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Abstract. The forests of Central Germany (Saxony, Saxony-Anhalt, and Thuringia) are vital components of the local
ecosystems, economy, and recreation. However, in recent years, these forests have faced significant challenges due to
prolonged climate-change-induced droughts, causing water shortages, tree stress, and pest outbreaks. One of the key
components of the forests’ vitality and productivity is the availability of soil moisture. Given the anticipated increase of
frequency and severity of droughts events, there is a growing demand for accurate and real-time soil moisture information.
This underscores the need for development of an appropriate monitoring tool to make forest management strategies more
effective.

The article introduces an operational high-resolution soil moisture monitoring framework for the forests in Middle Germany,
which addresses the main limitations and problems of the existing monitoring systems. The key components of this system
include advanced LWF-BROOK?90 1D water balance model, large database of National Federal Forest Inventory, real-time
climate data from German Weather Service, and web information platform for the results presentation with daily updates. This
system empowers forest managers and other decision-makers to take targeted, local measures for sustainable forest

management, aiding in both drought mitigation and long-term forest health in the face of climate change.

1 Introduction

Forests of Central Germany (Saxony, Saxony-Anhalt and Thuringia) are of ecological, economical and recreational importance
in the region. In recent years, climate changes, particularly prolonged droughts in 2018, 2019, 2020 and 2022 (Meusburger et
al., 2022; Obladen et al., 2021; Patacca et al., 2023; Spiecker and Kahle, 2023), have significantly affected the forest ecosystem.
These droughts have not only directly led to water shortages and associated stress for trees and thus the whole forest ecosystem
(Buras et al., 2020), but have caused indirect damage through pest outbreaks, such as the bark beetle (Hlasny et al., 2021).
Moreover, it was found that especially under drought conditions, the weakened trees are less resistant to such pests (Vindstad
et al., 2019). From 2018 until 2022, pest calamity and droughts have caused a loss of 500 000 hectares of forests in Germany,
demanding for 900 million euros for climate-adapted forest management (Bundesministerium fir Erndhrung und

Landwirtschaft, 2023). The quick spread of the insect infestation and other associated (and non-associated) forest damage (i.e.
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windfall) combined with the potential increase of the drought stress due to the climate change highlight the urgency of the
situation and the need to develop effective countermeasures for both short- and long-term management strategies (Albrich et
al., 2020; Schuldt et al., 2020).

The vitality and productivity of forests are highly dependent on the amount of water available in the soil (Spiecker and Kahle,
2023; Zang et al., 2014). Especially considering the climate change, where drought events and extreme weather conditions are
likely to become more frequent and severe (Hanel et al., 2018; Orth et al., 2016; Zhou et al., 2019), it is essential to have
reliable estimations of soil water availability in the forests (Meusburger et al., 2022). Up-to-day soil moisture information
influences a wide range of forestry decisions from routine forest management and risk assessment to specific mitigation
measures on sensitive sites (Sharma et al., 2022; Zweifel et al., 2023). For example, it plays a major role in planning of the
planting and trimming actions based on current soil moisture conditions (Scholz et al., 2023). In addition, this real-time data
helps with risk management, such as assessing the risks of wildfires during dry periods, the growth of associated pathogens,
treefall of stressed and vulnerable trees in wet periods. In ecologically sensitive forest areas, operational data helps to make an
appropriate choice of specialised technologies to maintain forest health and resilience. Thus, a precise real-time monitoring
system of soil moisture can offer not only effective measures to mitigate drought vulnerability of forests, but also a crucial tool
for sustainable forest management in the future.

Currently, few initiatives exist, such as for example North-western Switzerland (https://www.bodenmessnetz.ch) on a local
national scale and the International Soil Moisture Network (https://ismn.earth/en/dataviewer, Dorigo et al., 2021) on a global
international scale, which provide data on in-situ point-based soil moisture measurements. However, all these networks are
still limited to its spatial and temporal coverage due to the very high operational costs. In this context, site-specific operational
water balance modelling, especially in combination with climate change scenarios, is gaining attention over the pure
measurement-based information platforms. At present, two main platforms exist for this purpose in Germany: the German
Drought Monitor (https://www.ufz.de/index.php?en=37937, Zink et al., 2016) and the German Weather Service Soil Moisture
Viewer (https://www.dwd.de/DE/fachnutzer/landwirtschaft/appl/bf _view/_node.html). However, despite the big potential of
these systems for large-scale soil moisture assessment, they possess significant limitations in terms of their precision and scope
for interpretation. The German Drought Monitor demonstrates simulation results from mHM model, converted statistically to
a specific soil moisture index representing basically moisture anomalies, which are not adapted to specifics of local scale and
different tree species or forest types. In addition, coarse resolution of the output product (4 km) generated from high-resolution
soil maps (250 m) make the practical application of this index in forestry difficult (Speich, 2019; Meusburger et al., 2022).
The German Weather Service Soil Moisture Viewer is using AMBAYV agricultural model parameterized with even coarser soil
maps (1 km), shows the plant-available-water only for three types of short vegetation and has a resolution of 1 km. Therefore,
despite advances in the development of process-oriented hydrological models for the forests and the availability of the high-
resolution datasets for their parameterisation in recent years (Hoermann and Meesenburg, 2000), these systems do not fully
utilise their potential. Furthermore, they lack the ability to account properly for the small-scale variability of soil, land use and
weather factors.
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This motivates us to come up with a high-resolution point soil moisture monitoring system that is updated daily and takes into
account important local site information such as for example aspect, slope, soil type and its profile. Thus, this site-specific data
allows forest managers and decision-makers to take targeted local-scaled measures for sustainable forest management. In
addition, a daily update enables timely detection of anomalies or emerging droughts, allowing for quick adaptation measures.
The decisive value of our approach stems from the integration of existing inventory systems, in particular the Federal Forest
Inventory, which provides detailed, site-specific and integrated information on the forests of Central Germany. Combining
these datasets with an operational climate data, the effects of different tree species on the changes in soil moisture for a local
scale can be better understood.

