Creating the basis for climate change adaptation: from
observation to modeling

Climate change presents significant threats to terrestrial water security and ecosystem
services. To address and adapt to these challenges, it is crucial to generate reliable model
predictions at operationally relevant resolutions. Achieving this requires access to appropriate
data sources, including multi-source Earth observation and socio-economic census data,
to parameterize and evaluate next-generation terrestrial models. A unique feature of UFZ’s
program-oriented research is its robust foundation bolstered by (i) long-term operated, large
research infrastructures, (ii) mobile platforms for event-driven monitoring, (iii) large-scale
remote sensing observatories. Specifically, UFZ is committed to Helmholtz’s long-term
operated environmental observatories and platforms like TERENO, MOSES, and eLTER
(Zacharias, et al., 2011; Mollenhauer et al., 2018). The data collected through these initiatives,
combined with digital workflows adhering to the FAIR principles, serve as an exceptional basis
for researching both, long-term trends in environmental conditions and short-term extremes
(Weber et al., 2022). The development of data products at regional scales is further supported
by remote sensing technologies, monitoring large-scale and long-term changes in essential
variables such as soil moisture (Peng et al., 2021a, Dong et al., 2023; Schmidt et al., 2023),
evapotranspiration (Garcia-Garcia and Peng 2023), vegetation (see the Forest monitor and
Preidl et al., 2020). Joint analysis of different products and scales also enable us to monitor
and understand the evolution of climate extremes (e.g. Markonis et al., 2021; Kunz et al.,
2022; Garcia-Garcia et al., 2023), as well as their impacts on vegetation and water quality.
Such cross-scale and cross-compartment data sets provide a foundation for gaining
new insights into environmental interactions and serve as the basis for developing
regionalized data products, models and services (Figure 1). For example, UFZ has
initiated two pivotal knowledge transfer projects “Drought monitor” and “Forest monitor”,
capitalizing on these infrastructure resources. Two key features of this strategy are described
in more detail below: (i) multi-scale soil moisture monitoring and (i) linking remote
sensing and forest modeling.
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Figure 1: Processing chain from in-situ observation to forecasting

Multi-scale soil moisture monitoring. An example of the successful implementation of this
“observation to modeling” strategy is the work on multi-scale prediction of soil moisture. Soil
moisture is a key climate variable and controls the land-atmosphere interactions.
Representative data on the spatial and temporal variability of soil moisture are therefore an
indispensable prerequisite for the development and application of environmental models.



However, reliable monitoring of soil moisture is a big challenge: it varies widely in space, time,
and at different scales. The non-invasive and regional-scale monitoring technique “Cosmic-
Ray Neutron Sensing” (CRNS) has been in the focus of UFZ research strategies in the past.
Today, the UFZ is one of the world's leading centers of excellence for the theory and
application of this technology, which has become a nucleus for a wide range of interdisciplinary
research on soil moisture regionalization. At the same time, satellite remote sensing has
become another pillar of UFZ for monitoring even global-scale soil moisture dynamics (Peng
etal., 2021 a, Peng et al., 2021 b). The combined multi-scale soil moisture monitoring activities
bring together several departments at the UFZ as well as collaborations across centres (e.g.,
DLR, FZJ, GFZ). This includes works (i) on the robust methodological foundation for CRNS
(Kohli et al., 2015, 2023; Schrén et al., 2017, 2023), (ii) on innovative approaches to real-time
acquisition of regional soil moisture using mobile CRNS applications (Schron et al., 2018,
2021; Heistermann et al., 2022; Altdorff et al., 2023), (iii) on innovative model-based
regionalization approaches (Dega et al., 2023), (iv) on the investigation of flood evolution
(Kunz et al., 2022; Wieser et al., 2023) including the corresponding data exploration and
visualization (Rink et a., 2022), (v) on the near-realtime integration, quality control,
provisioning, and visualization of incoming measurement data (Schmidt, L. et al., 2023), (vi)
on methods for testing and improving satellite data products using CRNS (Schmidt et al.,
2023), (vii) on European and global scale high-resolution soil moisture data and products
(Bogena and Schron et al. 2022; Fan et al., 2023), and (vii) towards the optimization of large-
scale hydrologic models through incorporation of CRNS and remote sensing data (Boeing et
al., 2022; Fatima et al., 2023; Li et al., 2023).

