ultrasonic 27 1 Jun 2016 to 1 Oct 2022

anemometer

https://doi.org/10.5194/essd-18-2023-2026
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dation in the radiation measurements, an intercomparison
was conducted during an overlapping period (from 21 Jan-
uary 20221 to 29 May 2023). Incoming shortwave radiation
in the first tower was compared against a second, indepen-
dent sensor (Kipp & Zonen) deployed in the second tower
(https://meta.icos-cp.eu/resources/stations/ES_NL-Loo, last
acces: 11 March 2026, van der Molen et al., 2026). The com-
parison result demonstrates high instrumental consistency,
with relative differences remaining within 5 % when aver-
aged over a weekly time window (Fig. S1 in the Supplement).
As such, the calibration drift was not applied in the data pro-
cessing.

2.1.2 Eddy covariance

An EC-system placed on the top of the tower at 27 m was
used to measure turbulent fluxes (i.e., sensible and latent heat
fluxes and CO; flux). The measuring system involved a 3D
ultrasonic anemometer and a fast infrared gas analyser. In
the first setup (from fall 1996 till June 2001) a Gill R2 was
used in combination with a Li-COR LI-6262 and a Campbell
Krypton hygrometer KH2O (Table 1). Raw data were stored
at 10 Hz using a HP Palmtop PC and PCMCIA cards. Since
June 2001 a Windmaster Pro anemometer was installed in
combination with an open path Li-COR LI-7500 (Table 1).
The Li-COR LI-7500 was replaced by Li-COR LI-7500A
in May 2019, and subsequently, on 8 August 2019 by LI-
7500RS (Table 1). The Windmaster Pro anemometer was
replaced by a Gill R3-50 ultrasonic anemometer on 1 June
2016 (Table 1). Unfortunately, there were no overlapping
measurements available during the anemometer replacement,
precluding direct intercomparison between the two sensors.
An overview of the main instrument changes is presented
in Fig. A2 in Appendix. Beyond these hardware transitions,
the long-term continuity of the flux estimate was maintained
through sensor-specific maintenance and calibration proto-
cols designed to mitigate instrument drift.

For LI-COR infra-red gas analyser sensors (IRGA), the
closed-path LI-6262 was subjected to zero drift; this off-
set primarily affected absolute concentration values rather
than EC flux calculations from high-frequency fluctuations.
In contrast, the open-path LI-7500 series demonstrated high
gain stability attributed to their robust optical design. Diurnal
drift was assumed to be minimal and was further accounted
for through standard coordinate rotation and detrending pro-
cedures during post-processing. These instruments were cal-
ibrated on an annual basis, supplemented by regular cleaning
of optical windows to prevent signal attenuation from envi-
ronmental debris.

2.1.3 Below canopy profile of CO2 mole fraction, HoO
pressure and temperature

Together with turbulent flux measurements, a single chan-
nel infrared gas analyser (CIRAS-SC, PP Systems) and a
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solenoid switching system were deployed to measure CO;
mole fraction at five levels above ground (25.97, 23.22, 7.5,
5.0, 2.5m before 1 October 1999, and 25.97, 7.5, 5.0, 2.5,
0.4 m afterward, Table 1) in and above the canopy (Dolman et
al., 2002). After October 2007 an Autonomous Inexpensive
Robust CO, Analyzer (AIRCOA, NOAA) system (Stephens
et al., 2006, 2011) was deployed to measure profile CO; and
H>0 mole fractions (Elbers et al., 2011). Compared to the
original system built for three levels, the system at the site
was adjusted to sample gas mole fraction at five levels (25.97,
7.5,5.0,2.5,0.4m, Table 1). The AIRCOA system was com-
posed of: (1) a gas sampling system and a gas flow control
system that regulates the alternating of calibration gas (H2,
H1,L1, L2 and LT in Fig. 2) and ambient air (the black rect-
angle labelled 3 in Fig. 2) and the periodic calibration of
the system; (2) An Infrared Gas Analyzer IRGA, Li-COR
LI-820) that measures the mole fraction of CO, using in-
frared absorption techniques; (3) A filtering (the black rect-
angle labelled 5 and 40 in Fig. 2) and drying system with
nafion tubes and molecular and moisture sieves for obtain-
ing clean and dry samples for IRGA analysis; (4) a section
of CPU, DAQ (data acquisition), IO (input/output) power in
a PC-based computer for performing automated data acqui-
sition and valve control (Fig. 2). By alternating between am-
bient air and gas from cylinders containing calibration gases
that were free from particulates and water vapor, CO2 mole
fraction were measured by the IRGA and the IRGA was au-
tomatically calibrated on a daily basis. To obtain profiles of
water vapor pressure, the relative humidity and temperature
for sampled moist air were measured before entering the dry-
ing system (RH/ T measured before 7th).

The IRGA datalogger was configured to record raw data
in two seconds interval. Regarding the measurement accu-
racy, the two second filtered values exhibited one standard
deviation root mean square error of 0.6 ppm, which aver-
aged to 0.1 ppm over 100 s. The absolute accuracy of the CO;
mole fraction measurements with the AIRCOA system was
0.2 ppm higher than 2 ppm with the CIRAS system (Elbers
etal., 2011). The instrument switched the gas being analysed
every 160s in this case. Every 4 h the instrument measured
all four calibration gases to obtain an estimate of the calibra-
tion coefficients for the IRGA, and every 8 h the instrument
analysed the long-term surveillance gas (LT in Fig. 2). The
CO; mole fractions in five calibration cylinders provided by
University of Groningen were steadily maintained through-
out the whole period and the corresponding collected cal-
ibration data are listed in Table Al in Appendix for refer-
ence. Additionally, air temperature, wind speed and relative
humidity measurements were collected at two more levels
below the canopy (7.5 and 5.0 m, Table 1).

https://doi.org/10.5194/essd-18-2023-2026
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Figure 2. Schematic diagram of the 5-calibration inlet and 5-sample inlet AIRCOA system that was operational in the Loobos first tower.
This figure is adapted from Stephens et al. (2006) and only 3 inlets are shown for simplicity. The 5 calibration inlets are taken from the
H2, H1, L1, L2 and LT cylinders, where LT stores a long-term surveillance gas for verifying the other four calibration gases. The 5 sample
inlets are deployed at different levels in the tower. Each inlet stream (1st) passes through a mass flow meter F' (2nd), and a 5 pm metal filter
labelled 5 in the following (3rd) and a needle valve (4th) before reaching a manifold of three-way (3) and two-way (2) solenoid valves (5th).
A diaphragm pump labelled p (6th) in the blue circle flushes the sample lines to modulate the flow rate (e.g., 2 SLPM (standard liters per
minute)) and system pressure. The gas selected by these valves passes through the Nafion driers (7th), and a smaller diaphragm pump in the
blue circle (8th) is used to compress the dry gas to increase pressure (e.g., into 8 psig). Then the gas passes through a second 5 um metal filter
(9th) and goes into a second manifold of three-way (3) and two-way (2) solenoid valves (10th). The second manifold selects either a sample
gas or a calibration gas for analysis. The select gas then passes through another 5 um metal filter (11th) and a miniature pressure regulator
R in bold (12th). The gas next is dried by a Nafion drier (13th) and reduced in pressure by a needle valve (14th), which is normally used to
adjust the sample flow to 100 sccm (standard cubic centimeters per minute). The gas is then analyzed by a LI-820 Infrared Gas Analyzer for
measuring CO, mole fraction and pressure and temperature (7 and P) as well (15th). After leaving the IRGA, the gas goes through a metal
filter of 40 um (16th) and a valve used for leak check purposes, and a humidity and temperature sensor (RH/T') to verify drier performance
(17th). The gas is further completely dried by molecular sieve (18th), and then goes through a final mass-flow meter (19th) followed by
exhausting to the atmosphere at the end.

2.1.4 Soil properties, soil heat flux, profile soil moisture
and soil temperature and soil respiration

Soil heat fluxes were measured by four thermopiles under
the litter layer at a depth of 3cm in the mineral soil at a
total depth of 10 cm. Thermopile sensors arranged in a thin
ring (similar in design to FHFO5 series heat flux sensors,
https://www.hukseflux.com/products/heat-flux-sensors/

heat-flux-sensors/fhf05-series-heat-flux-sensorss, last ac-
cess: 15 December 2024) built by Hukseflux were used.
After serious lightning damage to the sensors in January
1998, two new sensors (TNO, PU43T and SH1-Hukseflux
thermal sensors, Table 1) were placed in November 1998
and remained operational until September 2017. This sensor
was located in between the two soil moisture profiles
(described below) directly on the mineral soil under the litter
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layer. Since September 2017 the HFPO1SC soil heat flux
plate (https://www.campbellsci.com/hfpOlsc-1, last access:
15 December 2024) was deployed near the location for
measurements until 18 March 2023.

A change of systems throughout the long measuring pe-
riod occurred as well for soil temperature, electrical con-
ductivity and soil moisture measurements, which were ini-
tially measured at five different depths in two profiles 1.5
to 2.0m apart. The MUXCOM (IMAG-DLO, Multiplexed
Control and Monitoring) system containing frequency do-
main sensors at the 20 MHz frequency range was deployed in
two profiles for measurements until 31 December 2004. Ev-
ery 30 min a measurement was made at all sensors and stored
on a palmtop PC. On 11 April 2005 Campbell water content
reflectometer sensors CS616 at the 70 MHz frequency range

Earth Syst. Sci. Data, 18, 2023-2045, 2026


https://www.hukseflux.com/products/heat-flux-sensors/heat-flux-sensors/fhf05-series-heat-flux-sensorss
https://www.hukseflux.com/products/heat-flux-sensors/heat-flux-sensors/fhf05-series-heat-flux-sensorss
https://www.campbellsci.com/hfp01sc-l

2030

were deployed in one profile and remained operational until
31 May 2023 (Table 1). The Campbell sensors were logged
by a Campbell logger that recorded all soil measurements at
30 min intervals. To obtain an accurate estimation of the soil
moisture content, calibration curves were made using undis-
turbed soil samples with a diameter of 20 cm and a height of
20 cm taken at different depths.

Soil respiration measurements were conducted from 2001
to 2010 along one transect with 22 sampling points, extend-
ing from the tower to an open area (at the time of measure-
ment, Fig. 1). The transect included both updune and low-
dune locations. At each point, the collar was inserted into the
soil with a depth of 15cm and the soil respiration chamber
was then placed onto the collar. The grass within the chamber
(i.e., SRC-1 soil respiration chamber in this case) was cut if
necessary, in order to exclude photosynthesis and plant respi-
ration measurements. Soil CO, fluxes were measured using
an EGM-4 infrared gas analyser (PP Systems, Table 1) with
built-in soil temperature sensors. Soil moisture was simulta-
neously measured with Theta Probes (Delta-T Devices).