In this paper, we present an operational soil moisture monitoring system for Middle Germany that addresses the shortcomings
of existing monitoring products and uses the current state-of-the-art forest hydrological modelling techniques, providing results
in real-time for forest practitioners or interested users using a web-platform. We focused on a detailed and transparent technical
description of the system architecture and the data representation on the website. Special attention is given to the qualitative

and quantitative analysis of the operational climate data used for the model forcing.

2 Study region and forest monitoring data
2.1 Middle Germany region

Historically, the Middle Germany region (Fig. 1) relates to three states — Saxony (SN), Saxony-Anhalt (SA) and Thuringia
(TN). The topography of the region ranges from the lowlands (0-200 m) in the north of SN and SA to mountainous regions on
the south of SN (up to 1200 m) and TN (up to 1000 m). Prominent elevated geographical features are the Ore Mountains on
the border with the Czech Republic, the Harz Mountains in the western part of SA and Thuringian Forest in the south of TN.
The climate conditions of Central Germany are characterised by a moderate continental climate. According to Koppen-Geiger
climate classification (Kottek et al., 2006), all three states have predominantly Dfb (hemiboreal) climate type, meaning warm
summers and cold winters, with occasional heat spells and typical frost-free periods of 3-5 months. Mean annual air
temperature increases from +3-5°C in southern elevated parts to +10-12°C in the flatlands. Pronounced annual cycles introduce
a high variability between summer and winter months as well as in between day-night temperatures. Maximum daily values
could reach up to +35°C, while minimum daily temperatures can go far below zero (up to -21°C in Ore Mountains). Due to
orographic effect, variations in the annual precipitation amounts are high as well. Mountainous regions of TN and SN receive
1100-1500 mm annually, while lowlands in the north get only 500-700 mm per year. Typically, around 70% of annual
precipitation falls from May to September and the driest month is October.

According to Copernicus Global Land Service: Land Cover 100m (Buchhorn et al., 2019), total forest coverage of the region
is about 36.9% (Fig. 1), from which evergreen needleleaf forests prevail and occupy 17.7%, deciduous broad leaf forests cover

7.6% and the rest are mixed forests (11.6%). The coniferous needle leaf forests are dominated by Norway spruce (Picea abies),
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Scots pine (Pinus sylvestris) and European larch (Larix decidua). The deciduous forests are dominated by European beech
(Fagus sylvatica) and pedunculate oak (Quercus robur).

Soil types in the forests of Central Germany are highly variable depending on the topography, underlying geology and forest
type. In general, in the mountainous regions of TN and SN podzols and brown soils are common for the forests and in lowlands
gleys (or pseudogleys) appear along with abovementioned types as well (Krug, 2000). Typically, forest soils are characterised
by rich humus horizons resulting from decades of accumulation of deciduous and coniferous litter. In deciduous forests,
especially those dominated by beech and oak, the soils are often loamy with high humus content that promotes fertility.
Coniferous forests, especially those dominated by spruce, often have pale podsolic loamy (or sandy loam) soils. These are
typically more acidic and much less fertile than in deciduous forests. Mixed forests could combine the soil properties of
deciduous and coniferous forests, although the specific properties are highly variable depending on the dominant tree species
and site conditions.

