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A Blueprint for a Distributed Terrestrial 
Ecosystem Research Infrastructure

Heye Bogena, Harrie-Jan Hendricks Franssen, 
Carsten Montzka, and Harry Vereecken

Abstract

Although there is growing awareness that continuous observation of the 
various terrestrial subsystems (i.e., atmosphere, hydrosphere, pedosphere, 
biosphere) is essential in improving our understanding of the complex 
influences of global change on terrestrial ecosystems, existing networks 
of long-term research infrastructures tend to address only specific issues 
(e.g., carbon balance). In this chapter, we advocate the need for long-term, 
distributed terrestrial ecosystem research infrastructures (TERIs) for a new 
level of fully integrated, multidisciplinary global change research. TERI net-
works would offer significant potential to address a wide range of challeng-
ing environmental problems. Knowledge gained through these networks 
will be critical in understanding, detecting, and forecasting changes in ter-
restrial ecosystems that affect important ecological services upon which 
society depends. Such a network of integrated observation platforms will 
provide information necessary for societies to adapt to broad-scale changes 
such as those associated with land use, demographic, and climate change. 
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In this chapter, we discuss the blueprint for a network of TERIs. Based on 
the example of the TERENO infrastructure, we present the complexities and 
challenges confronting the design and implementation of ecological moni-
toring networks.

Keywords: Terrestrial ecological monitoring network, Remote sensing, 
Scaling, Modeling

11.1 � Introduction

During the last century, mankind impacted fundamental environmental 
and physical processes that sustain life on earth in an unprecedented way 
(McCarthy et al. 2001). We are now starting to observe broad-scale ecologi-
cal impacts of global climate change, including changes in the timing of 
ecological processes (Westerling et al. 2006). In particular, polar and high-
altitude regions are already showing the highest rate of warming connected 
to climate change (UNEP and WMO 2011). The increase in global average 
surface temperature by 0.85°C  ±  0.2°C is expected to further increase by 
1.5°C–4.8°C until 2100 (IPCC 2013). Through modifications of the earth’s sur-
face and global biogeochemical cycles, productive ecosystems have lost to 
desertification processes, reduced availability and reliability of clean and 
abundant sources of water and food, increased risks to natural hazards such 
as floods and fires, and increased disease and exposure to harmful chemi-
cals (Bellamy et al. 2005; Young and Harris, 2005). The specific human influ-
ences and drivers of these observed changes are complex and multiscaled 
in nature (MEA 2005).

There is an increased recognition that ecological research infrastructures, 
providing long-term information on the development of states and fluxes 
of the various terrestrial subsystems (i.e., atmosphere, hydrosphere, pedo-
sphere, biosphere), are essential in improving our understanding of these 
complex relationships between humans and environment and in develop-
ing policies and strategies to reduce impacts from anthropogenic change, to 
develop adaptation strategies and to secure a more sustainable future (Allen 
et al. 2014, Balvanera et al. 2013; Fraser et al. 2013; IPCC 2013; Peters et al. 
2014). However, the existing networks of research infrastructures tend to 
address specific issues often related to specific subsystems within ecosys-
tems and, as a result, represent different geographies, temporal and spatial 
scales, and attributes of the environment (CENR 1997). We also lack coor-
dinated monitoring programs that provide integrated, standardized, and 
quality-checked data across multiple ecological systems at various temporal 
and spatial scales in order to make studies and comparison more robust. 
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Moreover, a critical need exists to synthesize biophysical, ecological, social, 
and economic information to increase our understanding of the significance 
of interactions among processes that impact upon ecological systems over 
broader time and space than currently possible. New developments in sci-
ence and technology provide new opportunities for collecting and organiz-
ing data that could greatly expand our monitoring capabilities and, hence, 
develop new understandings.

In this chapter, we present the challenge of designing and implementing 
long-term distributed terrestrial ecosystem research infrastructures (TERIs) 
for a new level of fully integrated, multidisciplinary global change research. 
We further describe how such infrastructures in combination with remote 
sensing and prognostic modeling efforts can be used to provide early warn-
ing and forecasting of potentially irreversible conditions and trends in pro-
cesses that maintain important ecological services.

The remainder of this chapter is organized as follows. First, we will address 
the current challenges in ecosystem research and the need for distributed 
TERIs. We then describe the TERI implementation and design, which is fol-
lowed by a presentation of complementary remote monitoring and scale 
transfer using modeling approaches. To illustrate the TERI concept, we use 
the existing national TERI (TERENO) as an example. Finally, we present con-
cluding remarks and an outlook.