Linking remote sensing and forest modeling. Forests play an important role in the
Earth's carbon cycle, as they store large amounts of carbon. Forests also provide crucial
(ecosystem) services to society and to human well-being. Climate extremes such as droughts,
heat waves, and environmental disturbances like storms and fires are affecting forest
dynamics and their associated socio-ecological impacts. At UFZ, the high-resolution forest
model FORMIND has been developed to simulate forests at the continental scale accounting
for every single tree (e.g. for the Amazon, Rédig et al. 2019, Bauer et al. 2021). The simulation
of individual trees allows capturing not only the forest structure but also tree species diversity.
On the other hand, satellite remote sensing has also been applied to provide large-scale,
spatially continuous products on forest bio-physical characteristics (Doktor et al., 2009, Lange
et al., 2017). Combined, remote sensing and modelling allow for new insights on short and
long-term climate change impacts on forests. For example, (i) airborne hyperspectral sensors
have been used to provide tree species classifications and forest functional components such
as leaf traits (Richter et al., 2016, Dechant et al., 2017), (ii) remote sensing and radiative
transfer models have been combined to identify the main ecological drivers which constitute
the signal of a temperate forest in Germany (Hase et al., 2022), (iii) Lidar observations and
radiative transfer models have been used to derive forests attributes like biomass, basal area,
stem number, productivity (GPP,NPP) and carbon sequestration (Rédig et al. 2019, Bauer et
al. 2021), (iv) forest modeling and remote sensing have been combined to analyze forest
fragmentation at global scale and its impact on the global carbon cycle (Fischer et al. 2021),
(v) the GIS web application UFEZ Forest Monitor has been developed and is maintained by
the Spatial Data Infrastructure (SDI) at UFZ.



https://webapp.ufz.de/waldzustandsmonitor/?area=5&layer=185

References

Altdorff, D., Oswald, S.E., Zacharias, S., Zengerle, C., Dietrich, P., Mollenhauer, H., Attinger,
S., Schron, M., 2023. Toward Large-Scale Soil Moisture Monitoring Using Rail-Based
Cosmic Ray Neutron Sensing. Water Resources Research 59(3).
Boeing, F., et al., “High-resolution drought simulations and comparison to soil moisture
observations in Germany,” Hydrol. Earth Syst. Sci., vol. 26, no. 19, pp. 5137-5161,
2022, doi: 10.5194/hess-26-5137-2022.
Bogena, H, and Schrén, M., et al., “COSMOS-Europe: a European network of cosmic-ray
neutron soil moisture sensors,” Earth Syst. Sci. Data, vol. 14, no. 3, pp. 1125-1151,
2022, doi: 10.5194/essd-14-1125-2022.
Bauer, L., Knapp, N., Fischer, R. (2021): Mapping Amazon forest productivity by fusing GEDI
lidar waveforms with an individual-based forest model Remote Sens. 13 (22), art.
4540
Carl, G., Doktor, D. and Kuhn, I. (2013): Phase difference analysis of temperature and
vegetation phenology for beech forest: a wavelet approach. Stochastic Environmental
Research and Risk Assessment, 27 (5), p. 1221-1230. DOI: 10.1007/s00477-012-
0658-x
Dega, S., Dietrich, P., Schron, M., Paasche, H., 2023. Probabilistic prediction by means of the
propagation of response variable uncertainty through a Monte Carlo approach in
regression random forest: Application to soil moisture. Front Env Sci-Switz 11.

Doktor, D., Bondeau A., Koslowski D., Badeck F.W. (2009). Influence of heterogeneous
landscapes on computed green-up dates based on daily AVHRR NDVI observations.
Remote Sensing of Environment, 113 (12), p. 2618-2632. DOI:
10.1016/j.rse.2009.07.020

Fatima, E., Kumar, R., Attinger, S., Kaluza, M., Rakovec, O., Rebmann, C., Rosolem, R.,

Oswald, S., Samaniego, L., Zacharias, S., Schron, M., 2023. Improved representation
of soil moisture simulations through incorporation of cosmic-ray neutron count
measurements in a large-scale hydrologic model. Hydrol. Earth Syst. Sci. Discuss. -
under review.

