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The TERENO-Rur Hydrological 
Observatory: A Multiscale Multi-
Compartment Research Platform for the 
Advancement of Hydrological Science
H.R. Bogena,* C. Montzka, J.A. Huisman, A. Graf, M. Schmidt, 
M. Stockinger, C. von Hebel, H.J. Hendricks-Franssen, 
J. van der Kruk, W. Tappe, A. Lücke, R. Baatz, R. Bol, J. Groh, 
T. Pütz, J. Jakobi, R. Kunkel, J. Sorg, and H. Vereecken
We provide an overview of the Rur hydrological observatory, which is the main 
observational platform of the TERENO (TERrestrial ENvironmental Observatories) 
Eifel/Lower Rhine Valley Observatory. The Rur catchment area exhibits distinct 
gradients in altitude, climate, land use, soil properties, and geology. The Eifel 
National Park is situated in the southern part of the Rur catchment and serves as 
a reference site for the hydrological observatory. We present information on gen-
eral physical characteristics of the Rur catchment and describe the main features 
of the multi-scale and multi-compartment monitoring framework. In addition, 
we also present some examples of the ongoing interdisciplinary research that 
aims to advance the understanding of complex hydrological processes and inter-
actions within the Rur catchment.

Abbreviations: CRNS, cosmic-ray neutron stations; DOC, dissolved organic carbon; DOI, depth of 
investigation; DTN, dissolved total nitrogen; EC, eddy covariance; ECa, apparent electrical conduc-
tivity; EMI, electromagnetic induction; GPR, ground-penetrating radar; SAC254, spectral absorption 
coefficient at 254 nm.

Most freshwater systems are affected by human activities and require appropriate 
management and conservation strategies (Vörösmarty et al., 2010). Thus, predictions of 
the hydrological and biogeochemical cycles in response to climate change and human 
interventions are needed at management-relevant scales (Krause et al., 2013; Vereecken et 
al., 2015). This is challenging because hydrological and biogeochemical processes occur 
at various scales, and both natural and anthropogenic drivers need to be identified (Basu 
et al., 2011). The hydrological research community has to face this scientific challenge 
through a comprehensive consideration of multi-compartment interactions and scale 
dependencies to enable prediction of the response of hydrological systems to changing 
environmental conditions such as land use and climate change (Burt et al., 2008; Katul et 
al., 2012). Therefore, the development of catchment models has been a strong motivation 
of hydrologists (Clark et al., 2015; Ehret et al., 2014) and remains challenging where gaps 
in our understanding and model capability are limited by computational challenges (Clark 
et al., 2017). Combining state-of-the-art monitoring methods with advanced modeling 
techniques provides new opportunities to gain a more detailed understanding of catchment 
processes. In addition, such a combination would help to quantify and predict water and 
matter fluxes at the catchment scale and their feedback with changes in climate, land use, 
and water usage (Simmer et al., 2015). Such activities are still all too often constrained by 
a lack of long-term integrated hydrological data and missing understanding of the highly 
dynamic and complex hydrological processes.

To adequately characterize catchment-scale hydrological processes, an adaptive and 
multiscale integrated monitoring combined with dedicated experimentation and model-
ing activities is needed (Bogena et al., 2018). Long-term hydrological data needs to be 
complemented by geophysical and remote sensing measurements, providing spatial and 
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temporal patterns of catchment properties and states (Robinson et 
al., 2008; Bogena et al., 2015a). In the framework of the Terrestrial 
Environmental Observatories (TERENO) initiative (Zacharias et 
al., 2011; Bogena et al., 2012), a network of integrated observation 
platforms has been established in Germany with the goal to inves-
tigate the consequences of global change on the terrestrial system 
by (i) providing long-term data series (>15 yr) of system states and 
fluxes for the analysis and prognosis of climate and land use change 
consequences and (ii) developing and applying integrated model 
systems to derive more efficient prevention, mitigation, and adap-
tation strategies.

Within the TERENO Eifel/Lower Rhine Valley terres-
trial observatory, the Rur catchment was identified as a central 
hydrological research area because it covers the distinct gradients 
in landscape features in this region. From the northern to the 
southern part of the observatory, altitude increases from 64 to 
630 m, mean annual air temperature decreases from 10 to 7°C, 
and mean annual precipitation increases from 650 to 1300 mm. 
Along these gradients, intensively instrumented test sites have been 
set up to investigate specific aspects of the terrestrial system. The 
Eifel National Park, situated in the southern part of the Rur catch-
ment, serves as a relatively undisturbed reference site compared 
with the strongly anthropogenically influenced northern part of 
the catchment.

Here we present a detailed overview of the integrated moni-
toring concept that has been established in the Rur hydrological 
observatory. Scientific activities with no or little reference to 
hydrology, which are also an important part of the TERENO 
concept (e.g., Zacharias et al., 2011; Bogena et al., 2012) are not 
treated in depth here.

 6Science Questions
Hydrology is a science founded on observation. Observations 

play an important role in the development of hydrologic theories 
because it is by observing changes with time, comparing obser-
vations between sites, and testing model predictions against 
observations that hydrologists develop an understanding of 
hydrological processes and responses (e.g., Burt et al., 2002). One 
of the key research questions addressed at the Rur hydrological 
observatory is: How are complex patterns of state variables and 
parameters of the hydrological system reflected in the heteroge-
neous inter- and intra-compartmental fluxes of heat energy, water, 
C, N, and momentum at different spatiotemporal scales? This 
research question is jointly studied with the collaborative Research 
Centre TR-32 (Simmer et al., 2015). More specific hydrological 
research questions that are being tackled are:

 ʶ How do patterns of soil moisture impact hydrological processes 
such as runoff, evapotranspiration, and water storage (e.g., Graf 
et al., 2014; Wiekenkamp et al., 2016b)?

 ʶ What are the key drivers for biogeochemical processes, e.g., 
related to nutrient transport in stream and groundwater 
(e.g., Wu et al., 2017; Weigand et al., 2017) and greenhouse 

gas emission (e.g., Gottselig et al., 2017; Liu et al., 2016; 
Klosterhalfen et al., 2017; Wang et al., 2018)?

 ʶ What are the key controls on travel time distributions (e.g., 
Stockinger et al., 2014, 2017)?

 ʶ What is the information content of spatially and temporally 
highly resolved soil moisture data (e.g., Korres et al., 2015; 
Baatz et al., 2017)?

 ʶ How do patterns in crop development and yield relate to soil 
water dynamics under drought conditions (e.g., Rudolph et al., 
2015; Jakobi, 2017)?

 ʶ How can data assimilation and cloud computing support the real-
time management of water resources (e.g., Kurtz et al., 2017)?

To answer these questions, we established a multiscale multi-
temporal hydrological observational platform, which is described 
in detail below. In addition, dedicated field campaigns and long-
term experiments have been incorporated, which are also described 
below. We then present the data management and policy used for 
the Rur hydrological observatory. Finally, example key findings of 
the ongoing interdisciplinary research work aiming to advance the 
understanding of complex hydrological processes and interactions 
in the Rur catchment are presented.

 6Catchment Characteristics
The Rur catchment covers an area of 2354 km2 and is situ-

ated mostly in North Rhine-Westphalia (Germany), but small parts 
belong to Belgium (157 km2 or 6.7%) and the Netherlands (108 km2 
or 4.6%). The elevation of the terrain generally declines from south 
to north from 680 to 30 m asl (Fig. 1a). A detailed description of 
the Rur catchment with respect to land use as well as climatological, 
pedological, and geological characteristics is given in the following.