11.2 � Challenges in Terrestrial Ecosystem Research

Up-to-date research networks have mainly focused on specific subsystems, 
such as land surface, various parts of the atmosphere and the subsurface, 
and natural ecosystems, without considering their different buffer capaci-
ties (e.g., soil nutrient buffer capacity, flood retention zones) and process 
time scales (Bogena et al. 2006). Although there is a growing awareness 
of subsurface terrestrial systems (e.g., vadose zone, groundwater aquifers) 
being affected by global change and the direct impact of human activity, 
less attention has been paid to important subsurface characteristics and pro-
cesses (e.g., observed decrease in soil organic matter, expected changes in 
the soil moisture regime, evapotranspiration, groundwater recharge, and 
runoff generation). For instance, subsurface lateral flow is widely considered 
to be an important hydrological flux that is poorly understood and difficult 
to measure and quantify (Vereecken et al. 2015). In the framework of TERI, 
high-frequency isotope analysis and hydrogeophysical methods (e.g., mul-
tireceiver electromagnetic induction, ground-penetrating radar) could be 
used to better determine this important hydrologic process from the field 
to the catchment scale. In addition to the impact of global change, terrestrial 
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systems are strongly influenced by local and direct human activities causing 
dramatic changes in the terrestrial system functions, which are not yet moni-
tored comprehensively (e.g., changes in land use, deforestation, overfertiliza-
tion, opencast mining, groundwater withdrawal).

In our view, the increasing anthropogenic impact on the terrestrial 
systems and their associated changes require a multiscaled, consistent, 
and longer-term utilization of environmental research from local sites to 
regional scales with corresponding personnel and financial expenditure. 
Here we emphasize the importance of regional scale because at this scale, 
interactions between land surface and atmosphere and land management 
consequences (e.g., political decisions on bioenergy of fertilizer taxation) 
can be investigated. On the other hand, comprehensive experimental stud-
ies on multisubsystem interactions and scale dependencies are needed to 
better understand the response of terrestrial systems to changing environ-
mental conditions (e.g., Bogena et al. 2015; Burt et al. 2008; Katul et al. 2012). 
Numerous experiments (e.g., summarized in Giardina and Ryan 2000) have 
been conducted in order to evaluate the potential future effects of climate 
change on soil carbon dynamics. However, these experiments rarely con-
tinue for more than a few years and thus never provide information on the 
response of the large, slower pools that will dominate feedback from the soil 
to the atmosphere over time scales of decades or more (Powlson 2005). The 
effects of climate change are much more complex than just an increase of 
a single parameter, since compensation and acclimatization processes may 
occur (Davidson et al. 2000). Thus, in order to increase the ecosystem pro-
cess understanding, that is, in terms of multisystem interactions and scale 
dependencies, the continued multiscale fully integrated observation of ter-
restrial states, fluxes, and properties by TERI needs to be combined with 
more detailed, long-term experimental studies.

11.3 � Implementation and Design

As elaborated in previous chapters, the implementation of long-term TERIs 
is urgently needed to enable a better study of the terrestrial system in order 
to provide guidance in how (1) to sustain the ability of terrestrial systems 
to adapt to environmental change as well as their resilience, (2) to maintain 
ecosystem services, and (3) to provide scientifically justified solutions to land 
use conflicts. This is underpinned by the strategy paper of the DFG on “long-
term perspectives and infrastructure in terrestrial research in Germany—a 
systemic approach” (DFG, 2013). A terrestrial system in this context is 
defined as a system consisting of the subsurface environment, the land sur-
face including the biosphere, the lower atmosphere, and human impact on 
the different scientific areas of study. Since this system is organized along 
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a hierarchy of spatiotemporal scales and structures ranging from the local 
scale to the regional scale, the TERI concept needs to follow a multiscale 
approach consisting of a set of spatially distributed, site-based terrestrial 
observatories. In order to characterize terrestrial-atmospheric feedback and 
human-use gradients, the spatial scale of each terrestrial observatory (which 
contributes toward the overall network) should range between 1,000 and 
10,000 km2 including several intensively instrumented super test sites (field 
or headwater catchment scale). These super test sites need to be represen-
tative, that is, they should cover the main types of land use, soil, geology, 
and topography found in the region of the terrestrial observatory to enable 
upscaling of local observations (see Chapter 4 for more details on scaling 
issues). In addition, super test sites can host manipulation experiments on 
ecosystem response to changing environmental conditions and can be used 
for testing new observation techniques (e.g., Bogena et al. 2013). Since hydro-
logic processes exert a fundamental control on aquatic and terrestrial metab-
olism and nutrient cycling, catchments represent an ideal fundamental unit 
of the TERI network (Bogena et al. 2006), providing the construct to close or 
constrain the water, energy, and mass balances (Jensen and Illangasekare 
2011). By combining individual terrestrial observatories into the overall TERI 
network, continental- to global-scale questions between anthropogenic and 
natural factors can begin to be addressed in a systematic fashion, similar to 
existing distributed research infrastructures that focus on specific science 
disciplines, for example, Integrated Carbon Observation System (ICOS) that 
aims for a European-scale carbon balance.

