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Abstract:

Heavy Precipitation Events (HPE) are the result of enormous quantities of water vapour being transported to a limited area.
HPE rainfall rates and volumes cannot not be fully stored on and below the land surface, often leading to floods with short
forecast lead times that may cause damage to humans, properties, and infrastructure. Towards an improved scientific
understanding of the entire process chain from HPE formation to flooding at the catchment scale, we propose an elaborated
event-triggered observation concept. It combines flexible mobile observing systems out of the fields of meteorology, hydrology
and geophysics with stationary networks to capture atmospheric transport processes, heterogeneous precipitation patterns, land
surface and subsurface storage processes, and runoff dynamics.

As part of the Helmholtz Research Infrastructure MOSES (Modular Observation Solutions for Earth Systems), the added
value of our observation strategy is exemplarily shown by its first implementation in the Mueglitz river basin (210 km?), a
headwater catchment of the Elbe in the Eastern Ore Mountains with historical and recent extreme flood events. Punctual
radiosonde observations combined with continuous microwave radiometer measurements and back trajectory calculations
deliver information about the moisture sources, initiation and development of HPE X-Band radar observations calibrated by
ground based disdrometers and rain gauges deliver precipitation information with high spatial resolution. Runoff
measurements in small sub-catchments complement the discharge times series of the operational network of gauging stations.
Closing the catchment water balance at the HPE scale, however, is still challenging. While evapotranspiration is of less
importance when studying short term convective HPE, information on the spatial distribution and on temporal variations of
soil moisture and total water storage by stationary and roving cosmic ray measurements and by hybrid terrestrial gravimetry
offer prospects for improved quantification of the storage term of the water balance equation. Overall, the cross-disciplinary
observation strategy presented here opens up new ways towards an integrative and scale-bridging understanding of event

dynamics.

1. Introduction

In the past two decades an increase in and intensification of extreme weather events was observed, which exerted considerable
impact on, for example, food production, public health, water and air pollution (Bastos et al., 2020). It is mainly the socio-
economic impact that acts as a catalyst for research on the importance of such distinct dynamic events for long-term global
change processes. Bloschl et al. (2019) identified several major heretofore unsolved scientific questions focused on the process-
based understanding of hydrological variability and causality. As one of the most urgent tasks in hydrological research for the
coming years, they highlighted that a new focus is required for a complete understanding of how environmental change
propagates across interfaces within the hydrological system. These interfaces are those between compartments (e.g.
atmosphere—vegetation—soil-bedrock—streamflow—hydraulic structures) and those between processes that are usually dealt

with by different disciplines.
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The increase in intensity and occurrence of Heavy Precipitation Events (HPE) due to climate change is well documented in
observational records and represented in climate models (Fisher & Knutti, 2015). However, scientific understanding of the
entire process chain that propagates HPE — from the different terms of the catchment water balance to the flood generation and
the respective impact — is still lacking (Myhre et al., 2019). In particular, this understanding is often limited by a gap in
observational data, their unsatisfactorily coarse spatial and / or temporal resolution, the inability to consistently close energy
and water balances through observations, and by missing monitoring techniques that would facilitate direct quantification of
the entire water flux and storage processes from the atmosphere through the surface of the Earth down to the groundwater. The
resulting lack of event understanding also hinders improvement of modeling approaches which in turn would benefit from

extended observation data sets both for model validation and data assimilation towards better prediction capabilities.

Environmental research infrastructures (RI) are designed to observe a wide range of biotic and physical processes linking
atmosphere, biosphere, hydrosphere and geosphere (Chabbi et al., 2017). Due to the complex responses and feedback involved
in environmental processes, their successful investigation requires an integrated and cross-compartmental approach.
Established terrestrial RIs are typically designed to provide long-term, consistent and standardized observations of
environmental processes, their causes and their interactions with regard to climate change and global warming (e.g. ICOS,

TERENO, FLUXNET, ACTRIS). Hence, they mostly operate as stationary observatories at a certain location of interest.

To complement and extend these observatories, the Modular Observation Solutions for Earth Systems (MOSES) RI has been
established as a mobile research facility for short term observations of extreme events. It builds on such existing monitoring
networks serving as anchor points or baseline data source to analyze the impacts of extreme events (Weber et al., 2022).
However, a mobile RI like MOSES has to face event-driven campaigns with an essential requirement: to be in the right place
at the right time. Its operation demands thorough preparation with respect to suited localities and observational periods, which
is based on historical data, current seasonal developments and short-term forecasts during the entire measuring campaign
period. High flexibility and foresighted planning with regard to measurement systems and available personnel are prerequisites,
including the setup of appropriate observation sites, installation of the measuring systems, and provision of fast and reliable
data transmission to control and synchronize the ongoing measurements. This desired flexibility guided the design of MOSES
with modular deployable measuring systems to cover the challenge of cross-compartmental process monitoring (Weber et al.,

2022).

Here we present the design of the MOSES mobile research facility for investigations along the hydro-meteorological event
chain from HPE to floods, and the first implementation of our observation strategy in the Mueglitz river basin (210 km?), a
headwater catchment of the Elbe in the Eastern Ore Mountains in 2019. By means of three examples we illustrate (i)
measurement synergies combined with model trajectories to delineate moisture variations in the atmosphere and track it back
to its sources, (ii) calibrated high resolution precipitation data for the entire catchment to understand the spatial soil moisture

patterns and runoff generation, and (iii) a new measurement system based on terrestrial gravimetry to determine changes in

3
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total water storage. The 2019 Mueglitz campaign was the first deployment of this mobile observation platform during the

MOSES implementation phase from 2017 until 2021.

2. Event Driven Observation Design

Successful event monitoring relies on both adapted and flexible observation and operation concepts as well as on the
technological development of mobile scientific field equipment. Our observing strategies for event-driven field campaigns are
based on experience in trans-disciplinary long-term environmental monitoring such as TERENO (Zacharias et al., 2011)
overlapping different compartments (atmosphere, geosphere, aquatic systems and biota) as well as on research activities that
included short-term field campaigns with accompanying model studies e.g., HyMeX (Drobinski et al., 2014), DESERVE
(Kottmeier et. al., 2016) or COPS (Kottmeier et al., 2008, Wulfmeyer et al., 2011).