Land Use
More than one third of the Rur catchment area (37%) is 

covered by arable land (Bogena et al., 2005a), which is mainly 
located in the lowland regions in the northern part of the Rur 
catchment (Fig. 1b). This area is part of the Belgium–Germany 
loess belt, where crops are grown on a virtually flat terrain. The 
main crops are winter cereals (especially winter wheat [Triticum 
aestivum L.]), sugarbeet (Beta vulgaris L.), and maize (Zea mays 
L.) (Korres et al., 2015; Reichenau et al., 2016). Deciduous and 
coniferous forests cover a total area of 807 km2 in the Rur catch-
ment (34%) and are predominantly located in the upland regions. 
Pastures account for 22% of the land cover and are also mainly 
located in the upland areas. Only about 5% of the area is covered 
by settlements, which are mainly located in the northern part of 
the catchment. Remaining important land covers are open-cast 
lignite mines, e.g., Inden with an area of 1370 ha in 2003, and 
several water reservoirs located in the upland areas.

Geology
About 47% of the Rur catchment is composed of Paleozoic 

to Mesozoic solid rocks of the Rhenish Massif, which occur 
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Fig. 1. Main characteristics of the Rur catchment: (a) elevation, (b) land use, (c) soil field capacity, and (d) hydrogeology (the value ranges indicate 
predominant saturated hydraulic conductivity). Data sources: District Council Cologne (topography), CORINE Land Cover (CLC2006); Geological 
Survey North-Rhine Westphalia (geology and soil).
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mainly in the southern part of the Rur catchment (Bogena et 
al., 2005a; Fig. 1d, consolidated rocks). The Rhenish Massif 
mainly consists of alternating sequences of silt- and mud-
stones as well as sandstones and greywackes with small cavity 
and groundwater storage volumes. Water f low in these rocks 
is primarily linked to tectonic faults and jointing (Bogena et 
al., 2005a). Pre-Devonian solid rocks outcrop only in the High 
Fens Mountains in the southwestern part of the catchment and 
cover about 7% of the Rur catchment. Paleozoic solid rocks 
formed in the course of Variscan orogenesis occupy the largest 
area (33%). Mesozoic solid rocks (mainly semisolid sandstones 
superimposed by limestones) outcrop near the eastern border 
of the Rur catchment. Around 53% of the Rur catchment is 
covered by unconsolidated Tertiary and Quaternary sediments, 
mainly in the northern part of the Rur catchment (Fig. 1d, 
unconsolidated rocks). Tertiary sediments are mostly covered 
by Pleistocene terrace deposits (sands and gravels of the main, 
middle, and lower terraces of the Maas and Rur rivers) and by 
aeolian deposits (loess and dune sands).

Hydrogeology
The upland region is characterized by solid rock strata of low 

permeability and low groundwater recharge (Fig. 1d, consolidated 
rocks). Consequently, the water resources in this part of the Rur 
catchment are managed by reservoirs, which are used for drinking 
water supply, energy generation, and flood control. Accordingly, 
the upper Rur catchment shows strong seasonality, with strong 
runoff response after rainfall events (Rudi et al., 2010), whereas the 
runoff in the lower Rur catchment is strongly regulated by water 
management (Bogena et al., 2005a). In the adjacent flatland region 
to the north, abundant loose rock aquifers (Fig. 1d, unconsoli-
dated rocks) with relatively high groundwater recharge rates exist 
(Bogena et al., 2005b). Accordingly, these aquifers are subject to 
intensive groundwater withdrawal for drinking and service water 
purposes. Additionally, the hydrogeology is strongly impacted by 
the water management required to keep the deep open-cast lignite 
mines free of water.

Soil
The Rur catchment can be subdivided into two major soil-

landscape units. In the southern part, the major soils are Fluvisols, 
Gleysols (along the Rur and its tributaries), Eutric Cambisols, and 
Stagnic Gleysols with a silt loam texture (Fig. 1c). In the northern 
part, the major soils are Cumulic Anthrosols near the drainage 
lines and Haplic Luvisols, both with silt loam textures (Korres et 
al., 2015). Soils with a loamy sand texture (Fimic Anthrosols and 
Dystric Cambisols) are located in the northernmost part of the 
loess plain. The soils in the northern part are highly productive, 
with a mean available field capacity of >200 mm (Bogena et al., 
2005a; Fig. 1c). Significantly lower available field capacities are 
found in the upland regions in the southern part of the Rur catch-
ment. Here, the field capacity ranges between 50 and 150 mm and 
can locally fall below 30 mm.

Climate
In the northern part of the Rur catchment, the annual pre-

cipitation ranges between 650 mm/yr in the most northern part 
to 900 mm/yr (Bogena et al., 2005a). In the southern part of the 
Rur catchment, moist marine air predominantly f lowing from 
southwest to northeast causes a significant precipitation shadow-
ing effect. The crestal regions of the Rhenish Massif (High Fen 
Mountains) in the southwest receive a mean annual precipita-
tion of 1200 mm/yr, whereas leeward precipitation levels below 
700 mm/yr occur in the southeastern part of the Rur catchment. 
In the upland area, precipitation mainly occurs in winter when 
evapotranspiration rates are lowest (Bogena et al., 2005a). Due 
to the low evapotranspiration rates in winter and the associated 
high soil moisture content, a large portion of the precipitation can 
rapidly become runoff. In contrast, in the northern part of the Rur 
catchment the highest precipitation occurs in summer, with high 
potential evapotranspiration rates; thus, a more effective buffer-
ing of precipitation events can be assumed (Bogena et al., 2005a).

 6Basic Observations
The general observation strategy follows a nested multiscale 

approach, with sparse observations across the Rur catchment to 
cover the large scale (Fig. 2), moderate instrumentation at the 
Critical Zone Observatories Ellebach, Kall, and Erkensruhr to 
cover the medium scale (Fig. 2), and intense instrumentation at 
the small scale at the sites Selhausen (Fig. 3), Rollesbroich (Fig. 
4), and Wüstebach (Fig. 5). In the following, we present the basic 
observations that provide necessary data for data and modeling 
analysis at the scale of the full hydrological observatory.

Network of Climate Stations
Key meteorological parameters including precipitation, air 

temperature and humidity, pressure, global radiation, wind speed, 
and wind direction have been recorded by a network of 12 cli-
mate stations across the Rur catchment since 2011 (Fig. 2). The 
stations are additionally equipped for monitoring soil tempera-
ture and soil moisture at the 10-, 20-, and 50-cm depths. The 
general setup of each station consists of a multiparameter weather 
sensor (WXT520, Vaisala), partially supplemented by a standard 
Hellmann type tipping bucket rain gauge (Ecotech GmbH) or a 
weighing rain gauge (Pluvio2, Ott Hydromet GmbH), a pyronome-
ter (CMP3, Kipp & Zonen), and a set of nine soil moisture sensors 
(HydraProbe, Stevens Water Monitoring Systems). All measure-
ments are taken with a sampling rate of 1 Hz and stored as averages 
or sums in intervals of 10 min by a datalogger (Ecotech GmbH).

Network of Eddy Covariance Stations
Fluxes of sensible heat, evapotranspiration, CO2, and momen-

tum along with ancillary meteorological and soil variables are 
continuously monitored by six fixed eddy covariance (EC) stations 
(Fig. 2) in Selhausen, Merzenhausen, Ruraue, Rollesbroich, and in 
the Wüstebach catchment (forest and clear-cut area). Measurement 
heights of the EC instruments range between 2.0 and 37 m, 
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depending on the expected maximum height of vegetation at a 
respective site. In the forested part of the Wüstebach catchment, 
EC instruments are installed on the top platform of a meteoro-
logical tower at 37 m (about 12 m above the forest canopy). The 
common EC station setup consists of a sonic anemometer (CSAT3, 
Campbell Scientific) for measurements of the three-dimensional 
wind components, an open-path gas analyzer (Li7500, LI-COR) 

to obtain the air concentrations of H2O and CO2, an air tempera-
ture and humidity sensor (HMP45C, Vaisala), a four-component 
net radiometer (NR01, Hukseflux Thermal Sensors) for incoming 
and outgoing short- and long-wave radiation, a photosynthetically 
active radiation sensor (Li-190, LI-COR), and a heated standard 
Hellmann type tipping bucket rain gauge (Ecotech GmbH). The 
soil monitoring comprises multiple sensors for measuring soil 

Fig. 2. The nested catchment approach and the instrumentation of the Rur hydrological observatory. Data source: District Council Cologne.
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Fig. 3. Map showing fields and the instrumentation of the agricultural test site Selhausen. Data source: District Council Cologne (aerial photograph).