Natural sites that have minimal human impact should be a core design ele-
ment of a TERI network as reference sites. A “near” natural site such as state 
owned (as in Siberia, Russia), wildlands of the Bureau of Land Management 
(as in the United States), restricted access zones (as in Brazil), private owner-
ship of reserves (as in Costa Rica), natural heritage sites, can provide a base-
line understanding of how a least-human-impacted one would behave and 
allow for robust comparisons with sites of varying degrees of land manage-
ment and human-impacted systems. These types of comparative analyses 
will enable spatially integrative understanding of the long-term environ-
mental changes due to human impact. Moreover, a comparative design 
that includes natural areas will also provide the context to socioeconomic 
research questions. Albeit the integration of ecosystem science and socioeco-
nomic questions is still nascent (Burkhard et al. 2010) and has not yet been 
implemented in existing distributed TERIs.

Another requirement for the development of TERI network is the avail-
ability of appropriate measurement platform and sensing techniques. The 
TERI instruments need to be designed for robust, long-term, consistent mea-
surements of important terrestrial fluxes of mass and energy and state vari-
ables, for example, soil moisture, and the factors that control these exchanges 
between the terrestrial subsystems. The observational strategies need to 
be designed in a way to address the expected changes in the processes at 
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relevant time and space scales. For example, near-real-time measurements 
by fixed installed instruments enable to assess rapid, short-term process 
rates such as the effects of diurnal patterns (e.g., evapotranspiration) and 
fast stochastic changes in system states and fluxes (e.g., runoff discharge, 
effects of fire, rain pulse events). On the other hand, the measurement design 
needs to be able to also detect slower processes that occur over seasons and 
years (e.g., soil compaction, droughts). Finally, TERI measurement capabili-
ties must also have the flexibility to add additional capabilities to address 
the ability to discover future unforeseen processes and address important 
processes in the future that are not known today.

A primary challenge is to determine the key process (among disciplines) 
and the relevant time and space scales by which they occur and to design 
measurement systems that can effectively quantify these time and space 
scales. For example, in hydrology, one faces the challenge of large spatial 
and temporal variability of soil moisture from the soil-aggregate-to-plot-to-
field and stand-to-landscape scales (Vereecken et al. 2014). Factors control-
ling soil moisture include atmospheric forcing, topography, soil properties, 
vegetation, and human impacts (e.g., irrigation, groundwater withdrawal), 
which all interact in complex, nonlinear ways. One solution is to deploy a 
sensor network consisting of a multitude of small sensor nodes embedded in 
the environment that can quantify spatially heterogeneous phenomena, for 
example, temperature or soil moisture fields, with high temporal and spatial 
resolution (Bogena et al. 2010). Such data enable the determination of covari-
ance structures of autocorrelated drivers to assist in upscaling and down-
scaling of state variables in time and space (Loescher et al. 2007). Slower 
changes in system states might best be observed at broader scales than local 
scales, that is, field, stand, ecosystem scales. Such would be the example of 
measuring the below-canopy microclimate of many ecosystems within the 
landscape. The physical structure of these systems does not change rap-
idly and can be assessed on a campaign basis through the use of wireless 
ad hoc sensor networks (Inagaki et al. 2010). Such ad hoc sensor networks 
are extremely flexible and can be used temporarily to assess spatial hetero-
geneity of ecosystem states in areas that are not part of the “fixed” sensor 
network, thus increasing spatial coverage of TERI. In addition, these ad hoc 
networks can be deployed in a chronosequence design to substitute time for 
space. The associated requirement would be for these mobile platforms to be 
interoperable and the data should have the same or similar uncertainties as 
the fixed long-term measurements. Moreover, these ad hoc sensor networks 
can operate periodically on a regular or event-driven basis, thus allowing to 
capture other nonlinear behaviors in the landscape that otherwise could not 
be measured, that is, heat islands, shifting agriculture, flooding, wildfires. 
Due to the large amount of information gathered by such instrumentations, 
dataflow needs to be accompanied by high-performance computational sys-
tems for data acquisition, storage, and processing (see Chapter 4).
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In order to link in situ information from local monitoring systems to the 
regional, continental, or global scale, the TERI design needs to be linked 
with a hierarchy of process-based models. Local-scale information such as 
parameter fields can be obtained from a combination of direct measurements 
(Weihermueller et al. 2009), pedotransfer functions that enable predicting key 
soil properties and parameters from easily measurable properties and state 
variables (e.g., Qu et al. 2015; Vereecken et al. 2010). In return, these scale-
dependent process-level measurements can be used to drive and validate 
process-based field-scale models (e.g., Fang et al. 2015). Another approach is 
to use data assimilation techniques at the next larger scale that updates both 
states and parameters of the terrestrial systems using local-scale information. 
To continue to evaluate the efficacy of these model approaches, long-term con-
sistent measures of fluxes of energy, water, and mass (e.g., evapotranspira-
tion, infiltration, groundwater flow, runoff discharge) need to be measured 
(e.g., selected test sites) in order to further validate these models over years and 
decades and to test new theories. Being able to incorporate land management 
with more traditional biophysical models is an active area of research, par-
ticularly within a scaling framework. Again, using hydrology as an example, 
catchment models like WASIM-ETH (e.g., Montzka et al. 2011) or TerrSysMP 
(Kurtz et al. 2016) are able to reproduce management activities like reservoir 
use, groundwater withdrawal, and irrigation and place them in a context by 
which they can be scaled further to the regional or continental scale. Alongside 
with the mandate to scale to larger areas comes the need to integrate data from 
a variety of remote sensing sources (see Chapter 3 for more details). A nice 
example that implements the concept of hierarchical scales and scale transfor-
mation is the collaborative research center “patterns in soil–plant atmosphere 
systems” that uses the Eifel/Lower Rhine observatory of the TERENO initia-
tive (Chapter 5); this is a major research thrust to develop novel approaches in 
upscaling and use of data assimilation approaches (Simmer et al. 2015).