2.1.5 Vegetation properties
Tree inventory

Vegetation properties such as tree diameter at breast height
and tree height were measured from 1996 to 2012 (Fig. 1).
The main tree species is Pinus sylvestris (Moors, 2012),
given the measured tree diameter and height, the above
ground biomass (Table 6) was estimated by using the allo-
metric relations (See Eqgs. S1 and S2 and Table S1 in the
Supplement).

Leaf Area Index (LAI)

The Leaf Area Index (LAI) was measured regularly be-
tween 1996 and 2014 with two LAI-2000 (Li-COR) simul-
taneously. Measurements were typically conducted biweekly
during the growing season and monthly otherwise. One in-
strument was mounted atop the scaffolding tower providing
a reference measurement of incoming light. Meanwhile, the
other was used along the transect (Fig. 1) below the canopy
measuring light attenuation, as such, LAI estimation was
made. The setup consisted of 70-100 measurement points
with a 3 m spacing below the canopy to provide better spa-
tial representation. The LAI-2000 sensor measurements were
calibrated by comparing them with results from destructive
sampling (Moors, 2012). The LAI data are listed as ancillary
data. Additionally, the Campbell thermistor was deployed
since 11 April 2005 to measure bole temperature.

Sap flow

At the Loobos site sap flow was measured (Fig. 1) with a Tis-
sue Heat Balance-system of Cermak (Ecological Measuring
System, model P4.1, Brno, Czech Republic) from 1996 to
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1998. By measuring temperature changes of the phloem, the
amount of energy needed for heating and the specific heat
of water, the sap flow was calculated without the necessity
of calibrations (Lundblad et al., 2001). Detailed information
can be found in Moors (2012).

Between 2012 and 2015 the sap flow was measured with
thermal dissipation probes (Dynamax, Table 1) based on the
temperature difference between the heated needle and the
sapwood ambient temperature. Sapflux was calculated fol-
lowing Granier (1987). The supplied data were averages of
two sensors deployed at six trees. The data gaps were mainly
due to power shortages and mainly during nights and winter.

Needle foliage properties

A number of needle leaves from trees around the tower were
collected to measure needle foliage area, dry weight and leaf
mass per area. The foliage area was determined using im-
age analysis software (https://imagej.net/ij/, last access: 11
March 2026), the dry weight was obtained after oven-drying
at 60 °C, and the leaf mass per area was calculated as the
ratio of dry weight to foliage area. Total carbon (C) and ni-
trogen (N) concentrations were determined using dry com-
bustion of ground plant material with a CHNS/O elemental
analyzer (PerkinElmer 2400 Series II). Total phosphorus (P)
concentration was measured by digesting ground leaf mate-
rial in 37 % hydrochloric acid (HCL) followed by colorimet-
ric measurement at 880 nm after reacting with molybdenum
blue.

Photosynthesis measurements involving the light response
curve, CO; response curve and the daily and seasonal re-
sponses of photosynthesis were conducted with an intelligent
portable photosynthesis system (ADC Bioscientific Ltd., Ta-
ble 1). The measurements between 1997 and 1998 were per-
formed on the top of the tower for sun-exposed leaves, and
the measurements in 2000 were performed on the top of a
tree randomly selected in the north of the tower (Fig. 1). The
experiments of obtaining light and CO; response curves were
conducted for two summer days in 1997 (7, 18 August) and
2000 (19, 20 July), and daily response measurements were
on 11 August 1998. The seasonal response of photosynthe-
sis was measured on 29 July 1997, 4, 11, 21 August 1997,
22 November 1997, 12 July 1998. Data of CO; assimilation
rate, transpiration rate and stomatal conductance at the leaf
level were obtained.

2.1.6  Ground water level

The data of the ground water level (GWL) were measured
manually in two observing tubes (2.5 cm diameter, Fig. 1).
The error in the measurements is less than 1 cm. Due to the
dunes there is a distinct local topography with a variation
in height of about 2 m in the immediate surroundings of the
tower, but at distances more than 100 m away, the dunes may
reach 10 m above the valleys. It is unknown how this orog-
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raphy influences the GWL. Data presented as ancillary are
from a tube (B15) 30 m northeast of the flux tower in a
local valley £ 2.7 m below the base of the flux tower.

2.2 Data processing

The general processing pipeline for continuous recorded
datasets is schematically shown in Fig. 3. The recorded me-
teorological raw data was imported into a Paradox rela-
tional database management system and categorized into two
streams: NL-Loo_BM and NL-Loo_Profile, where NL refers
to the Netherlands and Loo denotes the site name.

The NL-Loo_BM stream contains fundamental meteoro-
logical variables, while the NL-Loo_Profile stream primarily
includes profile CO;, and H,O pressure data, which were de-
rived from processing PP system and AIRCOA system mea-
surements as described in Sect. 2.2.1. Following this, heat
storage and fluxes beneath the canopy were calculated as
described in Sect. 2.2.2. The recorded raw EC data were
processed using AltEddy software to estimate fluxes (Elbers
et al., 2011), as described in Sect. 2.2.3. The resulting flux
data, along with the recorded raw soil moisture and tempera-
ture data were also imported into the Paradox database. Data
quality was verified using predefined physical ranges (Ta-
ble E1 in Appendix E), and the data was further completed
on a yearly scale by replacing missing data with NA values
to ensure consistency across all datasets (Fig. 3). By combin-
ing meteorology, storage, EC and soil data, the net ecosys-
tem exchange (NEE) rate of CO», latent heat flux (L E) and
sensible heat flux (H) were computed with NEE being gap-
filled, as described in Sect. 2.2.4. In total, four level O data
streams — NL-Loo_BM, NL-Loo_Profile, NL-Loo_EC and
NL-Loo_Soil — were obtained (Fig. 3), together with a level
0.5 data stream of NL-Loo_ST that were derived from the
Level 0 dataset. Level 0 implies raw data, as observed and/or
based on basic computations. Level 0 and Level 0.5 data
which undergo extensive quality control are lifted to Level
1 data.

Additionally, the datasets of soil respiration, vegetation
properties (i.e., tree height, stem width and dry aboveground
biomass, Leaf Area Index, sap flow, needle foliage proper-
ties and the associated nutrient analysis, and photosynthesis
response curves) and ground water level are stored as ancil-
lary data.

2.2.1 Calculation of profile CO» mole fraction and HoO
pressure

Using the recorded raw data at two-second intervals and the
collected calibration data, CO, mole fractions at the five alti-
tude levels were calculated, as illustrated in Fig. 4. The main
procedures included (1) Screening the line data to match the
appropriate level, (2) Calculating median values for each data
level over a time block of 160s, corresponding to the gas
switch frequency in this case, (3) incorporating calibration
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data into each block, (4) Computing calibration curves for
each eight hour cycle based on LT operation cycle, (5) Ap-
plying calibration coefficients to the level data at 15 min in-
tervals. The calibration effects can be viewed in Figs. C1 and
C2 in Appendix C.

The water vapor pressure at the five levels was derived
from the measured relative humidity and temperature of the
sampled gas before it entered the drying system (see Fig. 4),
using standard equations (Eqs. B1-B2 in Appendix B). Since
H>O sensors are stable and less affected by interferences
from other gases and environmental factors, no additional
calibration was required, unlike the CO; mole fraction mea-
surements. The same aggregation method was applied to ob-
tain the profile of the HyO mole fraction at 15 min intervals.
The flowchart illustrating the calculation process for the pro-
file CO, and H,O mole fraction is presented in Fig. 4.

2.2.2 Calculation of heat storage and fluxes beneath the
canopy

Sensible fluxes of sensible heat beneath the canopy were de-
rived from the measured air temperature at the three levels,
following the equations outlined in Appendix D (Egs. D1-
D2). In a similar manner, CO, and H,O storage fluxes were
derived using the measured CO;, mole fraction and water va-
por pressure at five levels. The storage data was saved for use
in the NL-Loo_ST level0.5 stream.

2.2.3 Estimate of turbulent fluxes

The turbulent fluxes are estimated as covariances between
vertical wind speed and the scalar quantities of interest (heat,
water vapor, CO»). To derive these flux estimates from the
raw EC measurements, the AltEddy software (Version 3.90,
from Wageningen Environmental Research (WEnR), The
Netherlands) was used. This software executes a series of es-
sential processing steps, including detrending, time-lag cor-
rection, double coordinate rotation correction to align wind
velocity components with the mean wind direction, angle of
attack correction, density fluctuation compensation (Webb
et al., 1980), normalized spectra and cospectra calculations.
Detailed information about AltEddy software can be found at
https://climate-data.nl/climatexchange/projects/alteddy (last
access: 11 March 2026), see also Mauder et al. (2008),
which demonstrated the capability of the AltEddy software
in calculating CO; fluxes compared to those calculated by
other software packages. The output data saved in the NL-
Loo_EC_levelO stream contains the turbulent and CO5 fluxes
and the corresponding quality flag from Foken et al. (2004),
as well as the means of wind and scalars and the turbulent
and flux parameters including friction velocity (u*), stability
parameter z/L, wind direction and the 80 % distance inte-
gration of the flux derived from Schuepp et al. (1990).
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Figure 3. The workflow for processing data from the first tower at Loobos.

2.3 Data quality control

Physical data ranges, including maximum and minimum val-
ues, maximum and minimum values of differences between
consecutive time steps, and the maximum standard devia-
tion of the interest of field, were applied to filter out abnor-
mal values and missing data from level 0 NL-Loo_BM, NL-
Loo_Profile and NL-Loo_Soil streams, as illustrated in Fig. 3
(light orange box). Table El in Appendix E shows the max-
imum and minimum physical ranges, maximum differences,
and maximum standard deviations applied for variables.

Regarding the turbulent fluxes and CO» flux from the NL-
Loo_EC stream, an initial quality flag was produced by run-
ning the AltEddy software. The data quality was further re-
fined (Fig. 3). Specifically, flux subset data were created and
used for the determination of the response of daytime flux to
incoming solar radiation and of nighttime flux to air temper-
ature. Subsequently, flux data were discarded when they fell
outside tolerable ranges (a bin-average +2 standard devia-
tion), and the corresponding quality flag data were reassigned
accordingly. Detailed descriptions can be found in Elbers et
al. (2011).

The level 0 and level 0.5 data was further reviewed and
refined into consistent level 1 data through four procedures
(1) reapplying physical range criteria (Table El), (2) filter-
ing out stationary data within a three-hour window (with the
exception of the NL-Loo_Soil stream and shortwave radia-
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tion in the NL-Loo_BM stream), (3) calculating the long-
term mean diurnal cycle (MDC) and its standard deviations
for CO, flux and accordingly filtering out daytime data not
in the tolerable range, and (4) comparing similar fields from
different streams for cross-checks.