Fig. 4. Map showing the catchment and instrumentation of the Rollesbroich test site. Data source: District Council Cologne (aerial photograph).
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temperature (TCAV, Campbell Scientific), soil moisture (CS616, 
Campbell Scientific), and soil heat flux (HFP01, Hukseflux). The 
EC raw data are obtained with a sampling rate of 20 Hz using 
a high-performance datalogger (CR3000, Campbell Scientific). 
During post-processing, f luxes are aggregated to 30 min. The 
complete post-processing of the flux data, including established 
EC conversions and corrections, tests on high-frequency data as 
well as on processed 30-min fluxes, quality flagging, calculation 
of uncertainty estimates, and footprint assessments was in line 
with the standardized strategy for EC data calculation and qual-
ity assurance presented by Mauder et al. (2013). The EC station 
in Selhausen is maintained according to ICOS Level 1 standards 
(https://www.icos-ri.eu/). The continuous flux measurements by 
EC are amended by manual chamber measurements (Graf et al., 
2013; Kupisch et al., 2015) and profile methods (Ney and Graf, 
2018) at the Merzenhausen, Selhausen, and Wüstebach sites. 
These additional measurements are used both for cross-validation 
between methods and to investigate small-scale spatial heterogene-
ity of surface fluxes.

Weather Radars
Precipitation is additionally monitored in 5-min intervals 

by two dual polarized X-band Doppler weather radars (BoXPol 
and JuXPol). The BoXPol radar is installed on a 30-m-tall build-
ing in Bonn and operated by the Meteorological Institute of the 
University of Bonn. The JuXPol radar is part of TERENO and 
operated by the Agrosphere Institute of the Forschungszentrum 

Jülich GmbH. It is installed on top of the Sophienhöhe (Fig. 2), 
an artificial hill created from open-pit mining sediments that sur-
mounts the surrounding terrain by roughly 200 m. Both weather 
radars use the DWSR-2001-X-SDP radar system (Enterprise 
Electronics Corporation) and Enigma signal processors (GAMIC 
GmbH). The radars provide precipitation data products with a 
radial resolution of 100 m (BoXPol) and 50 m (JuXPol). The data 
from both radars are merged to obtain a precipitation product with 
higher accuracy. For more technical details on both radars and the 
required data processing, see Diederich et al. (2015).

Network of Streamflow Observation Stations
Runoff is measured in the intensive experimental catchments 

Rollesbroich and Wüstebach using gauging stations equipped with 
a combination of a V-notch weir for low-flow measurements and a 
Parshall flume to measure normal to high flows (Qu et al., 2016; 
Bogena et al., 2015b). In addition, runoff data from 39 official 
runoff gauging stations (Fig. 2) operated by the local water asso-
ciations (i.e., WVER, Wasserverband Perlenbach, Erftverband) 
are made available via the data exchange platform TEODOOR 
(see below).

To determine the water chemical status of the streams in the 
Wüstebach and Rollesbroich catchments and of the Erkensruhr 
River, the runoff gauging stations are intensively instrumented and 
regularly sampled (Fig. 2). Weekly grab samples are collected man-
ually from several locations in the Wüstebach and Rollesbroich 
catchment. All samples collected for analysis of water chemistry 

Fig. 5. Map showing major soil types and the instrumentation of the Wüstebach experimental catchment and the reference catchment as well as the 
deforestation area before and after the clear-cut. Data source: District Council Cologne (aerial photograph).

https://www.icos-ri.eu
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are filtered in the laboratory (0.45 mm) before major anions and 
cations are measured using ion chromatography (Cl−, NO3−, SO4−, 
NH4

+, and PO4
2−) and inductively couple plasma–optical emis-

sion spectrometry (Al3+, total Fe, Ca2+, Mg2+, Na+, and K+). 
Dissolved organic C (DOC) is measured as non-purgeable organic 
C together with dissolved total N (DTN) with a Shimadzu TOC-
VCPN analyzer. The specific UV absorbance (SUVA) is calculated 
by normalizing the spectral absorption coefficient at 254 nm 
(SAC254) by the DOC concentration. The SUVA is usually taken 
as a measure of the aromatic character of DOC and can also be a 
proxy for the DOC concentration itself.

Instrumentation of the runoff stations include multi-probe 
sensors (YSI 6820, YSI Inc.) to measure pH, electrical conductivity, 
temperature, and turbidity in streamflow and autosamplers (AWS 
2002, Ecotech) that allow event-based sampling at higher temporal 
resolution. The outlet of the Wüstebach catchment and the runoff 
station at the Erkensruhr River are furthermore instrumented 
with an optical sensor (TriOS proPS) to monitor the SAC254, 
stream-water turbidity, NO3–N, and DOC concentrations.

Network of Cosmic-Ray Neutron 
Soil Moisture Stations

A network of 13 cosmic-ray neutron stations (CRNS; Zreda 
et al., 2012; Andreasen et al., 2017) is used to measure field-scale 
soil moisture (Fig. 2; Table 1). The CRNS network covers the 
relevant land use types and allows characterization of temporal 
soil moisture dynamics across the entire Rur catchment (Baatz et 
al., 2014). The CRNS are equipped with either a CRS-1000 or a 
CRS-2000/B cosmic-ray neutron probe (Hydroinnova LLC) that 
measure hourly neutron intensity. Conversion of neutron intensity 
into soil moisture has been described in detail by Bogena et al. 
(2013) and Baatz et al. (2015). The CRNS probes measure inte-
gral soil moisture in a circular footprint centered on the detector 

with a diameter ranging from 260 to 480 m (Köhli et al., 2015). 
The penetration depth decreases with increasing soil moisture and 
ranges from 55 to 15 cm for volumetric water content values rang-
ing from 0.05 to 0.55 m3/m3 (Schrön et al., 2017). Ten CRNS 
started their operation between February 2011 and May 2012, and 
three additional CRNS were added in 2015. The CNRS transmit 
data wirelessly in near real-time to the TERENO database to sup-
port data assimilation and hydrological forecast modeling activities 
at the catchment scale.

 6Dedicated Experimental Sites
We now present the three intensive research sites Selhausen, 

Rollesbroich, and Wüstebach, which represent typical environ-
mental conditions of the respective regions in the Rur catchment, 
i.e., intensive agriculture in the northern part and extensive agri-
culture and near-natural forest in the southern part.

The Selhausen Agricultural Station
The Selhausen agricultural research station (50.865°N, 

6.447°E, about 100–110 m asl) consists of 51 agricultural fields 
covering an area of about 1 by 1 km (Fig. 3) and represents the 
heterogeneous rural area of the lower Rhine valley (main crops 
are sugarbeet, winter wheat, winter barley [Hordeum vulgare L.], 
maize, and rapeseed [Brassica napus L.]). This region belongs to 
the temperate maritime climate zone, with a mean annual tempera-
ture and precipitation of 10.2°C and 714 mm, respectively. The 
soil was classified as a Cambisol with a silty loam texture.

In spring 2011, one of the largest fields at the agricultural 
station was equipped with an EC station (see above). Besides flux 
measurements and typical meteorological parameters, the pheno-
logical development of the crops and farming activities are also 
recorded at a weekly to monthly basis. Groundwater level, water 
conductivity, and temperature in a groundwater well next to the 

Table 1. Basic information on the cosmic ray neutron sensor network (location, date of installation, and calibration information); see also Baatz et al. 
(2014).