An important set toward the development of a TERI network is the selec-
tion of appropriate sites. A promising approach to identify TERI sites from 
the continental to the global scale is the Budyko framework (Budyko 1974), 
which describes an empirical global relationship between the evaporative 
index and climatic dryness index. The Budyko framework has been used to 
assess the sensitivity of river discharge to climatic change (Donohue et al. 
2011; Renner et al. 2012) and to analyze climate and vegetation controls on 
the surface water balance and evapotranspiration (Williams et al. 2012). The 
Budyko framework has also been used to describe and subdivide terrestrial 
systems with respect to energy- and water-limited systems (van der Velde 
et al. 2014). In addition, further considerations with respect to dominant veg-
etation and land management should be included to cover all important 
ecosystems (e.g., tropical rainforest, temperate rainforest, tropical wetlands, 
desert, managed temperate forest). In addition, more vulnerable and less 
vulnerable sites, for example, to climate change, can be compared in order 
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to better understand scaling of ecosystem stability. Ecosystem stability in 
this sense can range from regeneration via resilience (returning to a previ-
ous state in a short term) to constancy to persistence. In Section 4 and 5, we 
describe how remote sensing techniques and model base scale transfer can 
support the upscaling of local information obtained by the TERI observa-
tions systems.

11.4 � Complementary Earth Observation

Earth observation (EO) describes the collection of information about planet 
Earth’s physical, chemical, and biological systems via remote sensing tech-
nologies supplemented by earth surveying techniques, encompassing the 
collection, analysis, and presentation of data. Here we review EO tech-
niques because TERI field measurements are typically used for accurate 
estimation of biogeophysical parameters at the local scale but are not able 
to provide area-wide information (Kampe et al. 2010). EO sensors are able 
to return environmental quantities in order to anchor and scale ecosystem 
properties and support the in situ instrumentation of TERI to monitor the 
temporal development of spatial patterns (Lausch et al. 2015; Müller et al. 
2014; Rudolph et al. 2015) in a sound observatory concept. On the other 
hand, the in situ observation of TERI can significantly contribute to the 
validation of EO data products and to the calibration of retrieval models 
needed to transfer raw EO measurements into environmental variables 
(Montzka et al. 2013).

Over the last two decades, we have seen great advances in the development 
and deployment of remote sensors for EO (CEOS 2015). These include a wide 
range of biophysical quantities, including temperature profiles, soil charac-
teristics, geology, landforms, elevation, chemical quality of surface waters, 
and vegetation characteristics (e.g., Eisele et al. 2012). Moreover, advances 
in computing and digital communication have dramatically increased our 
ability to process, store, analyze, and integrate remote sensing data. Remote 
sensors are typically designed to monitor specific environmental variables.