2.2 Data from the German National Federal Forest Inventory

The National Federal Forest Inventory (‘Bundeswaldinventur’ in German, in short - ‘BWT’) is a long-term national German
project aiming to collect and store information about forested areas in the country. It not only provides a comprehensive
overview on the condition of Germany’s forests, but also integrates important soil information. Every ten years, field
observations are conducted to record tree species changes, growth data, update soil profile data and other relevant forest and
soil information. To allow intercomparison between inventories, observations are made on the same plots (Fig.1) and using
standardised procedure. Due to the secrecy of real plot coordinates, BWI rounds coordinates of the plots for the publishing,
thus forming square/triangle-formed shapes with a side of 1 km within which the inventory sites lie. The third round of the
BWI, which data is open sourced and was used in this study, took place in 2012 (https://www.bundeswaldinventur.de,
Bundesministerium fir Erndhrung und Landwirtschaft, 2014). The fourth round started in 2021 and was completed by the end
of 2022, however data processing is not finished yet (publication is planned for the end of 2024). The data provides insights
into forest management, tree species composition, timber use and soil conditions. In particular, the soil data collection and
update are essential for determining nutrient availability and water holding capacity, which directly affect forest health and
growth. They also help to assess carbon sequestration and are key indicators of forest health and resilience to environmental
stress. By linking forest and soil data with climate and site information, profound analyses of the effects of different

environmental factors on forests can be carried out.
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Figure 1. Overview of the study region and 3206 BWI monitoring sites.
2.3 Forest Climate stations and Local Soil Types

Another source of the monitoring data are the local forest authorities. Forestry of Saxony (‘Sachsenforst”) provides operational
information from 21 forest climate stations (‘“Waldklimastationen’) located in Saxony, which includes not only standard
meteorological parameters, but also soil wetness measurements. The REST-API access to the data is provided via
‘OpenSensorHub’ (https://sh-rekis.hydro.tu-dresden.de/) under cooperation with Pykobytes GmbH.

Additionally, Forestry of Saxony provides the local soil types (Lokalbodenformen) dataset (Petzold et al., 2016). The local
soil type is a subdivision of the (main) soil type that takes into account finer differences in the substrate, the deposition features,
and the horizon arrangement. Additional criteria for their identification can include nutrient and humus ratios, which have
significance for tree species selection and soil treatment. To distinguish these soil types, local place names are typically added
in front of the main soil type, for example, for the main soil type ‘Gneiss Brown Soil’, local soil type ‘Olsengrunder Gneiss
Brown Soil” could be identified. This dataset has around 50000 nodes in Saxony and is based on the soil profile excavation
data as well as BWI; however, it does not belong to the monitoring forest system. Additionally, for each node, the dominant
forest type data is available.
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3 Framework description
3.1 LWF-BROOK90 water balance model and its parameterisation

The LWF-BROOK90 water balance model (Hammel and Kennel, 2001) is a branch of the BROOK90 model originally
developed by Federer et al., 2003 and recently adopted in R-package ‘LWFBrook90R’ (Schmidt-Walter et al., 2020). As its
ancestor, LWF-BROOK90 focuses on detailed atmosphere-plant-soil water exchange on a 1D scale and is well known for its
accurate representation of evaporation and vertical soil water movement processes. The model applies modification of the
Penman-Monteith approach by Shuttleworth and Wallace (Shuttleworth and Wallace, 1985) which allows separate evaporation
process into its components: interception, transpiration, and bare soil (or snow) evaporation. This approach uses a ‘single big
leaf” concept and two layers, separating canopy and soil. The soil profile could be represented with multiple layers. The water
movement within the soil column could be divided into matrix and macropore bypass flow. It is controlled by matrix potential
as well as potential evaporation and is described with the Darcy-Richards equations using the Mualem-van Genuchten
hydraulic parameterisation (van Genuchten, 1980), instead of Clapp and Hornberger (Clapp and Hornberger, 1978) used in
BROOK?90. Additionally, LWF-BROOKZO0 is capable of including dynamic temperature-based vegetation characteristics (i.e.
bud-burst and leaffall timings, leaf-area-index variations) using ‘vegperiod’ package (Orlowsky et al., 2008).

For the study, a set of land cover parameters was created to represent beech, oak, spruce and pine mature forests commonly
widespread in the region. Additionally, grassland land cover was considered as a reference. This parameter set represents site
topographical conditions, plant stand with its stem, leaf coverage and roots parameters. The set is based on the standards for
temperate deciduous broadleaf and evergreen coniferous forests and grasslands proposed by Federer et al., 1996 with
adaptation to the site-specific conditions of Middle Germany. Site aspect and slope were calculated from SRTM30 (NASA
JPL, 2019) digital elevation model. Forest height was set according to the GEDI dataset (Potapov et al., 2021). Main plant
parameters like reflectivity, conductivity and stomatal behaviour, roughness, interception, root parameters were assigned based
on existing extensive reports on the model application for the forests in Germany (Weis et al., 2023; Wellbrock et al., 2016),
Level 11 data from forest monitoring plots (https://bwi.info/Download/) and measured and calibrated BROOK90 parameters
for FLUXNET towers in Saxony (Vorobevskii et al., 2022). The vegetation phases are determined dynamically. Budburst
timing is based on the chill-day-number method of Menzel, 1997, applicable for various tree species. For the leaffall phase
von Wilpert, 1990 method was used, which takes into account temperature moving average or short day criteria. Seasonal
course of Leaf Area Index (LAI) is then determined from maximum annual LAI, budburst and leaffall dates and duration using
integrated ‘b90” model. Root distribution over the soil profile is controlled by an integrated ‘betamodel’ (Gale and Grigal,
1987) with maximum length, depth of roots and curve shape parameters, which were assigned after Weis et al., 2023. It should
be pointed out that long-term vegetation changes (i.e. tree ageing) are not considered in the presented operational-mode
framework.