Station name Location Start of measurement N0 parameter† Bulk density Lattice water Thermal counter

g/cm3 m3/m3

Aachen 50.7985 N, 6.0247 E 13 Jan. 2012 1174 1.20 0.06

Gevenich 50.9892 N, 6.3235 E 7 July 2011 1206 1.31 0.03 yes

Heinsberg 51.0411 N, 6.1042 E 9 Sept. 2011 1242 1.27 0.04 yes

Kall 50.5013 N, 6.5264 E 15 Sept. 2011 1268 1.31 0.09

Kleinhau-Hürtgenwald 50.7224 N, 6.3720 E 26 Aug. 2015 899 1.12 0.06 yes

Merzenhausen 50.9303 N, 6.2974 E 19 May 2011 1202 1.39 0.04 yes

Rollesbroich 50.6219 N, 6.3042 E 19 May 2011 1208 1.09 0.07 yes

RollesbroichN 50.6241 N, 6.3051 E 22 May 2012 1081 1.09 0.07 yes

RurAue 50.8623 N, 6.4273 E 8 Nov. 2011 1109 1.12 0.05

Schöneseiffen 50.5149 N, 6.3755 E 15 Aug. 2015 941 1.11 0.05 yes

Selhausen 50.8659 N, 6.4471 E 4 Mar. 2015 1007 1.26 0.04 yes

Wildenrath 51.1327 N, 6.1691 E 7 May 2012 988 1.15 0.03

Wüstebach 50.5034 N, 6.3330 E 20 Mar. 2011 936 0.83 0.07 yes

† Calibration parameter of the standard cosmic ray neutron probe calibration function.
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EC station are continuously measured using a multi-probe (CTD, 
Decagon Devices). Since 2015, four automated closed dynamic 
chambers (Li-8100, LI-COR) have been continuously operated 
to measure CO2 emissions from the soil. In addition, a SoilNet 
wireless sensor network consisting of five profiles (depths of −0.01, 

−0.05, −0.1, −0.2, −0.5, and −1 m) is operated in this field to 
measure soil moisture and soil temperature (SMT100, Trübner 
Precision Instruments) and soil heat f lux (HFP01, Hukseflux 
Thermal Sensors) in near real-time. From 2015 to 2018, the site 
hosted field campaigns for the comparison of methods to deter-
mine flux components, e.g., the contribution of evaporation and 
transpiration to evapotranspiration, including isotope, microlysim-
eter, and profile (Ney and Graf, 2018) measurements.

In 2010, a set of 18 lysimeters (UMS GmbH) was installed to 
continuously determine water balance components with high pre-
cision (see below). In addition, two rhizotron facilities were built 
(Fig. 3) that enable root growth observations and soil moisture 
monitoring with ground-penetrating radar (GPR) in both lateral 
(7-m-long boreholes) and vertical (six depths) directions during a 
crop growing cycle (Cai et al., 2016).

The Rollesbroich Experimental Catchment
The Rollesbroich grassland experimental catchment is located 

in the Eifel mountain range and covers an area of about 40 ha, 
with altitudes ranging from 474 to 518 m asl and an average slope 
of 1.63° (Fig. 4). The mean annual air temperature and precipita-
tion are 7.7°C and 1033 mm, respectively. The dominant soils are 
Cambisols in the southern part and Stagnosols in the northern 
part of the catchment. The grassland vegetation is dominated by 
perennial ryegrass (Lolium perenne L.) and smooth meadow grass 
(Poa pratensis L.).

The Rollesbroich catchment is a reference site for the vali-
dation of remote sensing data products (e.g., Hasan et al., 2014; 
Montzka et al., 2013a, 2016) and hydrological models (e.g., Gebler 
et al., 2017). To this end, all components of the water balance (e.g., 
precipitation, evapotranspiration, runoff, soil water content, and 
drainage) are continuously monitored using state-of-the-art instru-
mentation, providing detailed information about the spatial and 
temporal variation of all water balance components. This inte-
grated data set has been used to investigate interactions between 
the land surface and the atmosphere (e.g., Gebler et al., 2015; Post 
et al., 2015; Zhang et al., 2017). Recently, a 20-m-high tower with a 
passive ELBARA II L-band radiometer (Gamma Remote Sensing 
AG) was installed (Fig. 4). A detailed description of the instrumen-
tation within the Rollesbroich experimental catchment and the 
available hydrological data has been provided by Qu et al. (2016) 
and Groh et al. (unpublished data, 2018).

The Wüstebach Deforestation Experiment
This experiment investigates the effects of clear-felling 

of a spruce forest on hydrological processes in the Wüstebach 
catchment (Fig. 5; Bogena et al., 2015b). The Wüstebach 
catchment covers an area of ?38.5 ha, with altitudes ranging 

between 595 and 628 m asl and an average slope of 3.6%. The 
geology is dominated by Devonian shales covered by a periglacial 
solifluction layer of about 1- to 2-m thickness in which Cambisols 
and Planosols have developed on the hillslopes and Gleysols and 
Histosols have formed under the influence of groundwater in the 
valley. The main soil texture is silty clay loam. The mean annual 
precipitation is 1220 mm (Bogena et al., 2010), and the main 
vegetation is Norway spruce [Picea abies (L.) H. Karst.] planted 
in 1946. During the late summer of 2013, trees were almost 
completely removed in an area of 9 ha near the main Wüstebach 
stream to initiate the regeneration of near-natural beech (Fagus 
sylvatica L.) forest.

The hydrological observation system in the Wüstebach 
catchment includes three runoff stations and eight groundwater 
piezometers. At several locations along the Wüstebach stream, 
water temperature, pH, redox potential, and electrical conductiv-
ity are manually measured using field instruments (WTW, Xylem 
Inc.), and water samples are collected for analysis of water chem-
istry on a weekly basis (see also above). The runoff stations are 
equipped with multi-probes (YSI 6820, YSI Inc.) that measure 
water temperature, pH, and electrical conductivity every 15 min, 
and autosamplers (AWS 2002, Ecotech) with an hourly sampling 
interval are installed at all runoff gauging stations.

In 2010, a 37-m-high meteorological tower was installed in 
the northwest corner of the catchment. The tower is equipped 
with profiles (8, 16, 24, 27, and 32 m) of two-dimensional sonic 
anemometers (WindSonic, Gill Instruments) and ventilated 
thermometers for measuring wind speed, wind direction, and 
air temperature, respectively. A four-component net radiometer 
(NR01, Hukseflux Thermal Sensors) for incoming and outgoing 
short- and long-wave radiation, and a photosynthetically active 
radiation sensor (SKP215, Llandrindod Wells) is installed on a 
5-m-long boom at 34 m above ground. At the ground, these tower 
measurements are complemented by measurements of snow depth 
(SR50A, Campbell Scientific), stem and surface temperature 
(IR120, Campbell Scientific), soil heat flux (HFP01, Hukseflux 
Thermal Sensors), and a soil profile (depths of −0.02, −0.05, −0.1, 

−0.2, −0.5 and −1 m) of soil moisture (CS616, Campbell Scientific) 
and soil temperature (TCAV, Campbell Scientific) measurements.

In September 2013, a second EC station was set up in the 
center of the clear-felling area. Additionally, regular manual 
chamber measurements of soil CO2 efflux with a closed dynamic 
chamber system (LI-8100-101, LI-COR Biosciences) and small-
scale net CO2 exchange and evapotranspiration with a f low-
through chamber (Graf et al., 2013) were performed (Ney et 
al., unpublished data, 2018). Sapflow fluxes as a proxy for tree 
transpiration are measured every 30 min at six trees using Granier-
type sensors (Rabbel et al., 2018).