For the MOSES research infrastructure, three different deployment concepts adapted to the event type in focus have been
developed: 1) Long-term planning campaigns are required for remote and highly international observation activities. II)
Medium-term planning campaigns with about one year preparation time are most suitable to set up targeted weather extremes
campaigns in the European Union. III) Ad-hoc campaigns with a lead time of a few days to hours have been developed to
directly capture an event as it passes through the study area. The investigation of Heavy Precipitation Events (HPE) in the

Mueglitz river basin was based on concept II in combination with III.

Such investigation of hydro-meteorological extremes provides unique opportunities to study the deflection and resilience
behavior of the hydrological processes and the water balance of an entire catchment, as well as associated hydrological risks
(Bloschl et al., 2013; Kreibich et al., 2017). For a holistic approach aiming at the understanding of hydro-meteorological
events, the identification of links between meteorological events, processes related to land-surface / atmosphere interaction in
terms of moisture and energy fluxes, and subsurface storage mechanisms have to be taken into account (Fig. 1). This requires

a cross-compartmental and multi-disciplinary research strategy, such as provided by MOSES.
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Figure 1: Schematic overview of the water balance components, involved processes and related variables and observation systems.

2.1 Observation strategies for heavy precipitation and flood events

Flood events have forecast periods of a few days when they are related to large-scale atmospheric low-pressure systems and
only a few hours when they are generated by local-scale deep convective HPE. In general, these convective HPE have a
dedicated seasonal occurrence (see section 3.2). Therefore, the best way to address the observational challenges is to combine
the organizational monitoring approaches of medium-term planning campaigns covering the period of highest occurrence,
which was May - July/August in the case of the Mueglitz catchment, with ad-hoc campaign components when HPE were

approached:

(1) The medium-term planning campaign concept covered the observation period from May until August 2019 as a fully-
equipped campaign with highest performance in terms of data acquisition. The full range of equipment including large and
less mobile measurement facilities such as the KITcube observatory (Kalthoff et al., 2013) or the gPhone solar cube (see
section 3.5) were deployed. After comprehensive pre-site surveys beforehand, the equipment was installed as a temporary,

distributed observatory in the Mueglitz catchment for an extended observation period (EOP) of four months during the main
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event season. Permanent, mostly automatic or remote-controlled monitoring of a set of pre-defined environmental parameters
was conducted and data was processed and transferred in near real time according to defined procedures. During daily
briefings, the campaign team on duty analyzed the current weather forecast for upcoming HPE, which were then specifically
investigated by ad-hoc intensive operation phases (IOP). A decision matrix merges forecasted precipitation type and amount,
it’s probability and the overall suitability of the weather situation for the expected event (Tab. 1). Together with information
on the equipment’s status and the availability of staff and accommodation, the decision to announce, continue or finish an [OP
was taken by noon each day and immediately made available by email and messenger services. During an IOP all instruments
are activated at the main site but also in a wider surrounding in order to conduct pre-defined coordinated measurements with
highest resolution according to the anticipated development. Additional staff is sent out to perform, on site, manually controlled

measurements such as radiosoundings.

(2) The above mentioned IOPs correspond to the ad-hoc campaign concept, which uses the most mobile and flexible devices
for rapid operation (e.g. autonomous mobile meteorological stations, roving Cosmic Ray Neutron Sensing (CRNS), discharge
measurements, field gravimeters). The equipment and staff thereby had to be on standby and ready to start the mobile
measurements in an event case with short lead time, providing short-term event data. For this purpose, potential time frames
and target regions suitable for operation were pre-defined. During the Mueglitz campaign of 2019, the observational periods

and regions for (1) and (2) were identical, but single ad-hoc campaigns can also be performed independently.

Based on the two monitoring options described above, all components of the instrumentation were evaluated in terms of their
suitability for event-driven monitoring and their operating expense. This information is summarized in Table 2. In particular,

the personnel and time requirements as well as the mobility of the devices are crucial for campaign planning.

Table 1: Decision matrix to judge the weather situation up to 96 hours in advance for possible HPE and IOP suitability. For a
fictitious weather development, the matrix shows the forecasted precipitation type and amount and it’s expected flood impact for
the selected catchment. Color codes according to predefined threshold values indicate the alert status from green (no or less
precipitation expected / unsuitable for IOP run) to red (HPE and flooding most likely / ideal IOP case). According to the matrix
scheme, decisions concerning IOP performance become clear and easily available for all involved campaign teams.

Day today +24 ... +48 h +48 ... +72 h +72...496 h

Large-scale, stratiform

Precipitation

Local-scale, convective 5...30 mm _—
Flood impact low medium low
Forecast quality medium high
Suitability for IOP possible

=)}
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2.2 Observation Methods

To determine the water balance components according to Fig. 1 microwave radiometers, Doppler lidar and radio soundings
provide information on the state of the atmosphere as well as changes in water vapor distribution and content, temperature and
wind profiles from the surface over the planetary boundary layer up into the lower stratosphere. High resolution precipitation
intensity and areal distribution is derived from X-Band radar measurements which are calibrated by optical disdrometers and

institutional rain gauges network data.

Land surface processes like the surface runoff variability is determined by level measurements and stream gauges in the main
river and its tributaries. The evapotranspiration is quantified using energy balance stations according to Mauder and Foken
(2011). Soil moisture variability indicates the shallow storage processes and is determined on a larger scale by roving CRNS

and on local scale by stationary CRNS, and in situ soil moisture sensor networks.

The determination of variations in subsurface storage term can be derived by non-invasive geophysical methods, among which

terrestrial gravimetry can provide integrative information on the total subsurface storage variations.