Soil parameters for the model were taken from the NFIWADS database, specifically created for BWI plots (Schmidt-Walter

et al., 2019). Physical soil properties (layers, depth, texture, bulk density and coarse fragments) were obtained from the BWI
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soil profile database (Petzold and Benning, 2017). This database contains the predominant soil types for the inventory plots,
based on the area within a 20 m radius of the centre of a plot. These soil types are linked to detailed soil profiles compiled by
federal soil experts and based on the best available data in federal soil information systems for the BWI plots. Typically, all
soil profiles contain information to a depth of at least 2m, unless the subsoil (bedrock) appears before. Based on this data, the
hydraulic properties for the mineral soils, which are needed for Mualem-van Genuchten water retention curve and conductivity
functions were determined using pedotransfer function (van Genuchten, 1980; Wessolek et al., 2009). These include the
residual and saturated water content, ‘n’ parameter as a measure of pore-size distribution, ‘alpha’ parameter related to inverse
of the air-entry, saturation conductivity and tortuosity parameter related to pore connectivity. Due to absence of data about
forest floor horizons, a uniform root-free floor horizon (6 cm) was added to profiles to provide uniform soil evaporation
conditions. For the organic soil horizons, retention and conductivity parameters were taken from Waésten et al., 1999. The

depth of the soil profile was organised by dividing it into layers of increasing thickness.

3.2 Meteorological data

Meteorological data needed to force the LFW-BROOK90 model is collected from open-access database — German Weather
Service (Deutscher Wetterdienst - DWD) File Transfer Protocol (FTP) server
(https://opendata.dwd.de/climate_environment/CDC/observations_germany/climate/daily/). The following variables are used
on a daily scale: minimum, maximum and mean air temperature, precipitation, wind speed, relative humidity and sunshine
duration. At first, the summary table on all available meteorological stations in Germany provided and regularly updated by
DWD (‘Stationlsexikon’) was filtered to meet the spatio-temporal and variable requirements of the study. Type of
meteorological stations was limited to climatological and precipitation stations (‘KL’ and ‘RR’ types) with data availability
starting from the year 2010. In total 147 climate and 619 precipitation stations matched the criteria (Fig. 2). According to FTP
metadata meteorological data for the last day is added to the files between 9 and 10 a.m. of the current day. However, many
test-trials revealed that usually real updates inside the files happen one or two hours later. Furthermore, station data is splitted

in parts: ‘historical” and ‘recent’ (data from the current year).
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195 Figure 2. Potentially available meteorological stations within the study area.

In reality, available meteorological data which could be found and retrieved from the DWD FTP server significantly vary from
the selected station short-list (Fig. 3). Up-to-date (1-day lag) air temperature and relative humidity data is available from around
115 stations, sunshine duration and wind data could be retrieved from 31 and 54 stations respectively. Finally, precipitation
measurements are represented with 330 up-to-date stations. Still, the spatial coverage of meteorological data for all the
200 variables in the study area can be considered good and homogeneous. Although the exact number of available stations with
up-to-date data vary from day to day, test runs during the framework build up (June-October 2023) reveal, that these deviations

are minor (< 5% of total station number).
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Figure 3. Real meteorological data availability for different variables for the study area: last date with not missing data (retrieved
205 from DWD FTP server at 12:00 20.09.2023).

Figure 4 summarises the availability of actual (1-day-lag) meteorological data with regard to the distances to the BWI plots.
Median distance to the nearest station with temperature and relative humidity is about 11 km, while for the less dense wind
and radiation measurements the closest station is on average 15 km away. Precipitation stations due to higher density are

typically found in much shorter distances of approximately 5 km.
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210