Fan Dong, Zhao Tianjie, Jiang Xiaoguang, Garcia-Garcia Almudena, Schmidt Toni,
Samaniego Luis, Attinger Sabine, Wu Hua, Jiang Yazhen, Shi Jiancheng, Fan Lei,
Tang Bohui, Wagner Wolfgang, Dorigo Wouter, Gruber Alexander, Mattia Francesco,
Balenzano Anna, Brocca Luca, Jagdhuber Thomas, Wigneron Jean-Pierre,
Montzaka Carsten and Peng Jian 2023. A Sentinel-1 SAR-based global 1 km
resolution soil moisture data product: algorithm and preliminary assessment. Remote
Sensing of Environment — under review.

Fischer, R., Taubert, F., Miller, M.S., Groeneveld, J., Lehmann, S., Wiegand, T., Huth, A.
(2021):

Accelerated forest fragmentation leads to critical increase in tropical forest edge area
Sci. Adv. 7 (37), eabg7012

Garcia-Garcia, A., Cuesta-Valero, F. J., Miralles, D. G., Mahecha, M. D., Quaas, J.,
Reichstein, M., Zscheischler, J. and Peng, J. 2023. Soil heat extremes outpace their
atmospheric counterpart. Nature Climate Change — Accepted.

Garcia-Garcia, A., Peng, J. 2023. Generation and evaluation of surface energy fluxes from
the HOLAPS framework: comparison with satellite-based products during hot
extremes. Remote Sensing of Environment — to be submitted.

Hase, N., Doktor, D., Rebmann, C., Dechant, B., Mollenhauer, H., Cuntz, M. (2022)


https://www.ufz.de/index.php?en=20939&pub_id=25330
https://www.ufz.de/index.php?en=20939&pub_id=25330
https://www.ufz.de/index.php?en=20939&pub_id=25330
https://www.ufz.de/index.php?en=20939&pub_id=24842
https://www.ufz.de/index.php?en=20939&pub_id=24842
https://www.ufz.de/index.php?en=20939&pub_id=24842

Combining observations and radiative transfer modelling to identify the main drivers of
the seasonal decline of near-infrared reflectance of a temperate deciduous forest
canopy. Agricultural and Forest Meteorology 313. 108746.
https://doi.org/10.1016/j.agrformet.2021.108746

Heistermann, M., Bogena, H., Francke, T., Guntner, A., Jakobi, J., Rasche, D., Schrén, M.,

Dopper, V., Fersch, B., Groh, J., Patil, A., Putz, T., Reich, M., Zacharias, S., Zengerle,
C., Oswald, S., 2022. Soil moisture observation in a forested headwater catchment:
combining a dense cosmic-ray neutron sensor network with roving and
hydrogravimetry at the TERENO site Wustebach. Earth System Science Data 14(5),
2501-2519.

Henniger, H., Bohn, F. J., Schmidt, K., & Huth, A. (2023) A New Approach Combining a
Multilayer Radiative Transfer Model with an Individual-Based Forest Model:
Application to Boreal Forests in Finland. Remote Sensing, 15(12), 3078

Henniger, H., Huth, A., Frank, K., & Bohn, F. J. (2023a). Creating virtual forests around the
globe and analysing their state space. Ecological Modelling, 483, 110404.

Knapp, N., Fischer, R., Cazcarra-Bes, V., Huth, A. (2020): Structure metrics to generalize
biomass estimation from lidar across forest types from different continents Remote
Sens. Environ. 237 , art. 111597

Kohli, M., Schrén, M., Zacharias, S., Schmidt, U., 2023. URANOS v1.0-the Ultra Rapid
Adaptable Neutron-Only Simulation for Environmental Research. Geosci Model Dev
16(2), 449-477.

Koéhli, M., Schrén, M., M. Zreda, U. Schmidt, P. Dietrich, and S. Zacharias, “Footprint
characteristics revised for field-scale soil moisture monitoring with cosmic-ray
neutrons,” Water Resources Research, vol. 51, no. 7, pp. 5772-5790, 2015, doi:
10.1002/2015wr017169.