Table 2: Methods as part of the HPE observation strategy from rainfall formation to flood generation. The time required for pre-
event site selections is not included in the installation effort.

Installa-
Compart-

Target variable Resolution tion Mobility

ment effort

medium...low,

mounted on a
2 trailer with
persons, internal

Pr.e CIPItaFlon Mobile 0w f L 100 km 1 day generator,
(distribution, volume scan . ) .
: . X-Band radar range requires installation on
intensity) every 300 s .
free seatainer stack
visibility with
Atmo- grid power
spheric preferable
processes Ffrempl‘tatlon Optical fow . [ medium, stapd-
(intensity, drop . 20cm, 15s alone operation
. distrometer meters 1 hour L
size) in field
Atmospheric medium, best
P Altitude with KITcube
state . 50 ... 500 m 2 .
Microwave . range base camp grid
(p, T, water . vertical, persons,
radiometer 2m..10 power needed,
vapor, ozone, 15s 0.5 day L
km liquid nitrogen
cloud base

for calibration
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Land
surface
processes

height,  liquid
water path)

Wind profiles

Energy balance

(p, T, wind
speed and
direction,
shortwave and
longwave
radiation
budget, precipit
ation, soil
moisture,  soil
temperature,
surface
temperature,

turbulent fluxes)

Soil moisture

Surface runoff

Radio-
sounding

Doppler lidar

Energy
balance
station

Soil moisture
wireless
sensor
network

Cosmic ray
station

Cosmic ray
rovering

Level logger

5 m vertical,
1h

25m
vertical,
155

10 min resp.
30 min

0.1 m,
minutes

200 m,
hourly

100 m,
minutes

0.05 m,
seconds ...
minutes

Altitude
range
20 m
>20 km

Altitude
range
50...3175
m

400 m

1m

footprint
radius 200
m

footprint
radius 200
m, spatial
extent
several 10
km

several
100 m

Hydrology and
Earth System

2
persons,
0.5 day

2
persons,
0.5 day

2
persons,
0.5 day

1 person,
2 hours
per node
(depen-
ding on
subsur-
face con-
ditions)

1 person,
2 hours

1 person
per
monito-
ring day

1 person,
1 day

Sciences

Discussions

medium,
requires a base
camp (KITcube)
with helium
storage for
balloon filling

medium,
requires grid
power or daily
generator
refuelling

medium, stand-
alone operation,
need
prerequisites of
the installation
site

medium,
standing time
after installation
in soil required,
stationary
operation after
standing time

medium, station
ary operation
after installation

high, system is
installed on all-
terrain vehicle

medium,
requires
sufficient
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riverbed
properties to
fasten the data
loggers and river
bank accessibility

Total Terrestrial 5 low, solar cube
subsurface gravimetry: 100 m, (container)
. . 100 m persons, .
water storage time- minutes deployment in
.. . 2 days )
variations continuous field
Subsurface . footprint
Terrestrial .
Processes  BRI7!| ) depending 100 m, 1 person
gravimetry: ) . . .
subsurface time-lanse on density spatial per high, field
water storage P of network extent monito- vehicle
. L. network . .
variations points, 1 day several 10 ring day
survey

km

An overview of all applied methods, instrument types deployed and their characteristic requirements concerning their
application for event observations is listed in Table 2, from which the following methods are of key importance for our

observation concept:

Balloon sounding

Standard radiosoundings using Vaisala RS41-SGP and GRAW DFM-09 sondes provide in situ measured vertical profiles of
temperature, pressure, humidity and winds up to 20 km altitude. The measurement data is transmitted via radio connection to
the ground station. Both sonde types provide high quality measurements, correspond to the Global Climate Observing System
(GCOS) Reference Upper-Air Network (GRUAN) standards and are evaluated by the World Meteorological Organization
(WMO) radiosonde intercomparison (WMO, 2011) in case of the DFM-09, or individually for the new RS41 (Khordakova et
al., 2021, Rosoldi et al., 2021, Jing et al., 2021). In addition to the standard radiosondes, larger balloons with enhanced
instrumentation were launched in order to measure tropospheric moist air mass transport into the dry lower stratosphere by
overshooting convection. This instrumentation consists of an electrochemical concentration cell (ECC) ozone sonde (Smit et
al., 2007), and a cryogenic frost point hygrometer (CFH; Vomel et al., 2007; 2016). The CFH is well suited for measuring low
water vapor concentrations prevailing in the upper troposphere and lower stratosphere where standard radiosondes are less
accurate. Beside these trace gas instruments, aerosol and cloud particles are measured with the backscatter sonde COBALD
(Brabec et al., 2012). Overshooting convection was observed in IOP4 during the 2019 Mueglitz campaign with this
instrumentation and analyzed by Khordakova et al. (2022).
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Microwave Radiometer

A scanning microwave radiometer RPG HATPRO-G4 (Humidity And Temperature PROfiler) measured continuously the
atmospheric emissions of liquid water, water vapor and oxygen. The measurements were carried out at 14 frequencies in two
frequency bands, the K-Band ranging from 22.24 to 31.40 GHz, and V-Band from 51.26 to 58.00 GHz. Using a retrieval
algorithm provided by the University of Cologne (Crewell and Lohnert, 2003; Lohnert et al., 2009) humidity profiles,
integrated water vapor (IWV) and liquid water path (LWP) were obtained from the measured emission in the K-Band, whereas

temperature profiles are retrieved from the V-Band.
Doppler lidar

Continuous wind profiles covering the boundary layer including sufficient aerosols serving as scatterers are measured by a
Leosphere scanning Windcube WLS200s. The system uses invisible eye-safe laser pulses of 1.54 um which are directed in the
upper hemisphere by a two-axis scanner. Assuming that the scatterers have negligible fall speed the instrument measures radial
(along beam) wind velocity for 126 range gates of 25 m length. Applying the Doppler beam swinging (DBS) technique
(Lundquist et al., 2015) in a 5 point stop and stare scan at 75 deg. elevation wind profiles are derived from 50 to 3175 m

altitude with a so-called display resolution of 25 m every 15 s.
Rain radar

Area-wide precipitation is determined by an X-Band radar (Meteor50DX, Leonardo, Neuss). Radar is able to cover large areas
(even volumes) at high resolution without leaving gaps, but the physically measured value is reflectivity and not rain intensity.
The latter is derived by a rule of thumb, the so-called Z/R-relation Z=aR® with reflectivity Z in mm® m=, R rain intensity in
mm h'! (Sauvageot, 1994).