We thus provide a level 1 data product, which consists of
quality controlled measured variables and derived variables
(e.g. eddy fluxes and storage fluxes). Here we do not provide
gap filled data, since the gap-filling will be done centrally
by ICOS/FLUXNET in a homogenised way. We anticipate
that the gap-filled data will become available via ICOS and
FLUXNET as part of the net FLUXNET Data System by
December 2025.

2.4 Period of record

Please refer to the description Excel sheet to review the vari-
ables included in each data stream. The Level 1 data were
stored in one CSV file per stream, where the variable name
is consistent with ICOS standards. The ancillary data were
stored in Excel per stream. Level 1 data availability is pre-
sented in both Fig. 5 and Table 1.
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Figure 5. The availability of the five continuous data streams. NL-Loo denotes the origin of the site. The NL-Loo_BM stream includes
biometeorological data, the NL-Loo_Profile stream contains vertical profile data, the NL-Loo_ST stream includes storage data, the NL-
Loo_EC stream includes EC measurement data, and the NL-Loo_Soil stream includes soil moisture and temperature data.
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Table 2. Statistics comparing meteorological data measured by dif-
ferent sensors from 1997 to 2022. TA is expressed in °C, WS is in
unit of ms~! and WD in degrees.

Name R Bias RMSE
TA (Vaisala vs. sonic) 0.88 —-34 4.7
WS_24.4m (cup anemometer vs. sonic)  0.91 —0.1 0.5
WS_7.5m (cup anemometer vs. sonic) 0.80 —-2.2 2.3
WS_5.0m (cup anemometer vs. sonic) 0.79 -2.2 2.3
WD (vane vs. KNMI) 0.78 —11.5 56.5
WD (sonic vs. KNMI) 0.21 -2.9 102.1
WD (sonic vs. vane) 0.26 6.3 87.1

3 Data evaluation

3.1 Data cross-checks

To validate the meteorological data measured by various sen-
sors, statistical metrics including Pearson’s correlation co-
efficient (R), mean bias (Bias) and root mean square er-
ror (RMSE) were calculated for air temperature (TA) mea-
sured by Vaisala against sonic temperature, profile wind
speed (WS) measured by cup anemometer against WS from
sonic, and wind direction (WD) measured by the wind vane
and sonic against WD from KNMI meteorological station
at Deelen (https://www.knmi.nl/nederland-nu/klimatologie/
daggegevens, last access: 11 March 2026), the closest KNMI
station to the Loobos first tower. Table 2 shows high R val-
ues for temperature and WS measured by different sensors.
Compared to WD measured by sonic, the WD measured by
the wind vane exhibits higher R and lower RMSE when com-
pared with the KNMI daily dataset. The use of WS and WD
from the wind vane is thus recommended for further analy-
sis. Table 3 shows decent correlation coefficients (> 0.5) be-
tween CO; mole fraction and HyO pressure measurements
from the AIRCOA system and those from the EC system.
These cross-check results demonstrate the consistency of
datasets measured by different sensors.

Regarding vegetation data, the tree height (Table 4)
matches well with the tree height measured in the target area
in the current years (Table 3 in van der Molen et al., 2026).
Two datasets suggest a growth rate of 16cmyr~!. As the
Pinus sylvestris species dominate in the study area (Moors,
2012) during the period from 1996 to 2025, by assuming the
average tree density of 499.1 treesha™!, the above ground
biomass was estimated by using the allometric relations (see
Supplement)) and measured tree height (Table 4) and diam-
eter (Table 5). A larger biomass during this period (Table 6)
is observed than that in the 2023 inventory based on over
1000 trees (van der Molen et al., 2026). Nevertheless, the es-
timated biomass is in the same order of magnitude.

Here the tree density in 1996 is based on an inventory of
150 trees, while only for 56 trees the height and diameter
were measured. Information about the plot size and conse-
quent tree density in 2000 has been lost. By plotting the tree
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Table 3. Statistics comparing profile CO, mole fraction and H,O
pressure data measured by different sensors at different altitude lev-
els (from 1 to 5 representing 24.4, 7.5, 5.0, 2.5 and 0.4 m) in the
canopy. CO; is expressed in unit of ppm and HO in mbar.

Name R Bias RMSE
CO2_1_1_1&C02_2_1_1 0.68 —-0.9 234
CO2_1_1_1&C0O2_2_2_1 0.63 -3.7 25.7
CO2_1_1_1&C0O2_2.3.1 0.62 -5.0 26.8
CO2_1_1_1&C02.2.41 0.59 —-7.8 29.3
CO2_1_1_1&C0O22.5.1 056 —105 32.0
H20_1_1_1&H20_2_1_1 0.58 -0.8 3.7
H20_1_1_1&H20_.2.2.1 0.57 -0.8 3.7
H20_1_1_1 & H20_2_3_1 0.59 -0.8 3.7
H20_1_1_1&H20_2_4_1 0.59 -0.9 3.7
H20_1_1_1&H20_2_5_1 0.58 —-0.9 3.7

Table 4. Tree height measurements between 1996 and 2025.

Year 1996 2000 2005 2008 2012 2025
Average (m) 153 158 167 176 18.6 20.5
Standard error (m) 0.3 0.2 0.2 0.3 0.3 0.3
Count 56 103 100 99 98 102
Max (m) 228 220 215 244 285 260
Min (m) 9.0 8.7 9.0 80 120 11.0

coordinates on a map, it has been derived that the plot size
must have been between 45 x 45 and 50 x 50 m. A written re-
port claims a tree density of 499.1 treesha™! in 2000 which
is consistent with 103 trees in 0.21 ha (45.4 x 45.4m). This
is the plot size we assumed. In subsequent years, the tree
density was decreased with the number of fallen trees in the
inventory. In 2025 68 of the 103 original tree tags have been
found. Others have disappeared or grown into the bark. In
addition, 31 untagged trees were found in a 50 x 50 m square
around those 68 trees. This implies that the tree density de-
creased from 465 in 2012 to 396 treesha™! in 2025, a de-
crease of 17 trees in the quarter hectare plot in 13 years,
which seems realistic considering the number of dead stems
observed in the field. However, some stems have completely
been decomposed in the meantime.

The resulting LAI is 1.65 on average, but variable over
the season (Fig. 6), with an increase after budburst in late
spring and early summer, a clear maximum in August and a
decline in fall, associated with partial leaf shedding. A dis-
tinct inter-annual variation was observed (Fig. 7), although it
is unknown what the underlying cause is, we note that storms
in 2007 caused trees and tree tops to break and 2003, 2013
to be dry years, 2007 and 2008 to be wet years. Additionally,
Table 7 presents comparable needle foliage attributes mea-
sured between 1998 and 2012 with those from 2024 (van der
Molen et al., 2026).
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Table 5. Tree diameter measurements between 1996 and 2025.

2004
2003

Year 1996 2000 2005 2008 2012 2025

Average (cm) 267 271 282 281 293 335

Standard error (cm) 0.6 0.5 0.6 0.6 0.6 0.7

Count 66 103 100 96 97 103

Max (cm) 41.6 430 43.0 41.7 425 497

Min (cm) 13.8 140 135 13.1 135 188
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Figure 6. Seasonal cycle of Leaf Area Index. The colored points in-
dicate the individual measurements and their year of measurements.
The solid line shows the 14 d mean. Each data point is the average
of 60 samples collected 10 m apart in two 300 m transects crossing
at the first tower. The tick marks on the x-axis indicate the first day
of the month.

3.2 Mean diurnal storage CO» flux

The mean diurnal cycles of the CO, mole fraction gradi-
ents (dCO;/dz) shown in Fig. S2 demonstrate a coherent and
physically consistent vertical structure, with the strongest
gradient occurring near the surface during nighttime and
early morning hours, and a progressively weaker gradient to-
wards higher levels. In extreme situations, i.e. in the summer
months June, July and August, when the respiration fluxes
are large and with u* < 0.3 ms™!, the gradients are typically
1 ppm m~! between 25 and 7.5m, 2ppmm~! between 7.5
and 5.0m and 5 ppm m~! below there. These findings indi-
cate that the selected sampling heights adequately resolve the
dominant features of the vertical CO; concentration profile
relevant for calculating the column-integrated storage term.
To understand how large the storage CO; flux is as a
fraction of total CO, fluxes, the mean diurnal variations of
NEE (total flux), EC and storage measurement were calcu-
lated separately (Eq. F1 in Appendix F). Figure 8 shows
the magnitude of NEE (total flux) and the EC and storage
components. The CO; storage flux is typically in the order
of 1umolm~2s~!, but in extreme situations it can be be-
tween —5 and 4+3 umolm~2s~!. At moments around sun-
rise and sunset, the EC fluxes are close to zero, while the
(negative) storage flux is largest around sunrise, indicating a
release of carbon dioxide stored below the canopy at night.
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Figure 7. Interannual variation in Leaf Area Index.

At the same time, plant photosynthetic uptake of CO, begins,
partially offsetting this upward flux. Surprisingly, the release
continues well until noon. In cumulative fluxes on a daily or
longer timescale, the storage flux is negligible, but on hourly
timescales the storage flux needs to be taken into account to
represent the true ecosystem CO; fluxes. Concludingly, the
CO, storage flux is a significant but small fraction of the to-
tal NEE.

3.3 Seasonal and interannual variations in NEE

In an effort to verify the consistency of the EC dataset of
carbon dioxide exchange over the years (Zhao et al., 2025),
we show the mean monthly NEE per year (Fig. 9), Sub-
sequently, we calculated the monthly mean diurnal cycle,
which we integrated to a monthly CO, exchange. Because
we integrate the mean diurnal cycle, the storage compo-
nent may be ignored and hence this estimate represents the
monthly NEE. Here we implicitly assume an absence of lat-
eral outflow of nocturnal storage fluxes. The figure shows
a clear and consistent seasonal cycle, with carbon uptake
from March to September and release from October to Febru-
ary. The intensity of the CO, source appears to decrease
over time, whereas the intensity of the summer uptake is
increasing. The mean annual uptake between 1997-2006 is
around 350 gC m~2 yr~! and between 2007 and 2016 around
550 gCm~2yr~!. In 2018 and 2019 the mean uptake grew
to an average of 820 gCm~2yr~!, partially because of the
reduction in wintertime net fluxes.