Figure 4. Violin plots with distance to the nearest meteorological station with available 1-day-lag data for BWI plots. Red line
represents the chosen 30 km buffer zone. Horizontal lines inside violins represent the 25th, 50th and 75th quartiles.
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For each BWI site, the meteorological input data to force the model is prepared in the following way. For all the necessary
variables separately, framework scans for the nearest stations with available data within the 30 km buffer zone (Fig. 5). Filtered
stations are thereafter checked for a real data availability. Stations with more than 5% of missing data (within simulation time
period) are not further considered. Afterwards, inverse distance weighted mean is applied to create one time-series from filtered
stations’ data. In case there was no station found within the default buffer zone (e.g. some wind speed and sun duration data
for some of the plots) or, 1-day-lag data is not presented in any of the filtered stations, the framework expands its buffer to
take the next nearest station, which matches data criteria. To avoid too much smoothing of local weather patterns in case of
too many stations available around the point, which is especially important for precipitation, the maximum number of stations,
which are considered, is limited to seven nearest ones. Temperature and wind speed data are thereafter used directly as model
input. Sunshine duration is converted to global radiation using site latitude and day of year according to Angstrom equation
(Angstrom, 1924). Vapour pressure deficit is calculated from relative humidity and mean air temperature using Magnus
equation (Alduchov and Eskridge, 1996). Precipitation values are corrected for the systematic measurement error (i.e. drifting,
wetting, evaporation) using mean air temperature, day of the year and ‘well-protected’ station-shielding type using Richter
equation (Richter, 1995). Finally, if any NA values appear in the prepared time-series, they are filled with monthly-mean
values, which however never happens for the 1-day-lag data.
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Figure 5. Subset of available meteorological data for selected BWI site (retrieved from DWD FTP server at 12:00 20.09.2023).

LWF-BROOK90 uses precipitation input on a daily scale as default and disaggregates the data into hourly resolution internally
using the ‘pdur’ parameter (average duration of daily precipitation by month, 4h for each by default). Therefore, to improve
correct separation between canopy interception, overland flow and infiltration, it was decided to estimate this parameter more

accurately based on real data from meteorological stations in the area. For that, three climate stations with hourly time series

10
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1995-2022 were taken: Erfurt-Weimar (ID#1270), Magdeburg (ID#3126) and Dresden-Klotzsche (ID#1048). Resulting

monthly duration values averaged over three stations were found to be 3h in all months except for November (4h).

3.3 Operational mode and website

The first pilot version of ‘Soil Moisture Traffic Light” was first released in 2022 (Kronenberg et al., 2022). The setup was
successfully validated using soil moisture measurements from eight grassland and three forest sites for the 2006-2019 time-
period (Luong et al., 2023). The novel framework, initially developed and tested for Saxony, has now upgraded its architecture,
improved meteorological input and model parameterization and been expanded spatially in this paper.

The presented upgraded framework for three German regions is functioning in an operational automatic mode with 24h update
time (Fig.6). It starts each day at 11 a.m. with the download and pre-processing of 1-day lag meteorological data, which lasts
about 3 min. Afterwards, the simulations for each BWI site (with four dominant tree types and grassland, resulting in 3206
plots * 5 vegetation types model runs) and forest climate stations (with grassland for 21 stations) are run for a 10-year period
using parallel processing, which takes approximately 40 min with 48 cores and could be potentially reduced by applying more
cores. Despite the fact that the tree-species composition at each BWI site is known, in some of the cases it is a mixed forest
with no predominant tree type, moreover, forest managers requested that the results should be presented for each of the selected
tree species at each plot. For the local soil types, the results were assigned from the neighbouring BWI plots based on
dominating forest and soil type. Raw model runs are post-processed and stored in ‘csv’ and ‘geojson’ files, which can be
downloaded from the website. Soil moisture conditions are represented with the Root Extractable Water (REW) coefficient
(Eq. 1), which indicates the amount of water left in the soil profile accessible to the plant before it starts to wilt:

REW = THETAc=THETAwp )

"~ THETAgc~THETAwp

where THETA is volumetric soil moisture and different indexes state for different conditions: C is current value, WP is wilting
point, and FC is field capacity. Here, the soil moisture at the field capacity is directly taken from the hydraulic properties of
the soil based on soil type and pedotransfer function. Soil moisture at the wilting point however is not only dependent on soil
type, but also on a plant, while for different tree species the wilting point typically varies between -1.5 and -2.5 mPa, which
was taken into account. Values of REW greater than 1 indicate oversaturation (soil moisture is higher than field capacity) and
values lower than 0 represent situation, when soil water content is below the plant-extractable threshold (i.e. water remains
only in smallest pores and as films or is chemically-bonded to soil particles).

The final product of the framework is the ‘Soil Moisture Traffic Light’ website, which is accessible online via
https://life.hydro.tu-dresden.de/BoFeAm/dist_bfa_kk/index.html. It was developed using the Node Package Manager in
conjunction with the Javascript runtime environment Node.js using OpenLayers and ApexCharts Java libraries. These enable
the web display of geodata and various data visualisations. As the main stakeholders are German authorities, the website was
initially made only in German. The framework uses two virtual machines provided and managed by the Center for information

services and high performance computing (ZIH) of TU Dresden.
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Figure 6. Framework architecture.