Only a multi-step procedure is able to deliver the required reliable precipitation intensities. In a first step, interfering signals
are removed by a fuzzy logic algorithm which relies on measured values of reflectivity, radial velocity, differential reflectivity
as well as the texture of the polarimetric measures differential reflectivity, copolar correlation coefficient, and differential
phase (Krause, 2016). Then the attenuation caused by precipitation is corrected by the ZPHI algorithm (Testud et al., 2000).
This algorithm relies on differential reflectivity as a measure for the total attenuation along a radar beam. It then "distributes"
the attenuation according to reflectivity. The third step then corrects for the additional attenuation caused by rain on the radome
by a simple, linear approach, assuming the (logarithmic) attenuation A (in dB) to be linearly dependent on the rain rate R (in
mm h'!), measured by the collocated Parsivel disdrometer (see below): A=0.17*R. After these corrections a final calibration
is applied. Since the absolute calibration of a radar is difficult and for a mobile device it is even more difficult, the total

precipitation amount determined by the radar after steps 1 to 3 is therefore compared to the in situ rain measurements of the

10
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rain gauge network operated by German Weather Service (DWD). Based on 45 stations in the Mueglitz area a single
calibration factor of 1.5 dB was calculated and applied for all measurements within this campaign.
The rain intensity is then derived using the lowest, undisturbed measurement (based on a digital elevation model) of the radar

volume scan.
Disdrometer

In contrast to rain gauges which only measure precipitation intensities, disdrometers are able to determine the size of individual
precipitation particles. The applied optical disdrometer "Parsivel" (PARticle Slze and VElocity, Loffler-Mang and Joss, 2000)
additionally determines the sedimentation velocity of each particle. The detection is based on a horizontal laser band of 28 mm
width and 1 mm height. The measurement area is 50 cm? between a laser diode with beam forming optics on the sending, and
focusing optics on the detector side.

Each hydrometeor (water droplet, snow or ice particle) falling through the laser band causes an attenuation of the received
signal. The particle size is determined by the maximum attenuation and the particle fall velocity by the duration of attenuation.
This allows the device to detect the hydrometeor type, apply a typical density and calculate the water equivalent precipitation
rate.

Hydrometeors detected during a preset measuring interval (15 s) are aggregated in 32 size and 32 velocity classes resulting in
a 2D frequency distribution. For evaluation purposes, drop size distribution should contain a minimum of 100 drops

(Handwerker and Straub, 2011). To this end, measurements are aggregated for 60 s or longer periods.
Energy Balance Station

The energy balance station is a multi-device platform that provides in situ measurements of standard meteorological variables
like air temperature, surface temperature, relative humidity, air pressure, wind speed, wind direction and precipitation enhanced
by soil moisture and soil temperature profiles. Soil moisture was measured with devices based on Frequency Domain
Reflectometry (FDR) and were installed horizontally in four depths. Sensor probes and installation configurations are
comparable to the setup of the soil moisture sensor network (next paragraph).

Additionally, the short wave and long wave components of the radiation budget are measured. Standard variables and radiation
components are sampled with 1 Hz, the data is then aggregated to 10 min means.

To obtain the energy balance near the surface the fluctuations of air temperature and absolute humidity are measured with a
sonic anemometer and a fast open path H:O/CO: gas analyzer (LICOR 7500) at a sampling frequency of 20 Hz. From the
measurements the turbulent fluxes of latent and sensible heat are derived as 30 min averages using the eddy covariance method.
The soil heat flux is measured with soil heat flux plates. Detailed information about the instruments can be found in Kalthoff

etal., 2013.

11
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Mesoscale soil moisture monitoring

The mesoscale soil moisture monitoring was done with an in situ wireless sensor network (WSN) using soil moisture probes
(Frequency Domain Reflectometry FDR sensors,) installed in different soil horizons and the CRNS. The in situ system is
based on an indirect measurement of soil moisture using the relationship between measured dielectric permittivity and liquid
soil water content and includes standard SMT100 probes (Truebner GmbH, Neustadt, Germany, Bogena et al., 2017). The
measuring principle and calibration procedure correspond to the explanations of Fersch et al. (2020). The soil moisture values
in m* m were derived from the measured permittivity values using the empirical transfer function of Topp et al. (1980). The
integration depth of CRNS monitoring covers about the uppermost 0.3 m of the soil (Schron et al., 2017).

The CRNS as an emerging technology was applied to close the scaling gap between in situ point measurements and satellite-
derived remote sensing data products (e.g., from SMOS, SMAP sensors, Andreasen et al., 2017). CRNS estimates the area-
average water content by counting the cosmic ray neutrons in the air with a horizontal footprint of hundreds of meters and a
vertical footprint of tens of centimeters in the soil (Kohli et al., 2015). There are two deployment modes investigating the
above-ground neutron flux: (1) a stationary installation of CRNS detectors to obtain time series of temporal soil moisture
variability in the footprint area (Zreda et al., 2012, Schron et al., 2018(b)) and (2) the operation as CRNS rover based on the
detector installation on an all-terrain vehicle (ATV) to acquire the spatial soil moisture distribution on a larger scale (McJannet

etal., 2017, Schron et al., 2018(a), Vather et al., 2019, Schron et al., 2021).
Terrestrial gravimetry

For the monitoring of water storage changes in the sub-surface at depths larger than what is accessible by the soil moisture
sensor networks and CRNS, we include the method of terrestrial gravimetry in our monitoring setup. The details of the

measurement principles and the network design are specified in Subsection 3.5.
Discharge measurement