We stress that this dataset is based on eddy covariance
measurements and is not gap-filled. Figure 10 shows the
completeness of the dataset. Without u* filtering all months
have a completeness larger than 85 % of the half hours.
The u* filtering reduces the completeness to an average of
82 %, not considering the periods with fully lacking data.
Upgrading Level 1 data into a Level 2 gap-filled dataset and
analysing the trend of NEE, total LE and H are beyond the
scope of this study.

Earth Syst. Sci. Data, 18, 2023-2045, 2026
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Table 6. Above ground biomass (ton dry matter ha~!) estimated between 1996 and 2025. The 1996 tree density is low relative to 2000. In
brackets the 2000 tree density and the resulting total above ground biomass estimate.

Year 1996 2000 2005 2008 2012 2025
Tree count 56 103 100 96 96 99
Plot size (ha) 0.15 021 021 021 021 0.25

Tree density (trees ha_l)
Average above ground tree mass (kg treefl)
Total above ground biomass (t ha_l)

362 (499) 499 485 465 465 396

252 243 244 284 325 437

91 (126) 121 118 132 151 173

Table 7. Area, dry weight and concentrations of carbon, nitrogen and phosphorus in foliar samples from 1998 to 2024. NA — not available

Year Number of needles  Area Dry weight Leaf mass per area C N P C/N
- mm? per needle mg g m~2 g kg_1 g kg_1 g kg_l -
1998 39 140.3 315 220.0 NA NA NA NA
1999 100 157.8 343 2174 NA 19.2 1.0 NA
2000 100 123.0 26.7 2174 NA 17.1 1.3 NA
2003 116 NA 16.9 NA 510.8 16.9 NA 30.4
2012 32 NA NA 190.8 495.5 19.7 1.6 252
2024 300 1259 26.0 206.5 528.8 17.8 14 29.7

3.4 Energy balance residual

The energy balance closure (Rye-G vs. LE + H) was cal-
culated. With the inclusion of storage fluxes of water and
heat, Fig. 11 demonstrates an improved energy balance clo-
sure, supported by an enhanced regression relationship re-
flected in the slope and coefficient of determination (R?)
between available energy (i.e., Rye-G) and turbulent fluxes
(i.e., LE+ H), which aligns with findings from previous
studies (Leuning et al., 2012). The point colors indicate the
hour of the day, suggesting that energy balance closure is
lower in the mornings than in the afternoon, which could be
related to unaccounted for energy storage in biomass. De-
tailed analysis of surface energy balance is beyond the scope
of this study.

4 Data availability

The Loobos first tower dataset in Level 1 and ancillary data
can be accessed at https://doi.org/10.5281/zenodo.15721310
(Zhao et al., 2025) under a CC-BY4 open use license. The
Level 1 data will also be available at the European Fluxes
Database Cluster. The Level 2 gap filling and partition-
ing data based on the ONEFIux processing pipeline (Pas-
torello et al., 2020) for the FLUXNET release will be ac-
cessible at the ICOS carbon portal (https://www.icos-cp.
eu/observations/carbon-portal, COS Carbon Portal 2026) in
Spring 2026.
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5 Code availability

The Python codes for processing Level O into Level 1
dataset, and for plotting figures shown in the text can
be found at https://git.wur.nl/zhaol33/nl-loo_first_tower_
project.git (Zhao et al., 2026).

6 Discussion and conclusion

Being one of the longest datasets of its kind (https://fluxnet.
org/data/la-thuile-dataset/lathuile-data-summary/, last ac-
cess: 15 December 2024), this long and complete dataset can
be used for further data analysis, development and/or veri-
fication of models and validating satellite data retrievals. It
is noted that in 2021 a second tower was built and equipped
next to the first. This second tower was labelled as an Inte-
grated Carbon Observation System (ICOS) class 2 Ecosys-
tem site in 2023 (https://meta.icos-cp.eu/resources/stations/
ES_NL-Loo, last access: 15 December 2024, van der Molen
etal., 2026). The data from the second tower may be regarded
as a continuation of the dataset reported in this work and
can be accessed via the ICOS carbon portal (https://www.
icos-cp.eu/, last access: 15 December 2024).

The Loobos tower has been running almost with-
out major interruption for more than 25 years now,
serving as a robust platform for various scientific stud-
ies and educational activities. Over the years, diverse
experiments with different objectives have been con-
ducted at and around the tower, ranging from nitro-
gen deposition research (https://ruisdael-observatory.nl/
wp-content/uploads/2018/12/Ewout-Melman-PDF.pdf,
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Figure 8. Magnitude of NEE (total CO, flux), and the individual EC and storage components at a height of 27 m, visualised as the mean
diurnal cycle of all available data (left) and under conditions of low turbulence (u* < 0.3 m s_l) and large respiration fluxes in summer (JJA
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Figure 9. Seasonal and interannual variation in net carbon dioxide
exchange, based on the eddy covariance measurements. The values
represent the monthly mean diurnal cycle integrated to a monthly
total. Gray colors indicate a data availability less than 30 %.

last access: 15 December 2024), remote sensing studies
(https://ruisdael-observatory.nl/wp-content/uploads/2023/
03/New-Loobos-ecosystem-site-compressed.pdf, last ac-
cess: 15 December 2024) to educational activities for field
training courses at Wageningen University. In summary, in
addition to its role as a unique and well-equipped platform,
the Loobos site offers a rich data set for continued research
and analyses.

As a component of the Ruisdael Observatory (https:
//ruisdael-observatory.nl/loobos/, https://maq-observations.
nl/, last access: 15 December 2024), the Loobos Pine for-
est site represents one of the major land surface types in
the Netherlands. It is typical for the extensive Veluwe re-
gion, which is aerodynamically rough, forested, located on
well-drained sandy soils and vulnerable to summer drought

https://doi.org/10.5194/essd-18-2023-2026
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Figure 10. Completeness of the eddy covariance carbon dioxide
data. Gray colors indicate a data availability less than 30 %.

(Granier et al., 2007). The site is downwind from an area
with intensive livestock farming and is exposed to high am-
monia deposition. In combination with high NO, emissions
from the cities and highways further upwind, high ozone and
particulate matter (PM) mole fractions may develop. Both
the high input of reactive nitrogen, and the high ozone and
PM concentrations may affect ecosystem growth (de Vries
and Du, 2024; Visser et al., 2021; Visser et al., 2022; Grantz
et al., 2003). To better understand these dynamics, we inter-
mittently measure ammonia dry deposition fluxes in coop-
eration with the National Institute for the Environment for
Public Health and the Environment (RIVM) and seek further
funding to measure fluxes of reactive compounds.

Within the Ruisdael Observatory, the Loobos site, along
with the Veekampen site (representing rural grassland (https:
//maq-observations.nl/, last access: 15 December 2024)) and
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Figure 11. Energy balance closure of the Loobos first tower datasets at a height of 27 m. The left graph shows turbulent fluxes based solely
on EC fluxes, and the right graph indicates turbulent fluxes combined with storage fluxes.

the Cabauw site (representing rural, grass and peat land
(Bosveld et al., 2020)) collectively form a triangle network
of comprehensive observation sites. This network provides
valuable opportunities to understand changes in the land-
atmosphere interaction and validate high resolution climate
and land surface models.

Appendix A

A1 Photos taken at Loobos site

Figure A1. Photos taken at the Loobos site. On the upper panel, the photo on the left was taken in 1995 and the photo on the right sin 2017.
On the bottom panel, the photo on the left was taken in 2012 and the photo on the right in 2018.
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Figure A2. An overview of the changeover information for the main instruments deployed at the Loobos first tower site.

A2 Profile CO» mole fraction measurements

The CO; profile measurements were calibrated twice a day
(Sect. 2.2.1). The table below shows the CO; mole fractions
in the cylinders.

Table A1. CO, mole fraction of calibration cylinders provided by University of Groningen in the AIRCOA system deployed at the first tower

in Loobos.

Start date H2 H1 L1 L2 LT
1 Jan 2007 429.77 410.88 370.65 349.46 390.55
11 Apr2012  537.14  430.57 37546 328.83 390.55
29 Mar 2017 498.12 44741 402.6  352.07 390.55
27 Oct 2020  464.62 418.5 38791 367.93 390.55

Appendix B: Water vapor pressure calculations

The Maghus-Tetens empirical formula is used to calculate
the pressure of saturated water vapor in air (egy) at a given
temperature (7).

et = €p X 10557 (B1)

e, is valued of 6.107 mbar for liquid water. a and b are con-
stants specific to either water or ice. a is valued of 7.5 °C and
b of 237.3 °C for water, and a of 9.5 °C and b of 265.5 °C for
ice.

RH
€actual = ﬁ * €sat (B2)

https://doi.org/10.5194/essd-18-2023-2026
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Appendix C: AIRCOA CO, mole fraction calibration
results
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Figure C1. The calibrated CO, mole fraction against the observa-
tions on 12 April 2015 shown as an example. The s and hs represent
L and H calibration described in the text. The results indicate a good
calibration.
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Figure C2. The calibration slope and offset in time series. It shows
the value of the slope greater than 0.90 and most values of the offset
within 30 ppm.
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Appendix D: Calculations of CO, and H,O storages
under the canopy

The integrated heat, CO, and H>O mole fraction under the
canopy above the ground are calculated by equations below,

Z

H_content =Y " Az;TipiCp(i =1,2,3.4,5,6)

i=1

Z
LE_content = Y  Azi[H20l; pais Cpy(r; py(i =1, 2,3, 4,5, 6)

i=1

o L [COali
,_content = ZAZi v pairi=1,2,3,4,5,6)
i=1

[CO2];

z
CO;_content_2.5m = Z Azg
i=5

Pair(i =35, 6) (D1)

where [H>O]; and [CO;]; mole fraction measurements were
conducted at five layers of 25.97 (i = 1), 7.5, 5.0, 2.5, 0.4
(i =5)m, i =1 denotes the ground layer, and 7; were mea-
sured at the three levels (23.5, 7.5 and 5.0 m). The integration
starts from the ground level of O m. p,i denotes air density,
which is determined by air temperature, water vapor pres-
sure and air pressure. C,, denotes the specific heat of air (at a
constant pressure of 1005.0mbar) J (kg~! K1), (7, ) de-
notes a rate of change related to the latent heat of vapor-
ization, which is determined by air temperature 7; and air
pressure p, M denotes the molecular weight of dry air at
0.028966 kg mol~!. H_content and LE_content have a unit
of Jm~2, and CO,_content and CO,_content_2.5m have a
unit of pumol m~2,

The integrated heat, CO; and H,O fluxes under the canopy
above the ground are calculated by equations below,

SH_1_1_1 =H_strg=

H_content, | — H_content;

1800

SLE_1_1_1=LH_strg=

LH_content;+; — LH_content,

1800

SC_1_1_1=CO,_strg =

[CO,_content];+1 — [CO,_content];

1800

CO,_strg_2.5m =

CO,_content_2.5m;4+1 — CO,_content_2.5m;

1800

(D2)

Where ¢ refers to time and ¢+ 1 denotes next time stamp.
H_strg and LH_strg have a unit of W m~2, and COp_strg and
CO,_strg_2.5m have a unit of pmolm—2 s~
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Appendix E: Physical ranges for assuring data
quality

Table E1 Values of physical ranges for assuring the quality of
data from NL-Loo BM and NL-Loo_Profile streams. Infor-
mation about variable names can be found in the description
Excel sheet.