In the following, we present an overview of important remote sensing 
techniques that are relevant for TERI. In most cases, remote sensors oper-
ate in the visible (VIS, 400–750  nm), near-infrared (NIR, 750–1,400  nm), 
short-wave infrared (SWIR, 1,400–3,000  nm), mid-wave infrared (3,000–
6,000 nm), thermal infrared (6,000–15,000 nm), and microwave (MW, 1 mm 
to 1 m) regions of the electromagnetic spectrum. However, these sensors just 
record electromagnetic waves, which need to be transferred to the respec-
tive environmental variables by retrieval models. There are retrieval models 
with different complexities, from statistical regression to physically based 
models where additional parameters are needed (e.g., for more details, see 



D
ow

nl
oa

de
d 

B
y:

 1
0.

3.
97

.1
43

 A
t: 

09
:5

3 
31

 M
ar

 2
02

3;
 F

or
: 9

78
13

15
36

82
52

, c
ha

pt
er

11
, 1

0.
12

01
/9

78
13

15
36

82
52

-1
2

287A Blueprint for a Distributed Terrestrial Ecosystem Research Infrastructure

Verrelst et al. 2015). The challenge is not only to develop a remote sensing 
system that is able to observe the record (reflectance, emissivity) in adequate 
spatial and temporal resolution but also to relate the raw data to quantitative 
environmental properties.

Vegetation monitoring is typically performed in the VIS and NIR bands. Here, 
multispectral systems such as Landsat (Irons et al. 2012), ASTER (Yamaguchi 
et al. 1998), RapidEye (Krischke et al. 2000), and Sentinel-2 (Drusch et al. 2012) 
have been used extensively to characterize land cover status and change. This 
includes not only the provision of spectral indices but also the derivation of 
higher-level data such as leaf area index (LAI) (Ali et al. 2015; Delegido et al. 
2011; Ganguly et al. 2012; Qu et al. 2015) and physiognomic land cover maps 
(Homer et al. 2015) for further application in environmental models. For the 
purpose of long-term monitoring in terrestrial observatories, the Landsat mis-
sions provide valuable information dating from now back to 1972. The current 
Landsat 8 satellite had been launched in 2013, and plans for the launch of the 
successor Landsat 9 in 2023 already existed. Similar to the in situ component of 
TERI, the long-term observational strategy is inherent to the Landsat science 
program, making it an excellent partner to identify environmental changes 
over several years and decades. However, in high-biomass ecosystems, pas-
sive optical sensors typically fail to accurately estimate LAI and aboveground 
biomass. Light detection and ranging (LIDAR) has been shown to provide 
valuable information about the vegetation structure. Linking both the bio-
physical quantities and structure are key design attributes of many environ-
mental research infrastructures and campaign-style research activities.

Higher-resolution VIS and NIR data (<5 m) can be obtained by spaceborne 
systems such as IKONOS and QuickBird that permit the analysis of more 
detailed land-surface characteristics, including urban environments and 
impervious surfaces (Boyle et al. 2014). However, to detect finer-scale envi-
ronmental characteristics especially in VIS and NIR, high-resolution applica-
tions are more and more delivered by unmanned air vehicles (UAVs) due to 
their high flexibility and availability at reduced costs (Colomina and Molina 
2014). With this variety of platforms, EO is able to provide information from 
local to global scale, where the implementation of scaling strategies gains 
more and more importance (see also Section 11.5).

Although UAVs are able to increase the spatial resolution of multispectral 
systems, hyperspectral sensors are able to better resolve the electromagnetic 
spectrum with hundreds of narrow spectral channels (spectral resolution) 
from VIS to SWIR at moderate spatial resolution (Govender et al. 2007). 
Currently, the only operational spaceborne imaging spectrometer covering 
the full spectral range from 4 to 25 nm is EO-1 Hyperion (Pearlman et al. 
2003). With this kind of information, for example, different vegetation spe-
cies can be separated with high accuracy or the health of forests and crops 
can be estimated. Moreover, hyperspectral systems enable the remote inves-
tigation of soil characteristics, such as the soil chemical composition. Specific 
absorption features deliver information on the iron oxide, organic carbon, or 



D
ow

nl
oa

de
d 

B
y:

 1
0.