LTC (Level-Temperature-Conductivity) data loggers (Solinst Canada Ltd., Georgetown, ON, Canada, Toran, 2016) are small
waterproof devices recording water level, temperature, and conductivity with 5-minute temporal resolution (Hannemann et al,
2022). These low-cost loggers have been installed to monitor the surface water dynamics in 5 small streams that drain sub-
catchments around the main site, close to their confluence with a higher-order stream (Fig. 3). Level measurements were
corrected by air pressure by using a baro-logger (Solinst Canada Ltd., Georgetown, ON, Canada) which logs changes in
atmospheric pressure and temperature. The records of the electric conductivity channel were used to remove periods of data
logger exposure to air from the derived dataset. Discharge time series are obtained from the water level time series by applying
the Manning formula (Manning, 1890) on each channel profile using manual discharge measurements to calibrate Manning’s

Roughness Coefficient.
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Figure 2 gives an overview of the different data processing and interpretation workflows. The interdisciplinary approach helps
to combine and jointly analyze the different strands of the event chain and consistently links the meteorological events (HPE)
with the hydrological impacts such as soil moisture response, runoff development on an entire catchment system. A detailed

discussion of examples of such data streams will be considered in the following section.
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Figure 2: Chart of the interdisciplinary data processing and analysis workflow to link HPE with the impact processes in a catchment
system considering the different terms of the water balance. The runoff is the target value with regard to floods.
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3. Implementation and first case study: Mueglitz catchment 2019
31 Measurement Area

The Mueglitz river has its source at 905 m amsl on the Ore mountains ridge at the border to the Czech Republic and discharges
into the Elbe in Heidenau at approx. 110 m amsl (Fig. 3). The river has a total length of about 49 km with a catchment size of
210 km?. The catchment area consists of narrow, populated valleys that have only a few natural retention areas. More than half
of the total area is used for agriculture, with a grassland proportion that is slightly higher than the arable land. The forest
percentage share of 36% is concentrated on the unfavorable locations such as steep valley slopes. Paragneisses largely
dominate the geological structure in the high altitudes with striking basalt domes, such as the Geisingberg (832 m amsl).
Geomorphologically, wide-stretched rolling plateaus dominate the area intersected by narrow V-shaped and narrow U-shaped
valleys (Gerber, 2008). It is reported that due to heavy precipitation events from 1609-2020, 18 severe flood disasters happened
(Walther & Pohl, 2004). In 1897, 1927, 1957, and 2002 several flood events occurred due to extreme precipitation with more
than 150 mm within a few hours with catastrophic dimensions. In August 2002, heavy precipitation with more than 300 mm
precipitation within 24 hours (Ulbrich et al., 2003) was recorded. At that time, this extreme amount was the highest daily
precipitation volume ever measured in Germany (DWD, 2020). The storage capacity of the soil was reached and more than
50% of the precipitation resulted in runoff, leading to a peak discharge of about 400 m? s! at the most downstream gauging
station in Dohna (Fig. 3), compared to a mean discharge of 2.5 m® s!. A resulting dam break caused a flash flood with massive
destruction of the infrastructures along the entire Mueglitz catchment.

The main site of this HPE monitoring campaign with the KITcube (564 m amsl) and the gPhone Solar Cube (568 m amsl) is
located about five kilometers southeast of the small town Glashuette on a plateau to the east of the Mueglitz valley. The
surroundings of the site are predominantly used for intensive agriculture. The terrain descends by approximately 20 m to the
east, west, and south. The soil is mainly brown soil (BBn) and Gley-Pseudogley (GG-SS) in the northeastern plateau. Near-
surface geophysical data (EMI, Gamma-ray) taken in 2020 show a nearly homogeneous distribution of physical soil
characteristics in the upper layers around the main site. The aquifer is located in metamorphic solid rock, and the groundwater
level is deeper than 6 m. The remote sensing devices of the KITcube were installed close to a wind turbine site. To ensure the
representativeness of the near surface measurements, the in situ devices were placed in a corn field approx. 80 m west (upwind).
The installation was done right after sowing and the corn reached the blossom phase in July during the teardown. An additional

site, equipped with an energy balance station and a Parsivel was located near the mountain crest at Zinnwald (877 m amsl).
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330 Figure 3: Geographical location of the study area and monitoring points in the Mueglitz catchment. The upper-left plot visualizes
the location of the Mueglitz catchment within Central Europe. Field gravimeter sites (red hexagons) and rover tracks with CRNS
sensors (dashed lines) were operated during selected IOPs only. Abbreviations: EB: Energy Balance; WSN: Wireless Soil moisture
Network; LTC Level-Temperature-Conductivity; CRNS: Cosmic Ray Neutron Sensing. Base map sources: Esri, CGIAR,
USGS|GeiSN, GUGGIK, HERE, Garmin, FAO, METI/NASA, USGS.

335

15



340

345

350

355

360

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

3.2 Weather situations

Weather situations leading to HPE in the Mueglitz area are typically related to two different prevailing weather regimes.
Firstly, cyclones on the so-called Vb track defined by Van Bebber (Koppen, 1881, Messmer et al, 2015), which mainly occur
in late spring or early summer. During a Vb situation, a low-pressure system propagates northwards from the Mediterranean
over the Adriatic Sea and mainly influences the eastern part of Europe. It transports moist air from the Mediterranean Sea to
the north, leading to heavy rainfall over large parts of Eastern Europe, especially over mountainous regions. Severe floods
such as at the Elbe in 2002 and 2013 or the Oder in 1997 were caused by Vb cyclones as well as the above-mentioned flood
disasters at the Mueglitz where 2002, intensified by embedded convection, the precipitation rate reached 300 mm within one
day.