A wireless SoilNet soil moisture sensor network with 600 
ECH2O EC-5 and 300 ECH2O 5TE sensors (Decagon Devices; 
Rosenbaum et al., 2010) measures soil moisture and temperature 
every 15 min at 150 locations at the 5-, 20-, and 50-cm depths 
(Fig. 5; Bogena et al., 2010). Soil physical and chemical properties 
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were determined by a soil sampling campaign 1 mo prior to defor-
estation, with a total of 143 sampling locations according to the 
existing SoilNet network (Bogena et al., 2015b). From each sam-
pling location, five undisturbed HUMAX liners (Martin Burch 
AG) and three bags with disturbed soil samples of the L/Of, Oh, 
and Ah horizons were taken. All samples were analyzed for pH, 
nutrient content, and relevant elemental content compositions and 
their stable isotope values (Gottselig et al., 2017; Wu et al., 2017). 
Further soil sampling was performed after the deforestation in 
2014 and 2015 for the analysis of clear-cut effects on biological P 
cycling (Siebers et al., 2018). The Wüstebach catchment has been 
used as a reference site for the application of various hydrological 
models, e.g., HydroGeoSphere (Cornelissen et al., 2016, 2014), 
MIKE-SHE (Koch et al., 2016), and ParFlow-CLM (Fang et 
al., 2015, 2016; Rahman et al., 2016).

 6Dedicated Observations
We now present examples of more dedicated obser-

vations (e.g., using various geophysical techniques, stable 
isotope analysis, on-site weighable lysimeter stations, and 
airborne microwave remote sensing) that focus on more spe-
cific research questions and/or environmental settings of the 
Rur catchment.

Geophysical Observations
Ground-penetrating radar and electromagnetic induc-

tion (EMI) measurements can be used to noninvasively 
investigate the structure, composition, and hydraulic state of 
the subsurface. At the Selhausen test site (Fig. 3), large-scale 
investigations of agricultural fields in an area of 1 by 1 km 
were performed by using multi-coil EMI systems pulled by 
an all-terrain vehicle equipped with GPS positioning. These 
multi-coil EMI systems provide apparent electrical conduc-
tivity (ECa) values for several depths of investigation (DOIs). 
The Selhausen area is characterized by a series of river ter-
races, where satellite-based leaf area index data (RapidEye) 
obtained after a dry period showed distinct patterns due to 
the presence of paleochannel structures in the subsurface of 
the upper terrace (see Fig. 6). It could be shown that these 
patterns in leaf area index correlated well with ECa patterns 
obtained for the deepest DOI (Rudolph et al., 2015), indicat-
ing that the deeper subsoil is responsible for the good crop 
performance in times of water scarcity for this particular area. 
When comparing crop development and ECa patterns during 
the growing season, correlations were strongest when the soil 
was dry (Stadler et al., 2015). To further improve the inter-
pretation of EMI data, we inverted the EMI data to obtain a 
quasi-three-dimensional model of the subsurface EC distribu-
tion (von Hebel et al., 2014) after appropriate calibration of 
the EMI measurements. In a next step, multi-configuration 
EMI measurements were made at 51 agricultural fields in the 
Selhausen area (Fig. 3). After combining this EMI survey with 
optimized sparse soil sampling and a remote-sensing-based 

classification methodology, a high-resolution (meter-scale) soil 
map with 18 soil types was obtained (Brogi et al., unpublished 
data, 2018). Electromagnetic induction measurements were also 
performed at the forested Wüstebach catchment, where time-lapse 
ECa maps were spatially consistent but temporally inconsistent 
with catchment-wide soil moisture data provided by a wireless soil 
moisture sensor network (Altdorff et al., 2017).

Stable Isotope Observations
The stable oxygen and hydrogen isotope ratios (d18O and d2H) 

are used as hydrological tracers to investigate hydrological flow 
paths and water transit times in the Rur catchment (e.g., Stockinger 
et al., 2014, 2015, 2016, 2017). To elucidate catchment-wide water 

Fig. 6. (a) Comparison of leaf area index (LAI) and apparent electrical conduc-
tivity (ECa) at Field F01 (Rudolph et al., 2015), (b) electromagnetic induction 
(EMI) measurement setup showing three EMI sleds at Field F05, and (c) depth 
slices through quasi-three-dimensional EMI inversion result at Field F10 (von 
Hebel et al., 2014), showing the low electrically conductive eastern part due to 
a massive gravel layer as well as the plow horizon over the test site and generally 
increasing electrical conductivity with increasing depth in the western part due 
to loamy soil.
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transport for small- and mesoscale catchments, samples of dif-
ferent components of the hydrological water cycle (precipitation, 
throughfall, soil solution, and stream water) are taken and analyzed 
in several subcatchments of the Rur catchment (Fig. 2). Weekly 
precipitation samples for isotopic analysis are collected by wet depo-
sition collectors at the meteorological station Schöneseiffen and 
the Erkensruhr runoff gauging station. In addition, precipitation 
below the forest is sampled using throughfall samplers (RS200, 
UMS GmbH) situated in the Wüstebach catchment and in a 
deciduous forest approximately 10 km north of the Wüstebach 
catchment. Stream water isotope information is determined from 
samples taken by autosamplers (AWS 2002, Ecotech), and weekly 
water grab samples are taken at the Wüstebach, Rollesbroich, and 
Erkensruhr runoff gauging stations. To investigate the mixing of 
stable water isotopes in the unsaturated zone, two suction cup 
arrays are used to sample soil water in the hillslope and the ripar-
ian zones at three different depths in the Wüstebach catchment. 
Finally, isotope concentrations are also regularly determined in 
the sample leachates of the lysimeter stations (see below). All water 
isotopic analyses are performed using laser-based cavity ring-down 
spectrometers (L2120-i and L2130-i, Picarro).

Network of Lysimeter Stations
A network of six lysimeter stations has been installed in the 

Rur catchment (three at Selhausen, two at Rollesbroich, and one at 
Wüstebach) to determine precipitation, actual evapotranspiration 
(resolution of 0.01 mm), change in soil water storage, leachate, and 
upward directed water flow from capillary rise (Pütz et al., 2016). 
Each lysimeter station features six lysimeters that are arranged in a 
hexagonal design around the centrally placed service unit hosting 
analytical and data recording devices. The lysimeters are made of 
stainless steel, with a surface area of 1.0 m2 and a length of 1.5 m. 
All lysimeters were filled with monolithic soil cores. Vegetation 
on the lysimeters is natural grassland with and without manage-
ment or cereal crop rotation. The lower boundary condition of 
each lysimeter is controlled using parallel suction racks that were 
installed after the lysimeter was filled. These suction racks ensure 
that water will drain from the lysimeter when the matric potential 
at the bottom of the lysimeter is higher than in the surrounding 
control area. Leachate is collected in a weighable tank. If the matric 
potential at the bottom of the lysimeter is lower than in the sur-
rounding control area, water is pumped back into the lysimeter 
from this tank. Thus, lysimeter observations can mimic capillary 
rise from deeper soil layers or shallow groundwater tables, which 
can serve as an additional water supply for evapotranspiration 
processes (Schwaerzel and Bohl, 2003; Groh et al., 2016). Water 
balance components are determined from the change in weight of 
each lysimeter using a precision scale. Lysimeter weight changes are 
affected by external disturbance factors like wind, management, 
and animals. Thus, the derivation of highly resolved water bal-
ance components requires an appropriate data processing scheme, 
including visual and automatic plausibility checks and a noise 
reduction filter (Peters et al., 2017). In addition, matric potential 

sensors, tensiometers, temperature sensors, heat flux plates, soil 
moisture content, and CO2 sensors were installed at different soil 
depths (10, 30, 50, and 140 cm). Finally, soil solution is extracted 
at depths of 10, 30, and 50 cm with a constant vacuum of 100 hPa. 
All measured data are logged on-site and sent to a central server 
using a GPRS modem.