Kunz, M., Abbas, S. S., Bauckholt, M., Bohmlander, A., Feuerle, T., Gasch, P., Glaser, C.,
GroR, J., Hajnsek, I., Handwerker, J., Hase, F., Khordakova, D., Knippertz, P., Kohler,
M., Lange, D., Latt, M., Laube, J., Martin, L., Mauder, M., Méhler, O., Mohr, S.,
Reitter, R. W., Rettenmeier, A., Rolf, C., Saathoff, H., Schrén, M., Schiitze, C., Spahr,
S., Spath, F., Vogel, F., Volksch, I., Weber, U., Wieser, A., Wilhelm, J., Zhang, H.,
and Dietrich, P. (2022): Swabian MOSES 2021: An interdisciplinary field campaign
for investigating convective storms and their event chains, Frontiers in Earth Science,
10, https://doi.org/10.3389/feart.2022.999593.

Lange, M., Schaber, J., Marx, A., Jackel, G., Badeck, F.W., Seppelt, R., Doktor, D. (2016).
Simulation of forest tree species' phenological phases for different climate scenarios:
chilling requirements and photo-period may limit bud burst advancement. International
Journal of Biometeorology, 60 (11), DOI: 10.1007/s00484-016-1161-8

Lange, M., Dechant B., Rebmann, C., Vohland, M., Cuntz, M., Doktor, D. (2017). Validating
MODIS and Sentinel-2 NDVI Products at a Temperate Deciduous Forest Site Using
Two Independent Ground-Based Sensors. Sensors, 17 (8). DOI: 10.3390/s17081855

Li, P., Zha, Y., Zhang, Y., Tso, C., Attinger, S., Samaniego, L., Peng, J: Deep learning with
physical model fusing multi-scale data for pedo-transfer function estimation: can we
avoid resampling?, Water resources research, under review, 2023.

Markonis Y., Kumar, R., Hanel Martin, Rakovec Oldrich, Maca Petr and Aghakouchk Amir ,
2021, The rise of compound warm-season droughts in Europe. Science Advances 7
(6).

Mollenhauer, H., Kasner, M., Haase, P., Petersell, J., Wohner, C., Frenzel, M., ... & Zacharias,
S. (2018). Long-term environmental monitoring infrastructures in Europe:


https://doi.org/10.1016/j.agrformet.2021.108746
https://doi.org/10.1016/j.agrformet.2021.108746
https://doi.org/10.1016/j.agrformet.2021.108746
https://www.ufz.de/index.php?en=20939&pub_id=22823
https://www.ufz.de/index.php?en=20939&pub_id=22823
https://www.ufz.de/index.php?en=20939&pub_id=22823

observations, measurements, scales, and socio-ecological representativeness.
Science of the total environment, 624, 968-978.

Peng, J., Albergel, C., Balenzano, A., Brocca, L., Cartus, O., Cosh, M.H., Crow, W.T.,
Dabrowska-Zielinska, K., Dadson, S., Davidson, M.W.J., de Rosnay, P., Dorigo, W.,
Gruber, A., Hagemann, S., Hirschi, M., Kerr, Y.H., Lovergine, F., Mahecha, M.D.,
Marzahn, P., Mattia, F., Musial, J.P., Preuschmann, S., Reichle, R.H., Satalino, G.,
Silgram, M., van Bodegom, P.M., Verhoest, N.E.C., Wagner, W., Walker, J.P.,
Wegmiiller, U. and Loew, A., A roadmap for high-resolution satellite soil moisture
applications — confronting product characteristics with user requirements. Remote
Sensing of Environment, 112162, 2021 a.

Peng, J., Tanguy, M., Robinson, E.L., Pinnington, E., Evans, J., Ellis, R., Cooper, E.,
Hannaford, J., Blyth, E., & Dadson, S.: Estimation and evaluation of high-resolution
soil moisture from merged model and Earth observation data in the Great Britain.
Remote Sensing of Environment, 264, 112610, 2021 b.

Preidl, S., Lange, M., Doktor, D. (2020). Introducing APIC for regionalised land cover mapping
on the national scale using Sentinel-2A imagery. Remote Sensing of Environment
(240).