A second mechanism causing hydrological extremes is heavy rainfall associated with convective systems. Convective rain
often occurs as a result of isolated deep convective cells of limited areal extent or as organized cell systems along a frontal
zone or convergence line. Due to their local character, these events can cause flooding of tributaries rather than flooding on
the larger scale of river basins.

During the 2019 campaign no severe floods were observed neither at the Elbe nor at the Mueglitz and its tributaries. On the
contrary, the three summer months in the year 2019 were all drier than the multi-year summer averages. Especially in June
and July, Saxony received only two thirds of the precipitation compared to the international reference period of 1961-1990
(DWD, 2020). A total of 6 IOPs (Table 3) were conducted during various convective events. The runoff coefficients of all
IOPs at the outlet of the Mueglitz catchment were very small, with a maximum of 0.05 for IOP4. Nevertheless, the IOPs
allowed real world testing of the new instruments deployed, interdisciplinary cooperation, near real time (NRT) data exchange,
as well as optimization of campaign conduction procedures and logistics. Due to the test character of the campaign, not all
measuring devices were available continuously or at least during all IOPs, therefore their benefits were demonstrated along

three examples within the period from 10 June to 16 July, with a specific focus on the IOPs 4 to 6.

Table 3: Overview of IOPs during the MOSES 2019 Mueglitz campaign. Event types are stationary low-pressure systems with
stratiform precipitation (SP), organized large scale convective systems (LCS), local scale isolated deep convection (IDC).
Precipitation is averaged over the entire Mueglitz catchment (210 km?). P indicates the total over the IOP, Pimax the maximum
intensity detected during the IOP. Qmax is the maximum 15 min average flow rate observed during the IOP at the Mueglitz gauging
station Dohna.

10P Start End Event types P, Pimax Qmax (Dohna) Runoff
coefficient
1 19 May 17:00 | 22May20:00 | LCS+SP 13.0 mm 1.49 m’ s 0.02
: : 4.2 mmh'! : :
2 | 27May18:00 | 28May21:00 | IDC+SP 9.9mm - et 0.01
1.3 mmh

16



https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

3.1 | 04June 07:00 | 05 June 00:00 IDC Ogin‘;ln“;l_l 0.89 m’s’! 0.00
32 | 06June00:00 | 07 June 17:00 | IDC +LCS 91(5)‘; 2“&1 1.00 m®s™! 0.01
33.3 mm 3
4 10 June 20:00 13 June 12:00 LCS 259 mm h'! 513m’s 0.05
5 19 June 08:00 | 21 June 10:00 | IDC+LCS 1;20'3m‘?nn;1_1 1.00 m* 5! 0.00
18.7 mm 3 -1
6 11 July 08:00 15 July 18:00 SP +LCS L | 0.6l m's 0.01
L 1 L 1 L 1 1 1 1 L 1 L 1 L 1 Inl 1 L 1 L 1 L 1 1 1 1 L 1 L 1 L L 1 1 60
()] 30 1 ||~ ” *_I.C
c 1 £
o 257 { i n fU| }| 40 E
2 il (Wl ﬂ no| f =
20471110 N, ' 2
@ | [ || \ Il | ’ ©
Ol AR LY I €
8 | | A y S
10 J \ ( H H(‘H i
Lluip'um 9
() 10.06. 14.06. 18.06. 2206 26.06. 30.06. 0407. 0807. 1207. 16.07.
Date
360 9
o
Lo &
£
- 180 &
©
o
Lo 5
-
=
o =
10.06. 14.06. 18.06. 22.06. 26.06. 30.06. 04.07. 08.07. 12.07. 16.07.
(b)

365 Date

Figure 4: Near surface measurements of meteorological variables at the main site from IOP4 to IOP6. Gray areas indicate the IOPs.
The upper panel (a) shows air temperature (solid red line) and rain rate (solid blue line), the lower panel (b) gives the course of
specific humidity (solid green line) and wind direction (black markers) in the given time period.

The weather in spring and early summer 2019 was characterized by dry and warm conditions. In Saxony, June was 5.3 K (20.9

370 °C)and July 1.8 K (19 °C) warmer than the long-term average of the 1961-1990 reference period. At the same time, June with
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44.3 mm (58.0%) and July with 46.7 mm (67.8%) saw significantly less precipitation than the reference period. Embedded in
this warm and dry period (DWD, 2020) convective events occurred, triggered and marked the selected IOPs.

10P4

IOP4 started on 10 June with the inflow of warm and moist air into eastern Germany, indicated by high values of specific
humidity (approx. 12 g kg!) in combination with southerly winds (Fig. 4). Temperatures rose to values close to 30 °C (Fig.
4). A shallow low-pressure system formed in an unstable stratified subtropical airmass, triggering showers and thunderstorms
in the afternoon. A line of thunderstorms reached the Mueglitz catchment at about 20:00 UTC and moved slowly further east.
Zinnwald reported 35.6 mm of precipitation between 21:00 and 22:00 UTC. After 22:00 UTC the thunderstorm activity
declined, however, light to moderate rain continued until 01:00 UTC. In total, between 20 and 50 mm of rain fell in the entire

catchment area of the Mueglitz on this day. The main site received 31.8 mm (Fig. 4).

On 11 June the investigation area remained in a warm and moist airmass, but the main thunderstorm activity occurred over

north-western Saxony. Only in the estuary of the Mueglitz some rain of 5 to 15 mm was observed.

Another line of thunderstorms (convergence line) quickly crossed the Mueglitz area between 15:30 and 16:00 UTC the next
day (12 June). The precipitation amounts remained moderate with 10 to 20 mm along the Mueglitz. While the main site
registered only 4.6 mm rain, the site of the German Weather Service at Dippoldiswalde-Reinberg, just a few kilometers to the

northwest of Glashuette, reported 31.8 mm.

Due to the dry weather conditions in the preceding weeks, low flow conditions prevailed in the Mueglitz river at the onset of
I0P4, characterized by a discharge of 0.61 m?® s™! at the gauging station Dohna. The maximum discharge of 5.13 m? s™! was
reached on 11 June at about 04:00 UTC, i.e., about 6 hours after the maximum thunderstorm activity in the catchment area.