Remote Sensing Activities
Various ground-based measurement techniques and their 

monitoring networks have been utilized for the validation of 
remote sensing products, which are becoming more strategic 
for global monitoring of Earth resources (Mohanty et al., 2017). 
Multispectral remote sensing data have been used in water balance 
and N transport simulations in the Rur catchment (Montzka et 
al., 2008a, 2008b). Ali et al. (2015) developed methods to retrieve 
plant properties (i.e., leaf area index) for the Rur hydrological 
observatory from multispectral satellite data (RapidEye) at high 
spatiotemporal resolution, which was used for the analysis of vege-
tation heterogeneities (Reichenau et al., 2016; Rudolph et al., 2015) 
and for the simulation of net ecosystem exchange (Post et al., 2018).

In the framework of the European Space Agency Soil 
Moisture and Ocean Salinity (SMOS) mission launch in 2009 
(Kerr et al., 2010), airborne campaigns were conducted with 
the EMIRAD and PLMR (Polarimetric L-band Multi-beam 
Radiometer) radiometers. The campaigns took place also prior 
to the satellite launch in 2009 to analyze different soil moisture 
retrieval methods. Montzka et al. (2013a) used data from airborne 
remote sensing campaigns with EMIRAD and the HUT-2D 
radiometers in the Rur catchment to validate SMOS soil mois-
ture products. Data from airborne campaigns with the PLMR2 
radiometer were used to analyze a Monte Carlo approach for simul-
taneous retrieval of vegetation opacity and soil moisture (Hasan 
et al., 2014).

The Rur hydrological observatory contributes to the Soil 
Moisture Active and Passive (SMAP) mission validation activi-
ties by operationally providing soil moisture reference data 
(Colliander et al., 2017). In addition, simultaneous passive and 
active microwave airborne campaigns were conducted in the 
Rur catchment by the German Aerospace Center (DLR) using a 
dedicated platform (see Fig. 7). These unique data were used to 
analyze various radiometer–radar fusion methods for retrieving 
improved soil moisture data products for the Rur hydrological 
observatory (Montzka et al., 2016). In addition, alternative meth-
ods for downscaling SMAP radiometer data have been recently 
tested (Montzka et al., 2018).

Further remote sensing activities in the Rur hydrologi-
cal observatory include validation of ASCAT and SMOS with 
hydrological simulations (Rötzer et al., 2014), validation of vari-
ous satellite soil moisture data products (ASCAT, AMSR2, SMAP, 
and SMOS) using data from the cosmic-ray neutron network estab-
lished in the Rur hydrological observatory (Montzka et al., 2017), 
and using remote sensing data for hydrological modeling of the 
Rur catchment (Han et al., 2013, 2014; Montzka et al., 2013b).
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Fig. 7. Radar observations (left) and radiometer observations (right) for Jülich (top) and the Eifel region (bottom) recorded on 17 and 18 Apr. 2013, 
respectively. Data source: District Council Cologne (aerial photograph).
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 6Data Management and Policy
The Rur hydrological observatory constantly produces a large 

number of complex data sets that need to be managed and archived 
in a timely manner. The data collected from automatic climate 
and runoff stations, eddy covariance stations, SoilNet networks, 
and SoilCan lysimeters is estimated to be around 150,000 mea-
surements per hour. In addition, the weather radar produces large 
amounts of raw data and processed data (?500 MB per hour). 
To be able to process these continuous data streams, methods for 
regular plausibility checks and effective tools for automated data 
storage and archiving have been developed in the framework of the 
TERENO project (Devaraju et al., 2014, 2015). In addition to the 
data quality, the adequate description of the data stocks via meta-
data plays a decisive role. For this reason, data are always treated 
as a combination of data and descriptive metadata. A common 
TERENO metadata profile ensures uniform data description 
within the TERENO network.

In addition to its role as a common information and exchange 
platform for the TERENO network, the TEODOOR portal 
(http://www.tereno.net) has the function of bringing together 
and publishing the data from the hydrological observatory. This 
is done by a number of tools, including a hierarchical keyword 
search and WebGIS functionalities that allow the user to obtain 
detailed insights into the data availability of all experimental 
sites and networks. Data visualization tools make it possible to 
select, display, and check all data types from different time periods. 
Finally, TEODOOR enables access to the data in compliance with 
the common TERENO data policy.

 6New Insights and 
Novel Scientific Findings

In the following, we present example key findings of the 
ongoing interdisciplinary research work in the Rur hydrological 
observatory, covering a wide range of topics: analysis of hydro-
logical processes using stable isotopes and DOC, analysis of 
deforestation effects on terrestrial processes, analysis of subsurface 
structures and soil moisture variability, and data assimilation for 
catchment modeling.

Using Stable Isotopes to Analyze Runoff 
Processes in the Wüstebach Catchment

Using the stable isotopes of water as a tracer in combination 
with a conceptual rainfall–runoff model revealed that the transit 
time of precipitation in the Wüstebach catchment is influenced 
by the ratio of the riparian to the hillslope zones (Stockinger et al., 
2014). An increase in the riparian area of the Wüstebach catch-
ment led to faster transit times. Additionally, it was found that 
hillslopes disconnect from runoff-generating processes under dry 
catchment conditions because new water from precipitation is 
consumed by the spruce forest. Using the isotopic data of open 
precipitation and throughfall, it was further shown that canopy 
interception induced changes in the isotope values of throughfall 

that inf luenced not only modeled transit time distributions 
(Stockinger et al., 2015) but also the tracer-derived fraction of 
young water (Stockinger et al., 2017) (Fig. 8).

Moving to a larger catchment scale, two time series of dif-
ferent temporal resolutions of tracer data (weekly and subdaily) 
were used for the Erkensruhr catchment (Fig. 2) to show that a 
coarser temporal resolution leads to a loss of information about 
short transit times (Stockinger et al., 2016). This study empha-
sized the need for high-resolution observations in hydrology, as 
many studies use weekly isotope tracer data. Current work focuses 
on high-resolution automatic measurements of stable water iso-
topes at the outlet of the Erkensruhr River with the aim to better 
understand the changes in transit time distributions during single 
stormflow events.

Linking Dissolved Organic Carbon and Nitrate 
Export in the Wüstebach Catchment

Our hydrochemical long-term observations in the Wüstebach 
catchment and its tributaries revealed a remarkable linkage 
between seasonally varying concentrations of DOC and NO3

− 
and their ratios at the respective sampling points and the d18O 
values of the discharge (Weigand et al., 2017; Stockinger et al., 
2015). Water transit times derived from d18Oc values were strik-
ingly correlated with DOC and NO3

− concentrations in such a 
way that lower C/N ratios coincided with longer water transit 
times, indicating a substantial groundwater contribution to the 
surface water at the respective sampling points.

The importance of the contribution of storm events to the 
annual export of DOC and DTN via surface water from the 
Wüstebach catchment became evident from an analysis of sub-
daily hydrochemical data. Stream water samples were collected in 
4-h intervals using an autosampler located at the main gauging 
station (Fig. 5) during a 2-wk period of combined snowmelt and 

Fig. 8. (a) Canopy interception causes a change in mass and isotopic 
composition of open precipitation (OP) while generating throughfall 
(TF); (b) these changes influence the shape of the sine wave fitted to 
the respective precipitation data and that is used to calculate the frac-
tion of young water (Fyw); (c) accordingly, the respective Fyw values 
derived from these different sine waves deviate considerably (adapted 
from Stockinger et al., 2016).

http://www.tereno.net
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heavy rainfall in January 2011. The hydrochemical data revealed 
that during this event about 42 and 37% of the total annual load 
of DOC and DTN, respectively, were exported (Table 2). These 
enormous amounts are not only due to the increase in hydraulic 
discharge during a storm event but also rooted in the transient 
increase in concentrations of DOC and DTN occurring especially 
during the initial hours of such an event. This bias of underesti-
mating exports if calculations are based on weekly grab samples 
must be faced by continuous monitoring of DOC and DTN. 
Because this is not feasible with conventional methods, photo-
metrically monitored SAC254 and NO3

− concentrations can serve 
as measures for DOC and DTN, respectively.