Table E1. Physical ranges for assuring data quality.

Variable Unit Data_stream Max Min Sdmax Difmax Difmin
SWIN 111 Wm—2 NL-Loo_BM 1000 0 400 500 0
SW_OUT_1_1_1 Wm—2 NL-Loo_BM 200 0 50 50 0
LW_IN_1_1_1 Wm2 NL-Loo_BM 450 180 40 100 0.0001
LW_OUT_1_1_1 Wm—2 NL-Loo_BM 500 180 10 50  0.0001
G_1_1_1 Wm—2 NL-Loo_BM 50 —10 2 4 0
fapp Wm—2 NL-Loo_BM 50  —10 2 4 0
G311 Wm—2 NL-Loo_BM 50 —10 2 4 0
G 411 Wm—2 NL-Loo_BM 100 —20 2 6 0
RH 111 % NL-Loo_BM 100 20 10 25 0
T 111 °C NL-Loo_BM 35 =20 2 5 0
LW_T_BODY_1_ 1.1 °C NL-Loo_BM 40  —-20 2 5 0
LW T BODY 2 1.1 °C NL-Loo_BM 40 20 2 5 0
WS_1_1_1 ms™! NL-Loo_BM 10 0 5 0
WD_1_1_1 ° NL-Loo_BM 360 0 360 0.0001
P111 mm per 30min  NL-Loo_BM 8 0 8
PA_1_1_1 hPa NL-Loo_BM 1040 900 10 0
PPFD_DIR_1_1_1 umol m~2g! NL-Loo_BM 2000 0 800 1000 0
PPFD OUT 1 11 pumolm—2s~!  NL-Loo_BM 200 0 100 200 0
PPFD_DIF_1_1_1 pmolm—2s~!  NL-Loo_BM 2000 0 800 2000 0
H,O_1_1_1 umol m2g! NL-Loo_BM 1250 100 100 250 0
COy_1_1_1 umolm~2s~!  NL-Loo_BM 30 11 5 5 0
H,O_1_1_1 mbar NL-Loo_Profile 25 1 5 0.001
COy_1_1_1 ppm NL-Loo_Profile 550 320 100 0.1
RH_ % NL-Loo_Profile 100 0.1 25 0
WS_1.2_1 ms~! NL-Loo_Profile 20 0.01

WS_1_3_1 ms™! NL-Loo_Profile 20 0.01

TA °C NL-Loo_Profile 40 =20 5 0
LE_content Tm™2 NL-Loo_ST 1

CO,_content umol m~2 NL-Loo_ST 1

CO,_content_2.5m umol m—2 NL-Loo_ST 1

SC_1_1_1 pmolm—2s~1  NL-Loo_ST 3 -5

H111 Wm2 NL-Loo_EC 600 —250

LE 1 11 Wm—2 NL-Loo_EC 600 —250

FC_1_1_1 pumolm—2s~1  NL-Loo_EC 20 —40

H,0 mmol mol ! NL-Loo_EC 25 1 5 0.001

CO, ppm NL-Loo_EC 600 320 100 0.1
T_SONIC_1_1_1 °C NL-Loo_EC 50  —20 5 0

WS 111 ms~! NL-Loo_EC 10 0.01

WD 1.1 1 ° NL-Loo_EC 360 0 360

ZL 1 1.1 - NL-Loo_EC 10  —10

USTAR 1 1 1 ms~! NL-Loo_EC 3 0 1

TS °C NL-Loo_Soil 40 =20 5 0

SWC m3 m—3 NL-Loo_Soil 1 0 0.5

https://doi.org/10.5194/essd-18-2023-2026
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Appendix F: Mean diurnal variations

1 Y
MDV = N ZNEEM (F1)

i=1

Where NEE; ; refers to NEE value at time ¢ on day i. N;
denotes the numbers of days with NEE data at time ¢.

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/essd-18-2023-2026-supplement.

Author contributions. JE, HD, EM and W] built the first tower,
collected data and maintained the site until 2018. JE, HD and EM,
BK, WJ and RH wrote the research proposal to secure funding for
building-up and maintaining the tower. MvdM, BK and HS started
maintaining the site and collected data in 2018. MvdM and HZ con-
ceptualized this study. HZ wrote the manuscript and verified the
datasets. WP, MK and JV wrote the research proposal to get the
Ruisdael funding for supporting the continuation of the Loobos in-
frastructure. All authors reviewed and edited the manuscript.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. We acknowledge the original AIRCOA de-
sign by NOAA (Britt Stevens) and adapted it for use with the CR100
logger by Jan Elbers. We thank University of Groningen for pro-
viding cylinders with calibration gases used in the AIRCOA sys-
tem. We acknowledge the support of Wim Snijders in the field. The
Loobos measurements described in this paper were made possible
through the grants below.

Financial support. The “EUROFLUX project” funded by the Eu-
ropean Union 4th Framework Programme, grant number ENV-
CT95-0078; The “Infrastructure for Measurements of the Euro-
pean Carbon Cycle (IMECC) project” funded by the European
Union 6th Framework Programme; The “CarboEurope-Integrated
project” supported by the European Union 6th Framework Pro-
gramme (grant no. GOCE-CT2003-505572); The “GHG-Europe
project” funded by the European Union, the 7th Framework Pro-
gramme, Coordination of Research Activities; The “Hydrology and
water balance of forest in the Netherlands project” funded by the
Dutch Ministry of Agriculture, Fisheries and Nature Management,
the Dutch Forestry Commission (SBB); The “Integrated observa-

Earth Syst. Sci. Data, 18, 2023-2045, 2026

H. Zhao et al.: The Loobos ecosystem first tower dataset

tions and modelling of greenhouse gas budgets at the ecosystem
level in the Netherlands project (ME1)” supported by the Dutch Na-
tional Research Program Climate Changes Spatial Planning; The
“Climate Research Program on Climate Change of Wageningen
University and Research” supported by the Ministry of Agriculture,
Nature and Food Safety of the Netherlands; The Ruisdael Observa-
tory funded by the Dutch Research Council (NWO) through a Na-
tional Roadmap for Large-Scale Research Facilities, grant number
184.034.015.

Review statement. This paper was edited by Hanqin Tian and re-
viewed by two anonymous referees.

References

Aubinet, M., Grelle, A., Ibrom, A., Rannik, U., Moncrieff, J., Fo-
ken, T., Kowalski, A. S., Martin, P. H., Berbigier, P., Bernhofer,
C., Clement, R., Elbers, J., Granier, A., Griinwald, T., Mor-
genstern, K., Pilegaard, K., Rebmann, C., Snijders, W., Valen-
tini, R., and Vesala, T.: Estimates of the annual net carbon and
water exchange of forests: the EUROFLUX methodology, in:
Advances in ecological research, 1, Academic Press, 113-175,
https://doi.org/10.1016/S0065-2504(08)60018-5, 1999.

Balzarolo, M., Vicca, S., Nguy-Robertson, A., Bonal, D., Elbers, J.,
Fu, Y., and Pefiuelas, J.: Matching the phenology of Net Ecosys-
tem Exchange and vegetation indices estimated with MODIS and
FLUXNET in-situ observations, Remote Sens. Environ., 174,
290-300, https://doi.org/10.1016/j.rse.2015.12.017, 2016.

Bosveld, F. C., Baas, P, Beljaars, A. C. M., Holtslag, A. A. M., de
Arellano, J. V.-G., and van de Wiel, B. J. H.: Fifty Years of Atmo-
spheric Boundary-Layer Research at Cabauw Serving Weather,
Air Quality and Climate, Bound.-Lay. Meteorol., 177, 583-612,
https://doi.org/10.1007/s10546-020-00541-w, 2020.

Ceulemans, R., Kowalski, A. S., Berbigier, P., Dolman, A. J.,
Grelle, A., Janssens, I. A., Lindroth, A., Moors, E., Rannik,
U., and Vesala, T.: Coniferous forests (Scots and Maritime
Pine): carbon and water fluxes, balances, ecological and eco-
physiological determinants, in: Fluxes of carbon, water and en-
ergy of European forests, Springer, Berlin, Heidelberg, 71-97,
https://doi.org/10.1007/978-3-662-05171-9_5, 2003.

Chen, Y., Ryder, J., Bastrikov, V., McGrath, M. J., Naudts, K., Otto,
J., Ottlé, C., Peylin, P., Polcher, J., Valade, A., Black, A., El-
bers, J. A., Moors, E., Foken, T., van Gorsel, E., Haverd, V.,
Heinesch, B., Tiedemann, F., Knohl, A., Launiainen, S., Lous-
tau, D., Ogée, J., Vessala, T., and Luyssaert, S.: Evaluating
the performance of land surface model ORCHIDEE-CAN v1.0
on water and energy flux estimation with a single- and multi-
layer energy budget scheme, Geosci. Model Dev., 9, 2951-2972,
https://doi.org/10.5194/gmd-9-2951-2016, 2016.

Churkina, G., Tenhunen, J., Thornton, P., Falge, E. M., Elbers,
J. A., Erhard, M., Griinwald, T., Kowalski, A. S., Rannik,
U., and Sprinz, D.: Analyzing the ecosystem carbon dynam-
ics of four European coniferous forests using a biogeochemistry
model, Ecosyst., 6, 0168-0184, https://doi.org/10.1007/s10021-
002-0197-2, 2003.

de Vries, W. and Du, E.: Nitrogen deposition and its impacts on for-
est ecosystems, in: Atmospheric Nitrogen Deposition to Global

https://doi.org/10.5194/essd-18-2023-2026


https://doi.org/10.5194/essd-18-2023-2026-supplement
https://doi.org/10.1016/S0065-2504(08)60018-5
https://doi.org/10.1016/j.rse.2015.12.017
https://doi.org/10.1007/s10546-020-00541-w
https://doi.org/10.1007/978-3-662-05171-9_5
https://doi.org/10.5194/gmd-9-2951-2016
https://doi.org/10.1007/s10021-002-0197-2
https://doi.org/10.1007/s10021-002-0197-2

H. Zhao et al.: The Loobos ecosystem first tower dataset

Forests, Academic Press, 1-13, https://doi.org/10.1016/B978-0-
323-91140-5.00013-0, 2024.