4 Results
4.1 Advantages of point simulations

Main difference between raster and point simulations is accounting for local conditions. Raster-based setups are capable of
covering the whole area of interest without gaps, however, due to high computational costs, local scale (first hundreds of
meters) could not be reached so far (Vorobevskii, 2023). Thus, point-based setups are still superior when it comes to local
scale, since here local differences is geographical conditions could be easily taken into account. To illustrate the advantages
of the point-based framework two examples were chosen. Local effects of precipitation front which occurred after a dry week
(no recorded precipitation for almost all used stations) over the study region on the soil moisture is shown on Figure 7. It could
be seen (Fig. 7a), that the daily precipitation sums on the autumn day of 12.09.2023 decrease from 20-30 mm on the north-
west (some stations recorded up to 48 mm) to 0.1-1 mm on the south-east (about 60 stations mostly located in Ore mountains
did not record any precipitation on that day). The soil moisture situation under spruce forests for the major parts of the region
before the rain event could be expressed as a drought condition, as the precipitation sums for the August and beginning of
September were below the climate means while the potential evaporation was still high. REW values (Fig. 7a) in the lowlands
were mostly below 0.1, while in the mountainous regions enough plant-available water (REW>0.6) was simulated, which
correlates well with the topography and soil textures distribution. This soil moisture situation is also confirmed by absolute
values of volumetric water content (Fig. 7b). Thus, low REW values correspond to 4-15% of water content, while normal and
wet conditions (REW=>0.4) showed volumetric soil moisture content in general between 15% and 30%. As expected, under the
conditions of severely depleted water storage in the soils in lowlands, even a considerable amount of precipitation did not
result in significant improvement of drought conditions for the plants or soil water storage recharge. BWI sites located near

the meteorological stations, which registered more than 10 mm showed on average 0.1-0.15 REW (or 4-6% for volumetric
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moisture) increase, while for the rest, the change was on average less than 0.05. Overall, all the local changes for 12.09.2023
followed the precipitation patterns. Comparing two selected depths, it could be concluded that the upper soil layers (up to 40
c¢m) showed more distinct reaction to the rain event. The lower horizons (up to 100 cm), which on 11.09.2023 had lower mean
soil moisture content (especially for sites with REW=>0.3), were almost not affected by the event. Here volumetric soil moisture
increased on average only by 1-2 % even in north-western parts. This could be explained by the fact, that under general drought
conditions, infiltration of even a substantial rainfall amounts into deeper horizons was prevented in the topsoil by root uptake
and thereafter transpiration process.
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Figure 7. Spatial effect of one-day rainfall after a dry week (a) on REW (b) and volumetric soil moisture content (c) in spruce
forests for 40 and 100 cm profile depth
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The effect of the local-scale topography on the depletion of the soil moisture storage in the beginning of the 2018-2019 drought
period is shown on Figure 8. Here both slope and aspect influence the net radiation and downslope flow, thus affecting the
potential evaporation and soil column outflow rate respectively. Thus, south-orientated site (#56712_3) with an almost 25-
degree slope showed up to 20% lower REW values than north or west sites with flat slopes, especially in the drought
propagation phase. Moreover, different tree species exhibited varying reactions and sensitivities to changes in soil moisture
based on the topographical features. During the growing season (spring 2018), this impact was notably pronounced in
deciduous forests owing to the higher available soil water resulting from reduced transpiration and interception rates. However,
during summer period, the influence of slope and aspect became more significant in spruce forests due to elevated total

evaporation rates (which are indicated by larger LAl and SAI values compared to beech forests).
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Figure 8. Effect of slope and aspect (a) of BWI plot (#56712, near Apelsberg, Thuringia) on the simulated REW values (up to 100
cm depth) in spruce and beech forests for the drought propagation phase in 2018 (b).

4.2 Accounting for seasonality in soil moisture changes during vegetation period

As the study region has heterogeneous topographical, climatological and landscape features, they all have a strong influence
on the seasonal course of soil moisture. As an example, fortnight changes of REW up to 1 m depth under beech forests for a
‘normal”’ (climatologically, meaning not abnormally dry or wet) year of 2020 are presented (Fig. 9). In January, soil moisture
in the central and northern parts is still not recovered from the dry season of 2019, especially in the eastern parts of Saxony,
where the REW values were around 0.2. Starting from February until the end of March, precipitation amounts and snowmelt
combined with low evaporation rates (deciduous forest, thus mainly only stem interception and soil/snow evaporation occur)
refill soil with moisture until its maximum annual values. High-elevated areas in the south of Thuringia and Saxony, as well
as western and northern parts of Saxony-Anhalt received therefore oversaturated soils (REW>1.2) for more than a month,
while middle part of the area still remained unsaturated (REW<0.6). Thereafter in the beginning of the vegetation period