Effect of Deforestation on Water Balance of the 
Wüstebach Catchment

The hydrological observations described above jointly enabled 
an analysis of the water budget of the Wüstebach catchment during 
the 3 yr prior to the partial deforestation, as a baseline for assessing 
immediate and long-term changes occurring after the deforestation. 
Precipitation, evapotranspiration, and discharge closed the catchment 
water budget to within 2% on a 3-yr basis and to within 9% for each of 
the individual years (Graf et al., 2014). On a weekly basis, changes in 
soil water storage measured by the SoilNet sensor network (see above) 
were correlated to the corresponding short-term residuals of precipi-
tation, evapotranspiration, and discharge. Two typical soil moisture 
patterns could be identified, corresponding to more uniformly wet 
conditions throughout the catchment and drier situations, where 
high moisture in the topsoil was maintained only in the riparian zone 

shown by Stockinger et al. (2014) to remain connected to runoff gen-
eration throughout the year (see also below). After the deforestation 
of 22% of the catchment, the water budget of the catchment remained 
closed (residuals £8% on an annual basis) when evapotranspiration 
was calculated as the area-weighted average between the forest EC sta-
tion and the newly installed EC station in the center of the clear-cut 
(Fig. 9; Wiekenkamp et al., 2016a). Actual evapotranspiration in the 
deforested area was reduced to about half the actual evapotranspira-
tion of the forest during the first year after deforestation. This led 
to higher soil moisture in the clear-cut area and an increased annual 
runoff coefficient of the total catchment (69% in 2014 compared with 
an average value of 58% between 2011 and 2013). This runoff coeffi-
cient agrees well with observations of the Wüstebach lysimeter station 
installed in a forest meadow in 2014 (72%; Groh et al., 2018). Already 
in the second year after deforestation, the water budget components 
showed a strong tendency to return toward pre-deforestation values 
(Fig. 10). In contrast, CO2 fluxes continued to show strong differ-
ences between the two areas in the fourth year after deforestation 
(Ney et al., unpublished data, 2018).

Table 2. Total discharge, as well as dissolved organic C (DOC) and dis-
solved total N (DTN) loads, at Wüstebach catchment outlet in  2011 
and during a single storm event in January 2011.

Parameter Year 2011 Storm event (Jan. 2011)

Discharge, m3 254 87 (34%)

DOC, kg 505 214 (42%)

DTN, kg 591 218 (37%)

Fig. 9. Yearly cumulative water balance 3 yr before and 2 yr after deforestation in the Wüstebach catchment. The evapotranspiration of the forested area 
(ETaf ), the deforested area (ETad), and the area-averaged evapotranspiration (ETam) are plotted separately (adapted from Wiekenkamp et al., 2016a).
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Investigations of Soil Moisture Variability 
Using Sensor Network Data

The wireless sensor networks installed in the Rur hydro-
logical observatory have been used extensively to understand the 
spatiotemporal variability of soil moisture at the catchment scale. 
For instance, Rosenbaum et al. (2012) studied the spatiotemporal 
dynamics of soil moisture in the Wüstebach catchment using data 
from the SoilNet sensor network described above. They found 
hysteretic effects in the relationship between spatial variability and 
mean catchment wetness at the event and seasonal time scales and 
as a function of the wetting–drying status of the catchment and 
precipitation conditions. Qu et al. (2014) analyzed the temporal 
stability of soil moisture observed by the wireless sensor network 
installed in the Rollesbroich catchment. They found that both soil 
moisture and saturation degree showed temporally stable charac-
teristics that were correlated with the spatial variation in hydraulic 
parameters. In a subsequent study, Qu et al. (2015) developed a 
new closed-form expression to predict the local variability of soil 
water content and to estimate the spatial variability of hydraulic 
properties based on sensor network data from Wüstebach and 
Rollesbroich, as well as other data sources. Wiekenkamp et al. 
(2016b) used soil moisture sensor response times from the SoilNet 

sensor network to investigate controls on preferential flow in the 
Wüstebach catchment. They found that the spatial occurrence 
of preferential flow was mainly governed by small-scale soil and 
biological features and local processes, and showed no obvious rela-
tionship with spatial parameters (i.e., hydrological, topographical, 
and soil physicochemical parameters). Finally, Wiekenkamp et al. 
(2016a) used data from the same sensor network to analyze the 
spatiotemporal distribution of soil moisture before and after the 
partial deforestation of the Wüstebach catchment. They found 
that soil moisture in the deforested area was significantly higher 
than in the forested part, especially during the summer period (Fig. 
11), which in turn caused an increase in the frequency of high dis-
charge. These examples illustrate how detailed spatiotemporal soil 
moisture monitoring using wireless sensor networks can provide 
new insights into hydrological processes at the catchment scale.

High-Resolution Aquifer Characterization Using 
Full-Waveform Inversion of Cross-Hole GPR Data

Vertical borehole GPR measurements at the Krauthausen test 
site close to Selhausen were performed to investigate hydrogeo-
logical subsurface structures (Gueting et al., 2015). By combining 
several cross-hole planes, a section of 50-m length, 25-m width, 

Fig. 10. Evapotranspiration as latent heat flux (lE) and sensible heat flux (H) during four selected days (6–20 UTC) with similar available energy, one from 
each year after the deforestation. Reduced evapotranspiration from the clear-cut during the first 2 yr was caused not only by reduced transpiration efficiency 
but also by lower available energy, as can be seen from the evaporative fractions lE/(lE + H). The difference in available energy results from a higher albedo 
and soil heat flux at the deforested site (not shown). While shown days represent typical forest clear-cut comparisons for each year, a reverted relation was 
found occasionally even during the first 2 yr, e.g., shortly after rainfall when near-surface soil moisture at the clear-cut enhanced evaporation.
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and 10-m depth was investigated using conventional ray-based and 
full-waveform inversion of GPR measurements. The full-waveform 
inversion of all cross-sections (see Fig. 12) resulted in a high-res-
olution image of subsurface heterogeneity, where the observed 
decimeter-scale variability was able to explain the previously 
observed splitting of a tracer plume (Müller et al., 2010; Gueting 
et al., 2017). Since the GPR full-waveform inversion identified a 
hydraulically low-conductivity thin sand layer with a thickness 
of only a few decimeters that was not resolved by conventional 

ray-based GPR inversion, we conclude that the improvement in 
spatial resolution when using full-waveform GPR inversion is cru-
cial to detect small-scale aquifer structures that are highly relevant 
for solute transport.

Hydrological Modeling and Data Assimilation
An important question is whether observations at a limited 

number of points allow a catchment-wide improvement of the 
characterization of hydrological states and fluxes. This research 

Fig. 11. Mean soil moisture for (A) 2 yr prior to the deforestation and (B) 2 yr after  deforestation. As a reference, the deforested area within the catch-
ment is marked on both maps (adapted from Wiekenkamp et al., 2016a).

Fig. 12. Aquifer characterization using large-scale full-waveform cross-hole GPR data inversion showing detailed aquifer structures relevant for solute 
transport (modified after Gueting et al., 2017).
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question was recently addressed by Baatz et al. (2017), who assimi-
lated measurement data from the CRNS network into the CLM 
4.5 model (Oleson et al., 2013). Not only was data assimilation 
used to update states, but also soil hydraulic parameters were 
updated using an augmented state vector approach (e.g., Hendricks 
Franssen and Kinzelbach, 2008). Figure 13 compares the calcu-
lated evapotranspiration for a low-quality soil map (assuming 
homogeneous soil properties) and a high-resolution soil map. 
Figure 13 also shows that if the homogeneous soil map is used 
as the basis for the data assimilation experiments, the limited 
network of nine cosmic ray probes allows updating of the soil 
hydraulic parameters so that the calculated evapotranspiration is 
closer to that obtained for the high-resolution soil map.