Dolman, A., Moors, E., and Elbers, J.: The carbon uptake of a mid
latitude pine forest growing on sandy soil, Agr. Forest Meteorol.,
111, 157-170, https://doi.org/10.1016/S0168-1923(02)00024-2,
2002.

Dolman, A., Moors, E., Grunwald, T., Berbigier, P., and Bern-
hofer, C.: Factors controlling forest atmosphere exchange of wa-
ter, energy, and carbon, in: Fluxes of carbon, water and en-
ergy of European forests, Springer, Berlin, Heidelberg, 207-223,
https://doi.org/10.1007/978-3-662-05171-9_10, 2003.

Dolman, A. J., Noilhan, J., Durand, P., Sarrat, C., Brut, A., Piguet,
B., Butet, A., Jarosz, N., Brunet, Y., Loustau, D., Lamaud, E.,
Tolk, L., Ronda, R., Miglietta, F., Gioli, B., Magliulo, V., Es-
posito, M., Gerbig, C., Korner, S., Glademard, P., Ramonet, M.,
Ciais, P., Neininger, B., Hutjes, R. W. A., Elbers, J. A., Macatan-
gay, R., Schrems, O., Pérez-Landa, G., Sanz, M. J., Scholz, Y.,
Facon, G., Ceschia, E., and Béziat, P.: The CarboEurope re-
gional experiment strategy, B. Am. Meterol. Soc., 87, 1367—
1380, https://doi.org/10.1175/BAMS-87-10-1367, 2006.

Dolman, A. J., Moors, E. J., Elbers, J. A., and Snijders,
W.: Evaporation and surface conductance of three temper-
ate forests in the Netherlands, Ann. For. Sci., 55, 255-270,
https://doi.org/10.1051/forest:19980115, 1998.

Elbers, J., Jacobs, C., Kruijt, B., Jans, W., and Moors, E.: As-
sessing the uncertainty of estimated annual totals of net ecosys-
tem productivity: A practical approach applied to a mid latitude
temperate pine forest, Agr. Forest Meteorol., 151, 1823-1830,
https://doi.org/10.1016/j.agrformet.2011.07.020, 2011.

Enquist, B. J., Economo, E. P, Huxman, T. E., Allen, A.
P, Ignace, D. D., and Gillooly, J. F.: Scaling metabolism
from organisms to ecosystems, Nature, 423, 639-642,
https://doi.org/10.1038/nature01671, 2003.

Falge, E., Baldocchi, D., Olson, R., Anthoni, P., Aubinet, M., Bern-
hofer, C., Burba, G., Ceulemans, R., Clement, R., Dolman, H.,
Granier, A., Gross, P., Griinwald, T., Hollinger, D., Jensen, N.-
0., Katul, G., Keronen, P., Kowalski, A., Lai, C. T., Law, B. E.,
Meyers, T., Moncrieff, J., Moors, E., Munger, J. W., Pilegaard,
K., Rannik, U., Rebmann, C., Suyker, A., Tenhunen, J., Tu, K.,
Verma, S., Vesala, T., Wilson, K., and Wofsy, S.: Gap filling
strategies for long term energy flux data sets, Agr. Forest Meteo-
rol., 107, 71-77, https://doi.org/10.1016/S0168-1923(00)00235-
5,2001a.

Falge, E., Baldocchi, D., Olson, R., Anthoni, P., Aubinet, M., Bern-
hofer, C., Burba, G., Ceulemans, R., Clement, R., Dolman, H.,
and Granier, A.,: Gap filling strategies for defensible annual sums
of net ecosystem exchange, Agr. Forest Meteorol., 107, 43-69,
https://doi.org/10.1016/S0168-1923(00)00225-2, 2001b.

Falge, E., Baldocchi, D., Tenhunen, J., Aubinet, M., Bakwin, P,
Berbigier, P., Bernhofer, C., Bonan, G., Clement, R., Davis, K.
J., Elbers, J. A., Goldstein, A. H., Grelle, A., Granier, A., Gud-
mundsson, J., Hollinger, D., Kowalski, A. S., Katul, G., Law,
B. E., Malhi, Y., Meyers, T., Monson, R. K., Munger, J. W,
Oechel, W., Paw U, K. T., Pilegaard, K., Rannik, U., Rebmann,
C., Suyker, A., Valentini, R., Wilson, K., and Wofsy, S.: Sea-
sonality of ecosystem respiration and gross primary production
as derived from FLUXNET measurements, Agr. Forest Meteo-
rol., 113, 53-74, https://doi.org/10.1016/S0168-1923(02)00102-
8, 2002.

https://doi.org/10.5194/essd-18-2023-2026

2043

Falge, E., Tenhunen, J., Aubinet, M., Bernhofer, C., Clement, R.,
Granier, A., Kowalski, A. S., Moors, E., Pilegaard, K., Rannik,
U., and Rebmann, C.: A model-based study of carbon fluxes at
ten European forest sites, in: Fluxes of carbon, water and en-
ergy of European forests, Springer, Berlin, Heidelberg, 151-177,
https://doi.org/10.1007/978-3-662-05171-9_8, 2003.

Foken, T., Goockede, M., Mauder, M., Mahrt, L., Amiro, B., and
Munger, W.: Post-field data quality control, in: Handbook of mi-
crometeorology: a guide for surface flux measurement and anal-
ysis, Springer, Dordrecht, 181-208, https://doi.org/10.1007/1-
4020-2265-4_9, 2004.

Garcia-Garcia, A., Cuesta-Valero, F. J., Miralles, D. G., Mahecha,
M. D., Quaas, J., Reichstein, M., Zscheischler, J., and Peng, J.:
Soil heat extremes can outpace air temperature extremes, Nat.
Clim. Change, 13, 1237-1241, https://doi.org/10.1038/s41558-
023-01812-3, 2023.

George, J. P, Yang, W., Kobayashi, H., Biermann, T., Carrara,
A., Cremonese, E., Cuntz, M., Fares, S., Gerosa, G., Griin-
wald, T., Hase, N., Heliasz, M., Ibrom, A., Knohl, A., Kruijt,
B., Lange, H., Loustau, D., Magh, R. K., Montagnani, L.,
Molder, M., Neirynck, J., Peichl, M., Rebmann, C., Schmidt,
M., Serrano, F. R. L., Soudani, K., Vincke, C., and Pisek, J.:
Method comparison of indirect assessments of understory leaf
area index (LAIu): A case study across the extended network
of ICOS forest ecosystem sites in Europe, Ecol. Indic., 128,
https://doi.org/10.1016/j.ecolind.2021.107841, 2021.

Gockede, M., Foken, T., Aubinet, M., Aurela, M., Banza, J., Bern-
hofer, C., Bonnefond, J. M., Brunet, Y., Carrara, A., Clement,
R., Dellwik, E., Elbers, J., Eugster, W., Fuhrer, J., Granier, A.,
Griinwald, T., Heinesch, B., Janssens, 1. A., Knohl, A., Koeble,
R., Laurila, T., Longdoz, B., Manca, G., Marek, M., Markka-
nen, T., Mateus, J., Matteucci, G., Mauder, M., Migliavacca, M.,
Minerbi, S., Moncrieff, J., Montagnani, L., Moors, E., Ourcival,
J.-M., Papale, D., Pereira, J., Pilegaard, K., Pita, G., Rambal, S.,
Rebmann, C., Rodrigues, A., Rotenberg, E., Sanz, M. J., Sed-
lak, P., Seufert, G., Siebicke, L., Soussana, J. F., Valentini, R.,
Vesala, T., Verbeeck, H., and Yakir, D.: Quality control of Car-
boEurope flux data — Part 1: Coupling footprint analyses with
flux data quality assessment to evaluate sites in forest ecosys-
tems, Biogeosciences, 5, 433—450, https://doi.org/10.5194/bg-5-
433-2008, 2008.

Granier, A.: Evaluation of transpiration in a Douglas-fir stand by
means of sap flow measurements, Tree Physiol., 3, 309-320,
1987.

Granier, A., Reichstein, M., Bréda, N., Janssens, 1. A., Falge, E.,
Ciais, P, Griinwald, T., Aubinet, M., Berbigier, P., Bernhofer, C.,
Buchmann, N., Facini, O., Grassi, G., Heinesch, B., Ilvesniemi,
H., Keronen, P., Knohl, A., Kostner, B., Lagergren, F., Lindroth,
A., Longdoz, B., Loustau, D., Mateus, J., Montagnani, L., Nys,
C., Moors, E., Papale, D., Peiffer, M., Pilegaard, K., Pita, G.,
Pumpanen, J., Rambal, S., Rebmann, C., Rodrigues, A., Seufert,
G., Tenhunen, J., Vesala, T., and Wang, Q.: Evidence for soil wa-
ter control on carbon and water dynamics in European forests
during the extremely dry year: 2003, Agr. Forest Meteorol.,
143, 123-145, https://doi.org/10.1016/j.agrformet.2006.12.004,
2007.

Grantz, D. A., Garner, J. H., and Johnson, D. W.: Ecologi-
cal effects of particulate matter, Environ. Int., 29, 213-239,

Earth Syst. Sci. Data, 18, 2023-2045, 2026


https://doi.org/10.1016/B978-0-323-91140-5.00013-0
https://doi.org/10.1016/B978-0-323-91140-5.00013-0
https://doi.org/10.1016/S0168-1923(02)00024-2
https://doi.org/10.1007/978-3-662-05171-9_10
https://doi.org/10.1175/BAMS-87-10-1367
https://doi.org/10.1051/forest:19980115
https://doi.org/10.1016/j.agrformet.2011.07.020
https://doi.org/10.1038/nature01671
https://doi.org/10.1016/S0168-1923(00)00235-5
https://doi.org/10.1016/S0168-1923(00)00235-5
https://doi.org/10.1016/S0168-1923(00)00225-2
https://doi.org/10.1016/S0168-1923(02)00102-8
https://doi.org/10.1016/S0168-1923(02)00102-8
https://doi.org/10.1007/978-3-662-05171-9_8
https://doi.org/10.1007/1-4020-2265-4_9
https://doi.org/10.1007/1-4020-2265-4_9
https://doi.org/10.1038/s41558-023-01812-3
https://doi.org/10.1038/s41558-023-01812-3
https://doi.org/10.1016/j.ecolind.2021.107841
https://doi.org/10.5194/bg-5-433-2008
https://doi.org/10.5194/bg-5-433-2008
https://doi.org/10.1016/j.agrformet.2006.12.004

2044

https://doi.org/10.1016/S0160-4120(02)00181-210.1016/S0160-
4120(02)00181-2, 2003.