The second major line of thunderstorms on 12 June caused a secondary discharge peak of 3.87 m? s at 20:00 UTC on 12 June.
10P5

On 19 June subtropical air masses again made themselves apparent in the course of the day in a few isolated thunderstorms
over Saxony. The subtropical character of the air mass is again indicated by a high specific humidity (>10 g kg!) and a
southerly wind direction (Fig. 4). The Mueglitz area remained free of thunderstorms until the next morning. 20 June started as
a warm and humid day (Minimum temperature 17.9 °C and 10 g kg!, Fig. 4). First rain showers occurred early. Between 05:30
and 08:00 UTC light and scattered precipitation was observed in the investigation area, hardly exceeding more than 1 mm.
During the day, thunderstorm activity increased rapidly and the first strong thunderstorm formed on the Czech side south of
the main ridge of the Ore Mountains around 11:00 UTC. This thunderstorm complex intensified rapidly and moved in a
northeasterly direction. It reached the headwaters and the upper Mueglitz at about 12:00 UTC. At its edge, the complex

triggered new thunderstorms and a line of thunderstorms crossed the entire investigation area until 13:00 UTC. After a mostly
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dry afternoon, further showers and thunderstorms - albeit disorganized and not particularly strong - moved into the Mueglitz
area or developed locally. They moved rapidly eastwards, adding another few mm of rain between 19:00 and 23:00 UTC. No

significant precipitation was recorded after midnight and during the following day.

Overall, the maximum precipitation amount in the Mueglitz catchment during IOP5 was reached at the Zinnwald site with
22.5 mm, whereas for the largest part of the catchment less than 10 mm were observed (Fig. 7). The main site received only
3.3 mm (Fig. 4).

At the onset of IOPS, the discharge at the Mueglitz catchment outlet (gauging station Dohna) again fell back to baseflow
conditions similar to those before IOP4, i.e., a discharge of 0.61 m? s'!. The overall low amounts of precipitation during IOP5

caused only a minor increase in river discharge, with a plateau value of 1 m* s™! on 21 June from about 04:00 to 07:00 UTC.
1I0P6

During the night of 11/12 July, a warm front brought warm and humid air to Saxony (Fig. 4). At 22:00 UTC, light to moderate
rain began to fall in western Saxony. As it spread eastwards, the rain covered the entire catchment of the Mueglitz. The
precipitation continued until 06:00 UTC with total amounts between 5 and 15 mm (main site 7.6 mm, Fig. 4), and around 20
mm near the Elbe. On 12 July the precipitation line moved eastwards with the warm front, while at the same time a secondary
trough aloft increased the precipitation activity. Convergence lines formed in the humid, moderately warm air, along which

heavy showers and thunderstorms developed.

However, the precipitation activity remained low in the Mueglitz area where scattered showers formed between 10:00 and
12:00 UTC. Between 17:30 and 18:00 UTC the lower reaches of the Mueglitz received some rain and also some rain was
observed near the Ore Mountains ridge between 00:00 and 01:00 UTC on 13 July. Between 04:30 and 06:00 a few rain showers

moved across the Mueglitz area from the north bringing light rain.

A northwesterly flow with moist and unstable stratified maritime air prevailed during 13 July. Further rain showers crossed
the Mueglitz area between 08:30 and 10:00 UTC with very light rain. Coming from northerly directions, a more extensive rain
area with embedded thunderstorms reached the Mueglitz catchment at 15:00 UTC. The heaviest rain occurred around 16:00
UTC, followed by two more hours of rain with decreasing intensity until 18:00 UTC. No more significant precipitation was

recorded during the night and until the end of IOP6 in the morning of 14 July.

Between the morning of 13 and the morning of 14 July 2019, rainfall occurred across the investigation area, ranging from 5 to

15 mm in 24 hours, with only small areas receiving around 20 mm (station network) and up to 40 mm (radar observations).
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Due to the warm conditions without precipitation since the end of IOPS, the hydrological state of the Mueglitz catchment
further became drier, characterized by a discharge of 0.22 m? s”! at Dohna at the onset of IOP6. This discharge is close to the
long-term mean minimum low flow (MNQ) at this gauging station. The precipitation activities during IOP6 caused only a

minor increase in catchment runoff, with a maximum discharge of 0.61 m* s! on 14 July 08:00 UTC.

3.3. Atmospheric Moisture

Atmospheric moisture including clouds and precipitation is the main contributor to the water cycle locally. During the
campaign we operated radiosondes and a profiling radiometer to measure the temporal evolution of the local vertical water
vapor distribution in the atmosphere. However, moist air masses originate typically from far range advection of water vapor
and clouds into the observational area. Therefore, it is necessary to combine the local observations with a large-scale
meteorological model to understand the origin of advected air masses and the contribution of different source regions. In this
section, we describe such an approach by comparing first the model to the local measurements in order to approve its correct
representation of the observed meteorological situation. Secondly, the model can then be used as a diagnostic tool to examine
the origin of advected moisture.