3.
97

.1
43

 A
t: 

09
:5

3 
31

 M
ar

 2
02

3;
 F

or
: 9

78
13

15
36

82
52

, c
ha

pt
er

11
, 1

0.
12

01
/9

78
13

15
36

82
52

-1
2

288 Terrestrial Ecosystem Research Infrastructures

clay fraction, which correlate well with in situ measurements of soil proper-
ties (Babaeian et al. 2015; Lagacherie et al. 2012). Currently, for environmental 
observatories, airborne sensors provide higher spatial resolution at a better 
signal-to-noise ratio. Available sensors are AISA Eagle/Hawk (Lausch et al. 
2013; Feilhauer et al. 2014) and HySpex (Möckel et al. 2014). The new space-
borne Environmental Mapping and Analysis Program is currently built for 
launch in 2018 (Guanter et al. 2015). Hyperspectral sensors in combination 
with LIDARs are the key elements of several already institutionalized remote 
sensing observatories, such as the Carnegie Airborne Observatory (Asner 
et al. 2012) and the Airborne Observation Platform (AOP) of the National 
Ecological Observatory Network (NEON, Kampe et al. 2010). In addition to 
ground measurements, AOP data at submeter to meter spatial scales will 
help to bridge scales from organism and stand scales to the scale of satellite-
based remote sensing.

Although typical hyperspectral sensors record the spectra in bands of 
3–25 nm, a special group of hyperspectral remote sensors started recently 
to operate with ≤1 nm spectral resolution. The reason for this new develop-
ment is the existence of solar-induced fluorescence. Approximately 82% of 
the absorbed light in a leaf is used for carbon assimilation while the remain-
ing part is lost as heat and dissipated as emissions of chlorophyll fluores-
cence. Fluorescence, the radiant flux emitted, is therefore the most direct 
measurable variable of photosynthetic efficiency (van der Tol et al. 2014). It 
is obvious that this information is of high value for terrestrial observatories. 
An airborne remote sensor is the HyPlant system (Rossini et al. 2015), where 
a typical hyperspectral imager is combined with a fluorescence imager, a 
special module that acquires data at high spectral resolution (0.25 nm) in 
the spectral region of the two oxygen absorption bands (670–780 nm) and 
is dedicated to measure the vegetation fluorescence signal. Recently, with 
FLEX, the European Space Agency selected this concept to be established 
on a spaceborne platform to globally record chlorophyll fluorescence on a 
300 × 300 m2 resolution.

Active microwave data (radar) open a large variety of applications by 
investigating environmental parameters such as terrain elevation change 
(Montagh et al. 2013) or vegetation structure (Reigber et al. 2000). A widely 
used further application is the estimation of near-surface soil moisture at the 
subcatchment to regional scale, exploiting the different dielectric properties 
of dry soil and liquid water (Kornelsen et al. 2013). Due to the active transmis-
sion, the strength of the radar signal is distinctively higher than for passive 
microwave sensors, which depend on the weak natural emission of radia-
tion from the earth. Therefore, passive MW systems on spaceborne platforms 
are typically very coarse (>36 × 36 km), so that for terrestrial observatories 
airborne systems are preferred (Hasan et al. 2014). New generations of radar 
instruments will become available within the next years, for example, the 
U.S.–Indian NISAR mission to be launched in 2020 or the German Tandem-L 
mission (Moreira et al. 2015) for a planned launch in 2024.
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Where in some disciplines the forward simulation of the remote sensor 
record is far advanced, other disciplines still make use of ground-based 
manual measurements using remotely sensed parameter maps for regional-
ization and pattern recognition (e.g., Lagacherie et al. 2012). Here, the grand 
challenge is to develop and employ fully physical forward models describ-
ing the radiative transfer processes from the investigated variable to the sen-
sor record.

11.5 � Scaling

Upscaling of water, energy, and matter fluxes is challenging as the relevant 
processes that govern exchange processes between the land and the atmo-
sphere act on very different time scales. This can be nicely illustrated for 
processes controlling the terrestrial carbon cycle. For example, whereas vari-
ability in photosynthetic activity and associated carbon uptake act on very 
short time scales related to variations in photon flux density (among oth-
ers), the slow decay of recalcitrant carbon pools acts on time scales of years 
to decades. Many of these processes are parameterized with semiempirical 
equations including parameters that are difficult to determine or not easily 
available (e.g., Weihermueller et al. 2013). Parameter estimation plays there-
fore an essential role in improving estimates of ecosystem carbon balances 
and in future projections of the land carbon source or sink term.