Hari, P, Noe, S., Dengel, S., Elbers, J., Gielen, B., Kerminen, V.-
M., Kruijt, B., Kulmala, L., Lindroth, A., Mammarella, I., Petdja,
T., Schurgers, G., Vanhatalo, A., Kulmala, M., and Bick, J.: Pre-
diction of photosynthesis in Scots pine ecosystems across Europe
by a needle-level theory, Atmos. Chem. Phys., 18, 13321-13328,
https://doi.org/10.5194/acp-18-13321-2018, 2018.

Harper, A. B., Cox, P. M., Friedlingstein, P., Wiltshire, A. J., Jones,
C. D., Sitch, S., Mercado, L. M., Groenendijk, M., Robertson,
E., Kattge, J., Bonisch, G., Atkin, O. K., Bahn, M., Cornelis-
sen, J., Niinemets, U., Onipchenko, V., Pefiuelas, J., Poorter, L.,
Reich, P. B., Soudzilovskaia, N. A., and Bodegom, P. V.: Im-
proved representation of plant functional types and physiology
in the Joint UK Land Environment Simulator (JULES v4.2) us-
ing plant trait information, Geosci. Model Dev., 9, 2415-2440,
https://doi.org/10.5194/gmd-9-2415-2016, 2016.

Hu, Z., Wu, G., Zhang, L., Li, S.,, Zhu, X., Zheng, H.,
Zhang, L., Sun, X., and Yu, G.: Modeling and Parti-
tioning of Regional Evapotranspiration Using a Satellite-
Driven Water-Carbon Coupling Model, Remote Sens., 9,
https://doi.org/10.3390/rs9010054, 2017.

ICOS Carbon Portal: Standardised Greenhouse Gas Measure-
ments throughout Europe, https://www.icos-cp.eu, last access:
11 March 2026.

IGBP Terrestrial Carbon Working Group, Steffen, W., No-
ble, 1., Canadell, J., Apps, M., Schulze, E. D., and
Jarvis, P.G.: The terrestrial carbon cycle: implica-
tions for the Kyoto Protocol, Science, 280, 1393-1394,
https://doi.org/10.1126/science.280.5368.1393, 1998.

Jansen, F. A., Jongen, H. J., Jacobs, C. M. J., Bosveld, F. C., Buza-
cott, A. J. V., Heusinkveld, B. G., Kruijt, B., van der Molen, M.,
Moors, E., Steeneveld, G.-J., van der Tol, C., van der Velde, Y.,
Voortman, B., Uijlenhoet, R., and Teuling, A. J.: Land Cover
Control on the Drivers of Evaporation and Sensible Heat Fluxes:
An Observation-Based Synthesis for the Netherlands, Water Re-
sour. Res., 59, https://doi.org/10.1029/2022WR034361, 2023.

Joiner, J., Yoshida, Y., Vasilkov, A. P., Schaefer, K., Jung, M.,
Guanter, L., Zhang, Y., Garrity, S., Middleton, E. M., Huemm-
rich, K. F, Gu, L., and Belelli Marchesini, L: The seasonal
cycle of satellite chlorophyll fluorescence observations and
its relationship to vegetation phenology and ecosystem atmo-
sphere carbon exchange, Remote Sens. Environ., 152, 375-391,
https://doi.org/10.1016/j.rse.2014.06.022, 2014.

Kadaster: Topotijdreis.nl: Historische topografische kaarten van
Nederland, Kadaster, Apeldoorn, https://topotijdreis.nl/kaart/
1911/@179163,464208,8.71 (last access: 11 March 2026), 2025.

Keenan, T. F., Hollinger, D. Y., Bohrer, G., Dragoni, D.,
Munger, J. W., Schmid, H. P., and Richardson, A. D.: In-
crease in forest water-use efficiency as atmospheric car-
bon dioxide concentrations rise, Nature, 499, 324-327,
https://doi.org/10.1038/nature 12291, 2013.

Kramer, K., Leinonen, 1., Bartelink, H. H., Berbigier, P., Borghetti,
M., Bernhofer, C., Cienciala, E., Dolman, A. J., Froer, O., Gra-
cia, C. A., Granier, A., Griinwald, T., Hari, P, Jans, W., Kel-
lomiki, S., Loustau, D., Magnani, F., Markkanen, T., Matteucci,
G., Mohren, G. M. J., Moors, E., Nissinen, A., Peltola, H.,
Sabaté, S., Sanchez, A., Sontag, M., Valentini, R., and Vesala,
T.: Evaluation of six process-based forest growth models us-

Earth Syst. Sci. Data, 18, 2023-2045, 2026

H. Zhao et al.: The Loobos ecosystem first tower dataset

ing eddy-covariance measurements of CO, and H>O fluxes at
six forest sites in Europe, Glob. Change Biol., 8, 213-230,
https://doi.org/10.1046/j.1365-2486.2002.00471.x, 2002.

Lansu, E. M., van Heerwaarden, C., Stegehuis, A. 1., and Teuling,
A. J.: Atmospheric aridity and apparent soil moisture drought
in European forest during heat waves, Geophys. Res. Lett., 47,
€2020GL087091, https://doi.org/10.1029/2020GL087091, 2020.

Largeron, C., Cloke, H., Verhoef, A., Martinez-de la Torre,
A., and Mueller, A.: Impact of the Representation of
the Infiltration on the River Flow during Intense Rain-
fall Events in JULES, ECMWF Technical Memorandum,
https://doi.org/10.21957/nkky9s1hs, 2018.

Leuning, R., van Gorsel, E., Massman, W. J, and
Isaac, P. R.: Reflections on the surface energy im-
balance problem, Agr. Forest Meteorol., 156, 65-74,
https://doi.org/10.1016/j.agrformet.2011.12.002, 2012.

Lundblad, M., Lagergren, F., and Lindroth, A.: Evaluation of heat
balance and heat dissipation methods for sapflow measurements
in pine and spruce, Ann. For. Sci., 58, 625-638, 2001.

Mallick, K., Sulis, M., Jiménez-Rodriguez, C. D., Hu, T., Jia,
A., and Drewry, D. T.: Soil and Atmospheric Drought Ex-
plain the Biophysical Conductance Responses in Diagnos-
tic and Prognostic Evaporation Models Over Two Contrast-
ing European Forest Sites, J. Geophys. Res.-Biogeo., 129,
https://doi.org/10.1029/2023j2007784, 2024.

Mauder, M., Foken, T., Clement, R., Elbers, J. A., Eugster,
W., Griinwald, T., Heusinkveld, B., and Kolle, O.: Quality
control of CarboEurope flux data — Part 2: Inter-comparison
of eddy-covariance software, Biogeosciences, 5, 451-462,
https://doi.org/10.5194/bg-5-451-2008, 2008.

Meesters, A.., Tolk, L., Peters, W., Hutjes, R., Vellinga, O., El-
bers, J., Vermeulen, A., Van der Laan, S., Neubert, R., Mei-
jer, H., and Dolman, A.: Inverse carbon dioxide flux es-
timates for the Netherlands, J. Geophys. Res.-Atmos., 117,
https://doi.org/10.1029/2012JD017797, 2012.

Moors, E. J.: Water use of forests in the Netherlands, Vrije Univer-
siteit, Amsterdam, http://www.hydrology.nl/images/docs/dutch/
2012.05.22_Eddy_Moors.pdf (last access: 11 March 2026),
2012.

Papale, D. and Valentini, R.: A new assessment of European
forests carbon exchanges by eddy fluxes and artificial neu-
ral network spatialization, Glob. Change Biol., 9, 525-535,
https://doi.org/10.1046/j.1365-2486.2003.00609.x, 2003.

Pastorello, G., Trotta, C., Canfora, E., et al.: The FLUXNET2015
dataset and the ONEFlux processing pipeline for eddy covari-
ance data, Sci. Data, 7, 225, https://doi.org/10.1038/s41597-020-
0534-3, 2020.

Petropoulos, G. P.: Extending our understanding on the re-
trievals of surface energy fluxes and surface soil moisture
from the “triangle” technique, Environ. Model. Softw., 181,
https://doi.org/10.1016/j.envsoft.2024.106180, 2024.

Raoult, N. M., Jupp, T. E., Cox, P. M., and Luke, C. M.: Land-
surface parameter optimisation using data assimilation tech-
niques: the adJULES system V1.0, Geosci. Model Dev., 9, 2833—
2852, https://doi.org/10.5194/gmd-9-2833-2016, 2016.

Reichstein, M., Falge, E., Baldocchi, D., Papale, D., Aubinet,
M., Berbigier, P., Bernhofer, C., Buchmann, N., Gilmanov, T.,
Granier, A., Griinwald, T., Havrankova, K., Ilvesniemi, H.,
Janous, D., Knohl, A., Laurila, T., Lohila, A., Loustau, D., Mat-

https://doi.org/10.5194/essd-18-2023-2026


https://doi.org/10.1016/S0160-4120(02)00181-210.1016/S0160-4120(02)00181-2
https://doi.org/10.1016/S0160-4120(02)00181-210.1016/S0160-4120(02)00181-2
https://doi.org/10.5194/acp-18-13321-2018
https://doi.org/10.5194/gmd-9-2415-2016
https://doi.org/10.3390/rs9010054
https://www.icos-cp.eu
https://doi.org/10.1126/science.280.5368.1393
https://doi.org/10.1029/2022WR034361
https://doi.org/10.1016/j.rse.2014.06.022
https://topotijdreis.nl/kaart/1911/@179163,464208,8.71
https://topotijdreis.nl/kaart/1911/@179163,464208,8.71
https://doi.org/10.1038/nature12291
https://doi.org/10.1046/j.1365-2486.2002.00471.x
https://doi.org/10.1029/2020GL087091
https://doi.org/10.21957/nkky9s1hs
https://doi.org/10.1016/j.agrformet.2011.12.002
https://doi.org/10.1029/2023jg007784
https://doi.org/10.5194/bg-5-451-2008
https://doi.org/10.1029/2012JD017797
http://www.hydrology.nl/images/docs/dutch/2012.05.22_Eddy_Moors.pdf
http://www.hydrology.nl/images/docs/dutch/2012.05.22_Eddy_Moors.pdf
https://doi.org/10.1046/j.1365-2486.2003.00609.x
https://doi.org/10.1038/s41597-020-0534-3
https://doi.org/10.1038/s41597-020-0534-3
https://doi.org/10.1016/j.envsoft.2024.106180
https://doi.org/10.5194/gmd-9-2833-2016

H. Zhao et al.: The Loobos ecosystem first tower dataset

teucci, G., Meyers, T., Miglietta, F., Ourcival, J.-M., Pumpanen,
J., Rambal, S., Rotenberg, E., Sanz, M., Tenhunen, J., Seufert,
G., Vaccari, F, Vesala, T., Yakir, D., and Valentini, R.: On
the separation of net ecosystem exchange into assimilation and
ecosystem respiration: review and improved algorithm, Glob.
Change Biol., 11, 1424-1439, https://doi.org/10.1111/j.1365-
2486.2005.001002.x, 2005.