(growing phase in April-May) soil moisture mostly remained in normal stable conditions (0.6<REW<1), while constantly, but
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slowly increasing evaporation values were still compensated by relatively high precipitation input. Starting from June and till
the end of September transpiration clearly dominated among evaporation processes and coupled with typically lower rainfall
sums, let the soil water storage quickly deplete and remain almost in an empty state (REW<0.2). Thus in this time period,
almost all the precipitation input was immediately consumed by the forest and did not contribute to refill of the soil profile.
325 Situation started to straighten out in the middle of October with the leaffall and thus a reduction of total evaporation, so that
the fallen rainfall could finally recharge depleted soil water storage. Due to typically higher precipitation amounts in the
mountainous regions, this process started and was more clearly visible exactly in the southern parts of the study area, while in
the middle and northern typically flat and dryer parts, the moisture refill was much slower and less effective. Thus, by the end
December, the spatial distribution of the soil moisture under the beech forests looked similar to what it has started with in the
330 January of 2020.
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Figure 9. Seasonal changes of REW (up to 100 cm depth) under beech forests in 2020.

15



335

340

345

350

355

https://doi.org/10.5194/hess-2023-303 Hydrology and
Preprint. Discussion started: 8 January 2024 Earth System
(© Author(s) 2024. CC BY 4.0 License. Sciences

Discussions
By

4.3 Influence of forest composition on the evaporation and its components

Redistribution of precipitation input into evaporation and runoff components as well as in their sub-components is crucial for
correct representation of in-situ soil moisture. Long-term simulations (30 years) for the BWI plots revealed that the
evaporation-precipitation ratio (Fig. 10) in deciduous forests is lower (85% median) than in coniferous forests (95% median)
and has higher range (almost 50%). Highest values were found in central and northern dry flatland areas. Evaporation of
intercepted rain and snow is a substantial part of mature forests and possesses large spatial heterogeneity. It is estimated higher
for spruce (350 mm/year median) and pine (330 mm/year median) forests, thereby deciduous showed much lower interception
amounts (220 mm/year median). Transpiration, on the other hand, was found higher for oak (350 mm/year median) and beech
(320 mm/year median) forests, while coniferous forests transpire about 270 mm/year. Soil evaporation is the smallest part of
total evaporation (about 20%) and remains almost stable with regard to spatial scale and vegetation cover (80-90 mm/year
median).

Although bandwidth of obtained E/P ratios for forests does cover a very wide range (0.5-1), high median E/P ratios (above
0.8) do not correspond well with other studies. For example, in the study of Renner et al., 2014, it was found, that according
to watershed-based evaporation estimations (discharge subtracted from precipitation), the E/P ratio for small forest-dominated
catchments in Saxony laid typically in a range of 0.3-0.7 for the 1950-2009 time-period. It was however mentioned, that actual
evaporation tends to consistently increase in the last two decades. In another study by Vorobevskii et al., 2022 different
BROOK®O90 frameworks were applied to simulate FLUXNET sites within Saxony. It was found, that the E/P ratios in forest
stands based on measurements (0.50 for Tharandt, 0.41 for Oberbérenburg and 0.65 for Hetzdorf) could not be reached with
standard model parameterisation without calibration, especially for coniferous forests, where modelled E/P ratios were found
up to 0.8. These facts reveal the importance and sensibility of the model parameterisation, especially regarding the interception

component, which should be addressed more in-depth in further studies.
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Figure 10. Mean annual evaporation components in different forest types for 1990-2020 period.
4.4 Soil Moisture Traffic Light - informative web-platform for forest managers

The website homepage (Fig. 11) shows the soil moisture conditions for 3206 BWI tract corners located in Thuringia, Saxony

and Saxony-Anhalt. For easier communication of the results to non-expert stakeholders, current moisture states are divided
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into four colour categories: very wet (‘sehr nass’), normal (‘normal’), dry (‘trocken’) and very dry (‘sehr trocken’). Intuitive
buttons allow the user to switch between different vegetation types (‘Fichte’ for spruce, ‘Eiche’ for oak, ‘Buche’ for beech,
‘Kiefer’ for pine, ‘Grass’ for grass) and different soil profile depths (0-40 cm, 0-80 cm and 0-100 cm). There is also an option
to customise the background maps with Google Maps or OpenStreetMap. On the right side, the user finds supportive
information of what each colour means in terms of vegetation feedback.

The expert mode offers deeper insights into the soil moisture condition of each BWI plot. By clicking on a specific point on a
map (or menu bar), the user gets detailed information (Fig. 12c) on the selected plot (name and ID, soil profile data, forest
type, climate overview). Furthermore, on the right side two interactive graph panels appear. Upper graph (Fig. 12a) shows a
temporal REW (‘nFK”) course up to a depth of 40 cm for the current year with different quantiles and median values as a
background, calculated from 30-year period historical simulations. Lower panel (Fig. 12b) gives an overview on the annual
REW developments for different soil depths up to 100 cm. In addition, expert mode provides the possibility to download raw
data from each of the shown panels. Additionally, the simulations for forest climate stations (Fig. 13) and the local soil types
with dominant forest type (Fig. 14) are presented, which are currently available only for Saxony. Besides presentation of the
up-to-date main climate elements, the soil moisture measurements data from the climate stations could be used as an indirect
validation of the framework (with grassland as a chosen land cover). Further, the website has FAQ and Glossary (under the
‘Erklérung’ button), which explains the main methods and terms behind the framework. Finally, a citizen-science approach