For example, Post et al. (2016a) estimated eight sensitive ecosystem param-
eters of the Community Land Model (CLM) version 4.5 (Oleson et al. 2013) 
with the help of 1-year-long time series of net ecosystem exchange (NEE), mea-
sured by eddy covariance stations in Germany and France. The parameters 
were estimated by the DREAMZS algorithm (Laloy and Vrugt 2012; Ter Braak 
and Vrugt 2008), a Markov chain Monte Carlo–based algorithm, which is 
particularly CPU efficient. The estimated ecosystem parameters were evalu-
ated with an additional year of NEE data at the same sites. The evaluation 
was made in terms of the root-mean-square error of 30-minute NEE mea-
surements, the yearly accumulated NEE sum, the mean daily NEE cycle, and 
the mean annual NEE cycle. The results showed that the estimated parame-
ters reproduced the measured NEE data in the evaluation period better than 
the default CLM parameters. The estimated ecosystem parameters were also 
evaluated at other sites, situated ~500 km away from the estimation sites in 
eastern Germany, with 1 year of measured time series of NEE data. The esti-
mated ecosystem parameters were evaluated at sites that had the same plant 
functional type (PFT) as the estimation site. Furthermore, at these evaluation 
sites, it was found that the estimated ecosystem parameters improved the 
reproduction of the measured NEE data compared to the default ecosystem 
parameters. Only for grassland sites, no improvement was found.
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Finally, the estimated ecosystem parameters were assigned to the differ-
ent corresponding PFTs of the Rur catchment in western Germany and a 
CLM simulation was made for the complete catchment (Post et al. 2016b). 
Moreover, a CLM simulation with the default ecosystem parameters was car-
ried out. The simulated LAI values were compared with the remotely sensed 
LAI values by RapidEye. The difference between simulated LAI values and 
measured LAI values was considerably smaller if the estimated ecosystem 
parameters were used as input.

This study illustrated the potential of upscaling carbon fluxes by measure-
ments of NEE fluxes at single EC towers. It can be expected that the results 
further improve for longer NEE time series and the inclusion of other data 
sources like biomass or LAI. Nevertheless, the study also pointed to the fact 
that although the characterization of the net carbon balance improved with 
the estimated ecosystem parameters, the optimized parameters also could 
mask model structural errors. In the context of a European ecosystem infra-
structure, it is expected that upscaling would be improved if at existing sites 
NEE, respiration, biomass, and LAI would be determined simultaneously. 
A further extension of the network, covering different types of agricultural 
crops, would also be an advantage.

In order to monitor the processes controlling matter fluxes in soil–plant–
atmosphere systems, the described hydrological and carbon monitoring 
concepts have to be extended by adding other relevant subsystems (e.g., 
atmosphere) and by a socioeconomic analysis. This may include the identifi-
cation of socioeconomic drivers that control the intensification and/or dein-
tensification processes (e.g., demographic and technological change) and the 
feedback to the ecological system (e.g., on the state of soil, water, and air 
quality) as well as the analysis of ecological impacts of land use changes 
across and within sectors (e.g., from agricultural to industrial types or from 
chemical to energy production).

11.6 � TERENO Observatory Network in Germany

In the following, we present the TERENO initiative in Germany as an exam-
ple for a distributed TERI network. The general aim of TERENO is to con-
duct integrated and long-term observation studies of climate change and 
global change impacts on terrestrial ecosystems across Germany (Bogena 
et al. 2012; Zacharias et al. 2011). TERENO combines observations with com-
prehensive larger-scale experiments and integrated modeling to increase 
our understanding of the functioning of terrestrial systems and the complex 
interactions and feedback mechanisms among their different subsystems. 
Such a combination is needed since the monitoring of terrestrial systems 
alone is not sufficient to understand the relevant processes of environmental 



D
ow

nl
oa

de
d 

B
y:

 1
0.

3.
97

.1
43

 A
t: 

09
:5

3 
31

 M
ar

 2
02

3;
 F

or
: 9

78
13

15
36

82
52

, c
ha

pt
er

11
, 1

0.
12

01
/9

78
13

15
36

82
52

-1
2

291A Blueprint for a Distributed Terrestrial Ecosystem Research Infrastructure

changes, due to the interrelation of many influencing factors. Within 
TERENO, four terrestrial observatories were selected because they represent 
typical landscapes in Germany and other central European countries, which 
are predicted to be highly vulnerable to the effects of global and climate 
change. Furthermore, the four terrestrial observatories within these regions 
can be expected to most appropriately exhibit the dominant terrestrial pro-
cesses and the different roles of groundwater, surface water, soils, and their 
links to the atmospheric boundary layer. All of these selected regions either 
are already affected by climate change or will probably react sensitively in 
the foreseeable future (e.g., Pfeifer et al. 2015; Vautard et al. 2014). Figure 11.1 
gives a schematic overview of the typical instrumentation of a terrestrial 
observatory as realized in the TERENO network. Mobile measurement plat-
forms are used both for the monitoring of dynamic processes at the local 
scale and the determination of their spatial patterns at the regional scale.