Richter, R., Reu, B., Wirth, C., Doktor, D., Vohland, M. (2016). The use of airborne
hyperspectral data for tree species classification in a species-rich Central European
forest area. International Journal of Applied Earth Observation and Geoinformation,
52, p. 464-474. DOI: 10.1016/j.jag.2016.07.018

Rink, K., Sen, O., Hannemann, M., Kddel, U., Nixdorf, E., Weber U., Werban, U., Schrén M.,
Kalbacher, T., Kolditz, O. (2022): An environmental exploration system for visual
scenario analysis of regional hydro-meteorological systems. Computers & Graphics,
doi:10.1016/j.cag.2022.02.009

Rodig, E., Knapp, N., Fischer, R., Bohn, F.J., Dubayah, R., Tang, H., Huth, A. (2019): From
small-scale forest structure to Amazon-wide carbon estimates Nat. Commun. 10, art.
5088

Schmidt, L., Schéfer, D., Geller, J., Liinenschloss, P., Palm, B., Rinke, K., Bumberger, J.,
2023. System for automated Quality Control (SaQC) to enable traceable and
reproducible data streams in environmental sciences. Environmental Modelling &
Software, under review

Schmidt, T., Schron, M., Li, Z., Francke, T., Zacharias, S., Hildebrandt, A., Peng, J., 2023.
Comprehensive quality assessment of satellite- and model-based soil moisture
products using COSMOS network in Germany. Remote Sensing of Environment —
under review.

Schrén, M., Kéhli, M., Zacharias, S., 2023. Signhal contribution of distant areas to cosmic-ray
neutron sensors - implications for footprint and sensitivity. Hydrology and Earth
System Sciences 27(3), 723-738.

Schrén, M., S. E. Oswald, S. Zacharias, M. Kasner, P. Dietrich, and S. Attinger, “Neutrons on
Rails: Transregional Monitoring of Soil Moisture and Snow Water Equivalent, roving,”
Geophysical Research Letters, vol. 48, no. 24, p. e2021GL093924, 2021, doi:
10.1029/2021GL093924.

Schron, M., et al., “Cosmic-ray Neutron Rover Surveys of Field Soil Moisture and the Influence
of Roads,” Water Resources Research, vol. 54, no. 9, pp. 6441-6459, 2018, doi:
10.1029/2017wr021719.


http://dx.doi.org/10.1016/j.cag.2022.02.009
https://www.ufz.de/index.php?en=20939&pub_id=22382
https://www.ufz.de/index.php?en=20939&pub_id=22382
https://www.ufz.de/index.php?en=20939&pub_id=22382

Schrén,

M., et al., “Improving calibration and validation of cosmic-ray neutron sensors in the
light of spatial sensitivity,” Hydrology and Earth System Sciences, vol. 21, no. 10, pp.
5009-5030, 2017, doi: 10.5194/hess-21-5009-2017.

Weber, U., Attinger, S., Baschek, B., Boike, J., Borchardt, D., Brix, H., Briggemann, N.,

Wieser,

Bussmann, I., Dietrich, P., Fischer, P., Greinert, J., Hajnsek, I., Kamjunke, N.,
Kerschke, D., Kiendler-Scharr, A., Kortzinger, A., Kottmeier, C., Merz, B., Merz, R.,
Riese, M., Schloter, M., Schmid, H., Schnitzler, J.-P., Sachs, T., Schitze, C.,
Tillmann, R., Vereecken, H., Wieser, A. & Teutsch, G., 2022. MOSES: A Novel
Observation System to Monitor Dynamic Events across Earth Compartments, Bulletin
of the American Meteorological Society, 103, E339-E348.
https://doi.org/10.1175/BAMS-D-20-0158.1

A., Giuntner A., Dietrich P., Handwerker J., Khordakova D., Kodel U., Kohler M.,
Mollenhauer H., Mihr B., Nixdorf E., Reich M., Rolf C., Schron M, Schiitze C., Weber
U., 2023: First implementation of a new cross-disciplinary observation strategy for
heavy precipitation events from formation to flooding. Environmental Earth Sciences.

Zacharias, S., Bogena, H., Samaniego, L., Mauder, M., Fu3, R., Pltz, T., ... & Vereecken, H.

(2011). A network of terrestrial environmental observatories in Germany. Vadose
zone journal, 10(3), 955-973.


https://doi.org/10.1175/BAMS-D-20-0158.1
https://doi.org/10.1175/BAMS-D-20-0158.1
https://doi.org/10.1175/BAMS-D-20-0158.1