Schuepp, P., Leclerc, M., MacPherson, J., and Desjardins, R.:
Footprint prediction of scalar fluxes from analytical solutions
of the diffusion equation, Bound.-Lay. Meteorol., 50, 355-373,
https://doi.org/10.1007/BF00120530, 1990.

Stephens, B., Watt, A., and Maclean, G.: An autonomous inexpen-
sive robust CO2 analyzer (AIRCOA). Proc. 13th WMO/IAEA
Meeting of Experts on Carbon Dioxide Concentration and Re-
lated Tracers Measurement Techniques, WMO Tech. Doc. 1359,
GAW Rep. 168, Geneva, Switzerland, WMO, Global Atmo-
sphere Watch Programme, 95-99, 2006.

Stephens, B. B., Miles, N. L., Richardson, S. J., Watt, A. S.,
and Davis, K. J.: Atmospheric CO, monitoring with single-
cell NDIR-based analyzers, Atmos. Meas. Tech., 4, 2737-2748,
https://doi.org/10.5194/amt-4-2737-2011, 2011.

Strebel, L., Bogena, H., Vereecken, H., Andreasen, M., Aranda-
Barranco, S., and Hendricks Franssen, H.-J.: Evapotranspiration
prediction for European forest sites does not improve with as-
similation of in situ soil water content data, Hydrol. Earth Syst.
Sci., 28, 1001-1026, https://doi.org/10.5194/hess-28-1001-2024,
2024.

Tong, X., Xiao, J., Liu, P, Zhang, J., Zhang, J., Yu, P., Meng,
P, and Li, J.: Carbon exchange of forest plantations: global
patterns and biophysical drivers, Agr. Forest Meteorol., 336,
https://doi.org/10.1016/j.agrformet.2023.109379, 2023.

Valentini, R., Matteucci, G., Dolman, A.J., Schulze, E.-D., Reb-
mann, C., Moors, E. J., Granier, A., Gross, P., Jensen, N. O.,
Pilegaard, K., Lindroth, A., Grelle, A., Bernhofer, C., Griinwald,
T., Aubinet, M., Ceulemans, R., Kowalski, A. S., Vesala, T., Ran-
nik, U., Berbigier, P., Loustau, D., Gudmundsson, J., Thorgeirs-
son, H., Ibrom, A., Morgenstern, K., Clement, R., Moncrieff, J.,
Montagnani, L., Minerbi, S., and Jarvis, P. G.: Respiration as the
main determinant of carbon balance in European forests, Nature,
404, 861-865, https://doi.org/10.1038/35009084, 2000.

van der Horst, S. V. J., Pitman, A. J., De Kauwe, M. G.,
Ukkola, A., Abramowitz, G., and Isaac, P.. How represen-
tative are FLUXNET measurements of surface fluxes dur-
ing temperature extremes?, Biogeosciences, 16, 1829-1844,
https://doi.org/10.5194/bg-16-1829-2019, 2019.

van der Molen, M., Snellen, H., Holzinger, R., Barten, S., Zhao, H.,
Peters, W., Krol M., Vila-Guerau de Arellano, J., and Kruijt, B.:
The ICOS Ecosystem Station Loobos: a pine forest site exposed
to atmospheric pollution, Earth Syst. Sci. Data Discuss., submit-
ted, 2026.

Van Wijk, M. and Bouten, W.: Water and carbon fluxes above Euro-
pean coniferous forests modelled with artificial neural networks,
Ecol. Model., 120, 181-197, https://doi.org/10.1016/S0304-
3800(99)00101-5, 1999.

https://doi.org/10.5194/essd-18-2023-2026

2045

Verma, M., Friedl, M. A., Richardson, A. D., Kiely, G., Cescatti,
A., Law, B. E., Wohlfahrt, G., Gielen, B., Roupsard, O., Moors,
E. J., Toscano, P., Vaccari, F. P., Gianelle, D., Bohrer, G.,
Varlagin, A., Buchmann, N., van Gorsel, E., Montagnani, L.,
and Propastin, P.: Remote sensing of annual terrestrial gross
primary productivity from MODIS: an assessment using the
FLUXNET La Thuile data set, Biogeosciences, 11, 2185-2200,
https://doi.org/10.5194/bg-11-2185-2014, 2014.

Vermeulen, M. H., Kruijt, B. J., Hickler, T., and Kabat, P.: Mod-
elling short-term variability in carbon and water exchange in a
temperate Scots pine forest, Earth Syst. Dynam., 6, 485-503,
https://doi.org/10.5194/esd-6-485-2015, 2015.

Veroustraete, F., Sabbe, H., and Eerens, H..: Estimation of
carbon mass fluxes over Europe using the C-Fix model
and Euroflux data, Remote Sens. Environ., 83, 376-399,
https://doi.org/10.1016/S0034-4257(02)00043-3, 2002.

Verstraeten, W. W., Veroustraete, F., and Feyen, J.: Estimat-
ing evapotranspiration of European forests from NOAA-
imagery at satellite overpass time: Towards an operational
processing chain for integrated optical and thermal sen-
sor data products, Remote Sens. Environ., 96, 256-276,
https://doi.org/10.1016/j.rse.2005.03.004, 2005.

Visser, A. J., Ganzeveld, L. N., Goded, 1., Krol, M. C., Mammarella,
I., Manca, G., and Boersma, K. F.: Ozone deposition impact as-
sessments for forest canopies require accurate ozone flux parti-
tioning on diurnal timescales, Atmos. Chem. Phys., 21, 18393—
18411, https://doi.org/10.5194/acp-21-18393-2021, 2021.

Visser, A. J., Ganzeveld, L. N., Finco, A., Krol, M. C., Marzuoli,
R., and Boersma, K. F.: The Combined Impact of Canopy
Stability and Soil NOx Exchange on Ozone Removal in a
Temperate Deciduous Forest, J. Geophys. Res.-Biogeo., 127,
https://doi.org/10.1029/2022jg006997, 2022.

Webb, E. K., Pearman, G. I., and Leuning, R.: Correction of
flux measurements for density effects due to heat and wa-
ter vapour transfer, Q. J. Roy. Meteor. Soc., 106, 85-100,
https://doi.org/10.1002/qj.49710644707, 1980.

Wu, M., Scholze, M., Kaminski, T., Voibeck, M., and Tagesson, T.:
Using SMOS soil moisture data combining CO, flask samples to
constrain carbon fluxes during 2010-2015 within a Carbon Cy-
cle Data Assimilation System (CCDAS), Remote Sens. Environ.,
240, https://doi.org/10.1016/j.rse.2020.111719, 2020.

Zhao, H., van der Molen, M., Dolman, H., Elbers, J., Jans,
W., Kruijt, B., Moors, E., Snellen, H., Vila-Guerau de Arel-
lano, J., Peters, W., Krol, M., and Hutjes, R.: The Loobos
ecosystem first tower dataset: meteorology, turbulent fluxes and
net ecosystem exchange (1996 to 2021), Zenodo [data set],
https://doi.org/10.5281/zenodo.15721310, 2025.

Zhao, H., van der Molen, M.K., Dolman, H., Elbers, J.,
Jans, W., Kruijt, B., Moors, E., Snellen, H., Vila-Guerau
de Arellano, J., Peters, W., Krol, M., and Hutjes, R.: NL-
Loo_first_tower_project, https://git.wur.nl/zhao133/nl-loo_first_
tower_project, last access: 11 March 2026.

Zhou, J., van der Molen, M. K., and Teuling, A. J.: Con-
trasting Below-and Above-Canopy Temperature Service of
a Temperate Forest During Heatwaves, SSRN 4717853,
https://doi.org/10.2139/ssrn.4717853, 2024.

Earth Syst. Sci. Data, 18, 2023-2045, 2026


https://doi.org/10.1111/j.1365-2486.2005.001002.x
https://doi.org/10.1111/j.1365-2486.2005.001002.x
https://doi.org/10.1007/BF00120530
https://doi.org/10.5194/amt-4-2737-2011
https://doi.org/10.5194/hess-28-1001-2024
https://doi.org/10.1016/j.agrformet.2023.109379
https://doi.org/10.1038/35009084
https://doi.org/10.5194/bg-16-1829-2019
https://doi.org/10.1016/S0304-3800(99)00101-5
https://doi.org/10.1016/S0304-3800(99)00101-5
https://doi.org/10.5194/bg-11-2185-2014
https://doi.org/10.5194/esd-6-485-2015
https://doi.org/10.1016/S0034-4257(02)00043-3
https://doi.org/10.1016/j.rse.2005.03.004
https://doi.org/10.5194/acp-21-18393-2021
https://doi.org/10.1029/2022jg006997
https://doi.org/10.1002/qj.49710644707
https://doi.org/10.1016/j.rse.2020.111719
https://doi.org/10.5281/zenodo.15721310
https://git.wur.nl/zhao133/nl-loo_first_tower_project
https://git.wur.nl/zhao133/nl-loo_first_tower_project
https://doi.org/10.2139/ssrn.4717853

	Abstract
	Introduction
	Instrumentation and data processing
	In situ measurements
	Meteorological variables
	Eddy covariance
	Below canopy profile of CO2 mole fraction, H2O pressure and temperature
	Soil properties, soil heat flux, profile soil moisture and soil temperature and soil respiration
	Vegetation properties
	Ground water level

	Data processing
	Calculation of profile CO2 mole fraction and H2O pressure
	Calculation of heat storage and fluxes beneath the canopy
	Estimate of turbulent fluxes

	Data quality control
	Period of record

	Data evaluation
	Data cross-checks
	Mean diurnal storage CO2 flux
	Seasonal and interannual variations in NEE
	Energy balance residual

	Data availability
	Code availability
	Discussion and conclusion
	Appendix A
	Appendix A1: Photos taken at Loobos site
	Appendix A2: Profile CO2 mole fraction measurements

	Appendix B: Water vapor pressure calculations
	Appendix C: AIRCOA CO2 mole fraction calibration results
	Appendix D: Calculations of CO2 and H2O storages under the canopy
	Appendix E: Physical ranges for assuring data quality
	Appendix F: Mean diurnal variations
	Supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