was implemented via Feedback-survey button (‘Umfrage’) on the start page to continuously optimise the application.
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Figure 11. Overview Soil Moisture Traffic Light platform — REW map for spruce stand for 20.12.2023 (80 cm depth)
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Figure 12. Overview on the expert-mode of the Soil Moisture Traffic Light for one selected BWI site (#52174_2, Dresdner Heide,
380  Saxony) and spruce forest: simulated REW until 40 cm depth for the current year in comparison to quantiles derived from the 30-

year historical runs (a); simulated REW for the different layers of the whole soil profile for the current year (b); detailed
information on the soil profile, tree composition and standard climate elements (c)
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Ausgewdhlter Standort: Wermsdorf

Die gezeigten Daten stammen vom Staatsbetrieb Sachsenforst. Bitte beachten Sie, dass die Messwerte der letzten drei Monate ungeprift sein kdnnen. Fehlwerte sind im
Diagramm linear interpaliert. Fehlwerte sind mit "null* markiert,
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Figure 13. Example of the integrated forest climate stations soil moisture data for grassland (Wermsdorf, 2018-2023) in the Soil
385 Moisture Traffic Light (simulated values in green, measured values in blue colour)
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Figure 14. Representation of the local soil types with dominant trees in the Soil Moisture Traffic Light

5 Conclusion
The article highlights the need for high-resolution operational soil moisture monitoring in the forests of Central Germany.
390 Existing soil moisture monitoring products possess various practice-oriented limitations, including spatial coverage and
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resolution issues. The presented operational point-based framework addresses major shortcomings of the existing systems
taking into account local information, including meteorological (station) and geographical (i.e. aspect, slope, forest type and
specific soil profile data) point data. This system allow forest managers to take targeted, local-scale measures for sustainable
forest management.

The framework's technical details and its architecture are described in detail, including its all core elements such as the LWF-
BROOK?90 water balance model, meteorological data and its processing techniques, land cover and soil parameterization based
on the National Federal Forest Inventory datasets. The operational mode and website as the end-product through which the
results are presented to end-users are outlined. We highlighted the advantages of high-resolution point simulations in
understanding soil moisture dynamics, illustrating the impacts of a single precipitation event and local geographical conditions
on soil moisture conditions. Further, the seasonal dynamics of soil water storage in different regions was demonstrated.
Thereafter we showed influence of different tree species on the redistribution of the main water balance components. Finally,
the Soil Moisture Traffic Light web information platform was introduced and showcased, representing a significant advance
in the dissemination of information about soil moisture for three German regions to forest managers and stakeholders,

providing an intuitive and informative tool for more effective monitoring and management of forest ecosystems.

7 Outlook

Since the pilot release in 2022, we continue development of the Soil Moisture Traffic Light and the framework constantly
receives new upgrades. In the future, these updates could include the following features.

e Model parameterisation itself could be improved, especially the representation of LAI as one of the most sensitive
model parameters. Incorporation of dynamic annual values using Coupmodel (Jansson and Karlberg, 2004) method
(in-build in the LWF-BROOK90 R-package) based on MODIS satellite data will improve the evaporation
estimations.

e Operational mode of the framework could be expanded to a seasonal forecast time-scale, by getting access to German
Weather Service long-term meteorological forecast data.

e Local soil types and up-to-date information from forest monitoring stations from another two states could be included
in the product based on the data availability and cooperation with forestry authorities.

e  Other tree species could be included, based on the availability of appropriate parametrization sets. Moreover, with
the emerge of new high-resolution (10 m) ‘Dominant tree species for Germany’ dataset (Blickensdorfer et al., 2022)
it is possible to provide higher spatial coverage and more detailed soil moisture information in the end-product.

e The framework in general could be set up for other vegetation types. This could be especially of high interest in the
case of simulations for various crops and thus advancing agricultural management.

e Extension of the framework to the whole of Germany is possible, as the BWI database and climate data are available.

For that, the computational costs will be much higher and need to be advanced.
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e AsalD-model, LWF-BROOK?OO0 is not suited to simulate stagnant and groundwater-influenced sites in a satisfying

manner. Therefore, other model (i.e. SWAP-model (Kroes et al., 2017)) or model coupling is needed in these cases.

Data and Code availability

Soil Moisture Traffic Light web-platform is assessable via https:/life.hydro.tu-dresden.de/BoFeAm/dist_bfa_kk/index.html.
Simulation results and R-scripts to reproduce figures and tables for the manuscript could be provided upon a request due to a
relatively large size (20 GB).
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