A second example is indirectly related to hydrology and con-
cerns C fluxes. Post et al. (2017) estimated net ecosystem exchange 
(NEE) time series using data from four EC towers covering four 
different plant functional types of the CLM 4.5 model: conifer-
ous forest, grassland, crop, and broadleaf forest. The estimated 
ecosystem parameters determined for a given plant functional 
type were applied to all grid cells in the Rur catchment with the 
same plant functional type. It was found that the estimated eco-
system parameters resulted in leaf area index estimates that were 
closer to RapidEye data than using default ecosystem parameters. 
In addition, measured NEE at three additional EC towers was 
better reproduced, supporting the idea that the estimated ecosys-
tem parameters at single locations can be transferred to the rest 
of the catchment (Post et al., 2018). Figure 14 shows that NEE is 
much lower for the run with the estimated ecosystem parameters 
(areas that act as a C sink are larger than areas that are a C source) 
than for the run with the default parameters (nearly the complete 
catchment is a C source).

 6Summary and Future Perspectives
We provided here an overview of the Rur hydrological 

observatory, which is part of the TERENO Eifel/Lower Rhine 
Valley Observatory, accompanied by some highlights of the 

interdisciplinary and integrated research on the functioning of this 
catchment. Research in the Rur hydrological observatory focuses 
on hydrology but also serves as an interdisciplinary platform for 
various disciplines such as pedology, biogeochemistry, atmospheric 
sciences, geophysics, and remote sensing. The main research infra-
structure in the Rur hydrological observatory has been operational 
for about a decade and has already provided comprehensive and 
rich data sets that allow new insights into and interpretations 
of the functioning of catchments. In addition, a wide range of 
multi- and interdisciplinary research has been conducted by 
many researchers from various research institutions. This has led 
to the development of new observation techniques (e.g., cosmic 
ray and wireless soil moisture sensing, stable isotope and geophysi-
cal measurement techniques) and modeling approaches (e.g., data 
assimilation methods) to address specific environmental questions.

Presently, more than 1.2 billion data sets from more than 
500 measurement stations in the Rur hydrological observatory 
have already been downloaded from the TERENO data portal. 
While about 66% of these data sets have been retrieved by internal 
users within the TERENO consortium, about 34% of the data 
sets have been downloaded by scientists from all over the world 
(mostly from academic institutions). Most of the downloaded data 
sets are related to the soil moisture networks and lysimeter data.

Despite the rich data already available, some information is 
still lacking for the Rur hydrological observatory. This concerns 
especially the human influence on hydrological processes, which 
is important for a more detailed data analysis and modeling. For 
example, agricultural data, e.g., more precise information on fer-
tilizer application, harvest dates, and yields, is still lacking and 
notoriously difficult to obtain in a spatially resolved manner. 
This especially affects the assessment of C and N balances at the 
catchment scale. Another aspect is missing information on the 
ecological status of near natural sites, which is important in the 
framework of ecohydrological studies. Thus, more effort has to 
be spent on the collection of such data sets for the Rur hydrologi-
cal observatory, e.g., via cooperation with local agricultural and 

Fig. 13. Different variants of simulated evapotranspiration over the Rur catchment (adapted from Baatz et al., 2017).
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environmental associations. A good starting point is the close 
cooperation with the National Park Eifel in the southern part of 
the Rur catchment.

With our observation and monitoring capabilities set up, we 
will now focus more on the integration of the data in models to 
address hydrological predictability at the catchment scale. Data 
assimilation (i.e., the convolution of observations with a given 
model state) is the method of choice to achieve this integra-
tion because it allows bridging of the gap between observation 
and prediction of states and f luxes. The large number of avail-
able observations will be beneficial to constrain the very large 
number of model parameters present in distributed models. For 
instance, prediction by hydrological models is strongly affected 
by unknown vegetation and soil parameters, which vary strongly 
in space and even time. Thus, data assimilation should consist 
of a combined state and parameter estimation approach, e.g., 
using DART (Anderson et al., 2009) or PDAF (Nerger and 
Hiller, 2013; Kurtz et al., 2016). Although parameter estima-
tion is sometimes poorly constrained given multiple sources of 
uncertainty (e.g., uncertain meteorological forcings and model 
structural issues), it is important to reproduce exchange f luxes 
like evapotranspiration between terrestrial compartments cor-
rectly (Han et al., 2014). The two examples on data assimilation 
presented here are already very promising starting points in 
this regard. Future work will also focus on the assimilation of 
multiple data sets into coupled models across different terres-
trial compartments and evaluation of how much predictions 
can be improved with such an approach. Systematic deviations 
between model simulations and measurement data can also point 
to required model improvements and help to detect f laws in the 
regional model setup or even in the general modeling approach. 
In addition, multiple models could be used in an ensemble mod-
eling approach to consider uncertainties in process representation 

across different model types (e.g., one-dimensional soil–vegeta-
tion–atmosphere models, hydrological models, and land surface 
models). The efficient coupling of multi-compartment models 
and observation data necessitates the use of high-performance 
computers and flexible and expandable software (e.g., Peckham 
et al., 2013).

The Rur hydrological observatory is also part of the 
European Network of Hydrological Observatories (ENOHA, 
www.enoha.eu) initiative that aims to build up a European data 
platform for hydrological observatories (Blöschl et al., 2017). 
Besides making hydrological data available to the research com-
munity, we anticipate that ENOHA will also include hydrological 
models for improved data analysis, for model-driven design of 
catchment experiments, and to perform hydrological forecasts at 
the European scale. In addition, data acquired in the Rur hydro-
logical observatory is actively disseminated by feeding it into 
other databases besides the TERENO data portal, such as the 
International Soil Moisture Network (ISMN; Dorigo et al., 2011) 
and the Integrated Carbon Observation System (ICOS) to further 
ease data usage. Currently, we are working on the generation of 
download-triggered persistent identifiers to data sets (e.g., doi’s) 
to allow an unambiguous identification and citation of data sets 
of the Rur hydrological observatory.

Overall, the new insights and novel scientific findings 
compiled here illustrate that long-term integrated hydrological 
monitoring within a terrestrial observatory approach as envisioned 
within the TERENO project is very promising for deepening our 
understanding of hydrological processes at various scales (i.e., from 
the field to the catchment). We expect considerable added value 
of the simultaneous long-term monitoring of a large number of 
variables across multiple compartments, in particular with respect 
to previously unresolved links between hydrological and biogeo-
chemical processes.

Fig. 14. Annual sum of net ecosystem exchange (NEE) for the Rur catchment (December 2012–November 2013) with default parameters (left) and 
estimated parameters (right) (adapted from Post et al., 2018).

www.enoha.eu
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Data Access
Most data presented in this study are freely available via the TERENO data por-
tal TEODOOR (http://teodoor.icg.kfa-juelich.de/). In addition, three persistent 
identifiers are associated with the data set of the Rollesbroich test site:

 ʶ Climate/Runoff/Water Quality station: 
http://doi.org/10.5880/TERENO.2016.001

 ʶ EC/Climate station Rollesbroich: 
http://doi.org/10.5880/TERENO.2016.002

 ʶ SoilNet Rollesbroich: http://doi.org/10.5880/TERENO.2016.003

The SoilNet data of the Wüstebach catchment is available at https://teodoor.
icg.kfa-juelich.de/butt.repository/doi/soilnet.wuestebach/soilnet.wuestebach.
wc.2012.8.nc.

Please note that the NetCDF format is used, which is a standard format for data 
exchange. Free conversion software to convert the NetCDF data format into other 
data formats is available at http://www.giss.nasa.gov/tools/panoply/.

In addition, EC data from Selhausen (crop), Rollesbroich (grassland), and Wüste-
bach (forest) will be available at the ICOS data portal with the site codes DE-RuS, 
DE-RuR, and DE-RuW, respectively (https://www.icos-cp.eu/).
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