The TERENO infrastructure is characterized by a high degree of automa-
tion and operationalization, for example, for the near-real-time derivation 
of value-added information products based on in situ data (Borg et al. 2014; 
Sorg and Kunkel 2015) or on EO data (Missling et al. 2014). During instru-
mentation of the four terrestrial observatories, local data infrastructures 
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FIGURE 11.1 
Schematic view of a typical TERENO observatory platform, including measuring systems for 
the determination of regional precipitation fields using (1) weather radars and (2) precipita-
tion gauging networks (Diederich et al. 2015), (3) micrometeorological eddy covariance towers 
(Mauder et al. 2013), (4) sensor networks (Rosenbaum et al. 2012), (5) Runoff monitoring sys-
tems (Stockinger et al. 2014), (6) weighable lysimeter systems (Hannes et al. 2015), (7) ground-
based and airborne remote sensing platforms, (8) airborne campaigns (Hasan et al. 2014), 
(9) satellite-borne data (Rötzer et al. 2014), (10) geoarchiving systems (Kienel et al. (2013), and 
(11) tree growth monitoring systems (Simard et al. 2014).
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were implemented (Kunkel et al. 2013). The central data portal TEODOOR 
facilitates the online provision of decentralized TERENO data (Figure 11.2). 
It is hosted by Forschungszentrum Jülich and can be accessed via https://
teodoor.icg.kfa-juelich.de/. TEODOOR uses common standards for the 
metadata description (e.g., Open Geospatial Consortium [http://www.open-
geospatial.org/ogc], Consortium of Universities for the Advancement of 
Hydrologic Science [https://www.cuahsi.org/#sthash.FcOhNZWf.dpuf]) of 
data sets based on the INSPIRE directive (2007/2/EC) for spatial data infra-
structures (http://inspire.jrc.ec.europa.eu) allowing for a search throughout 
the entire database. Such standard protocols for accessing environmental 
data sets are used to guarantee compatibility to the related individual data 
infrastructures of the TERENO partners. The TEODOOR portal allows ver-
satile community access to data sources. Data governance and data steward-
ship programs and data architecture and data management programs are 
much more effective if they are supported by a directive concerning the data 
management policy. A data policy statement (TERENO, 2015), required for 
data processing and data exchange, was developed in a common approach 
by all TERENO partners. A main aspect of the data policy was the definition 
of the data ownership (intellectual property rights) and data access rights 
concerning the directives of funding organizations differentiated by types of 
digital resources, their process status, the data creator, and the data source. 
As a rule, all data are freely accessible within the TERENO community and 
accessible also to the public as soon as at least a first quality check was per-
formed on the data and no other usage restrictions are existent, for example, 
due to ongoing PhD studies or external copyright issues.

11.7 � Conclusion

In this chapter, we discussed the challenge in ecosystem research to embrace 
all subsystems of the terrestrial system in order to better understand the 
impact of climate and land use change on terrestrial ecosystems. We suggest 
that a new, multiscale fully integrated TERI network is needed, which capi-
talizes on the existing experience and knowledge gained from existing net-
works (e.g., Long-Term Ecological Research, ICOS, NEON) and the recently 
established critical zone observatories. We advocate that the TERENO exam-
ple could serve as a blueprint for a distributed TERI as outlined earlier. Such 
an infrastructure could provide answers to key questions related to ecosys-
tems and terrestrial research from the continental to the global scale, for 
example, how ecosystems are changing or adapting to global change stress-
ors, identification of the determinants of ecosystem resilience, and threshold 
interactions resulting in system shifts. In addition, a TERI network can give 
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answers on how to support systems that are more resilient to global change 
effects and to develop adaptive measures that are needed to sustain ecosys-
tem services.

The ecological science community would strongly benefit from the estab-
lishment of a TERI network exploiting the full potential of novel mea-
surement technologies allowing to better falsify hypotheses, to identify 
underlying organizational principles, to correct biased remote sensing 
data, and to gain increased insights into the nature of these biases and at 
the same time reduce the uncertainty in knowledge about states, fluxes, and 
parameters of the terrestrial system. Linking these observations with remote 
sensing, large-scale models and data assimilation approaches offer the per-
spective of predicting the terrestrial water cycle at regional to continental 
scales or even to global scale.
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