The temporal evolution of water vapor anomaly relative to the mean water vapor profile measured by irregular balloon
soundings is shown in Fig. 5 (left panel). The reddish colors between 19 June 2019 09:00 UTC and 20 June 2019 12:00 UTC
reveal rather dry air masses (up to -30% dryer than the mean profile) up to an altitude of 2 km and partly up to 5 km. Only
above 5 km and up to the tropopause, air masses are moister up to 40%. With the passage of the thunderstorm front at ground
(20 June 2019 12:00 UTC) moister air masses, up to an altitude of ~5 km are advected into the observation area (up to 50%
moister than the mean). In the upper troposphere above 5 km aforementioned moist air masses are first replaced by very dry
air masses (-50 to -60% dryer than the mean profile) around 20 June 2019 12:00 UTC and followed again by moist air masses
with enhancements of up to 50%. This moist signature reaches altitudes of up to 11.5 km at 20 June 2019 around 21:00 UTC
and this varies close to the lapse rate tropopause at around 12 km. Additionally, the integrated water vapor (IWV) time series
reveals the same variability and constitutes a good proxy to check whether the model is representative for the moisture
distribution in the atmosphere. While the radiosondes provide atmospheric profiles at specific times (dashed vertical lines in
Fig. 5) during the IOP, the radiometer enables a continuous observation of the IWV. Small data gaps visible during times with
precipitation and shortly thereafter are the result of raindrops remaining on the instrument's radome and disturbing the
measurement, which is normal behavior for this type of instrument. The agreement between radiosondes and radiometer during
times where radiosoundings are available is really good, which underlines the consistency of the in situ and passive remote
sensing measurements. Even the agreement between ECMWF ERAS and the observation is remarkably good although some
periods with larger differences (19 June 2019 16:00 UTC until 21:00 UTC, and 20 June 2019 02:00 UTC until 04:00 UTC)

are discernible. Nevertheless, the general increase in IWV which is connected to the thunderstorm passage is well represented
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in the data. In addition, cloud signatures within the ERAS model (contour lines in Fig. 5) coincide directly with the observed
moist anomalies, which further confirms the good representation of the meteorological situation in ERAS and allow the usage
of model data for further interpretation. The rather good agreement of cloud signatures between radiometer and ERAS can also
be seen by the liquid water path (LWP). In time intervals where the radiometer measure clouds (i.e. LWP above IWV) the

model also simulates clouds.

Backward trajectories based on ERAS are calculated 72 hours back in time starting every 30 minutes and every 100 m from
the ground to 5000 m altitude at the Mueglitz catchment on a 0.05° x 0.05° latitude/longitude grid to investigate the moist air
mass origin. The trajectories contain information about the horizontal and vertical advection and reveal regions with enhanced
moisture uptake or release in the ERAS model. For further analysis only those trajectories which reveal a moisture anomaly
with relative humidities larger than 80% during the respective IOP were selected. During IOP5 humid air masses originated
directly from the Atlantic Ocean with IWV values of more than 35 mm and were advected from south-west into the Mueglitz
catchment as has been depicted in Fig. 6a. The mean cumulative water uptake along the airmass trajectories reveal overall
drying with IWV values of up to -1 mm with some exception west of Portugal and north of the Pyrenees where air masses take
up IWV with values of +0.5 mm. It has to be noted that the cumulative and local moisture uptake along trajectories exhibits
smaller values than expected just from the difference between IWV of 35 mm over the Atlantic Ocean and observed IWV of
25-30 mm in the Mueglitz catchment during IOP5. This is mainly due to the divergence of air masses during advection and
one would come to the expected values if all values of the entire map in Fig. 6 were summed up. The local moisture
uptake/release within 30 minutes time intervals over central Europe during IOPS5 can be seen in Fig. 6¢. It is consistent with
the cumulative IWV change that the maximum IWYV release (-0.12 mm) is higher than the uptake (+0.08 mm) per 0.25° x
0.25° grid box. Still significant moisture uptake can be found over central France and southern Germany, while a strong IWV
release signature connected with the precipitation observed during IOP5 can be found south-west of the Mueglitz catchment.
The situation during IOP6 is more complex than during IOPS5 (see Fig. 6b). While the moistest air masses can still be found
over the Atlantic Ocean and reveal considerable cumulative drying of up to -1 mm during the easterly transport to the Mueglitz
catchment, persistent moisture uptake can be found within air masses advected over central Great Britain, the North Sea to
north and central Germany, whereas air masses advected from the central North Sea show general drying. The local moisture
uptake in Fig. 6d exhibits an alternating pattern of moisture uptake and release regions over central Germany with maximum
values of +/- 0.2 mm per 30 minutes and grid cell. This pattern can be attributed to precipitation and subsequent
evapotranspiration of moisture due to two consecutive main precipitation events during IOP6 on 11-12 July 23:00-06:00 UTC
and on 13 July 15:00-18:00 UTC. In general, the larger local moisture uptake values in comparison to IOP5 are in agreement
with the higher amount of precipitation observed during IOP6 (Fig. 4 and Fig. 7).

This exemplary combination of different atmospheric observation techniques with an atmospheric model reveals their
advantages for a good process understanding and interpretation of the measurements. The synergy between observations and

model is necessary for all kinds of processes which either cannot be measured in the entire observational region or occur far

21



495

500

505

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
oY

away but are still relevant for the general water budget. Important to note is that a model alone would not be sufficient because

the observations are necessary to approve the model performance and reliability.
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Figure 5: Time series of measured water vapor anomaly in percent from mean water vapor profiles of radiosonde (RS), microwave
radiometer (HP), and model (ERAS) (left panel) against altitude amsl during IOPS5. Dashed vertical lines show performed balloon
soundings, the grey line marks the first lapse rate tropopause calculated from the balloon temperature measurements. Dotted,
dashed, isolines mark the cloud coverage (10, 50, and 100%) based on ECMWF ERAS data, respectively. The upper panel shows
the temporal evolution of the integrated water vapor (IWV) column. Red and orange lines show the balloon and radiometer
observations while the blue line represents IWV from interpolated ECMWF ERAS data. The green and purple lines show liquid
water path (LWP) multiplied by a factor of 10, added to the IWYV for visibility reasons and represent clouds from the radiometer
and model, respectively.
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Figure 6: Moisture uptake of air masses with relative humidity larger than 80% between ground and 5 km altitude in the observation
region during IOPS between 19 June 08:00 UTC and 21 June 08:00 UTC (a, ¢) and IOP6 between 11 July 08:00 UTC and 15 July
18:00 UTC calculated using air mass trajectories. The two upper panels (a, b) show the cumulative moisture uptake (blue) / release
(red) of air masses during transport over central Europe. Lower panels (c, d) show the local moisture uptake/release mainly over
Germany during the last approx. 12 hours before reaching the observation region. The white/black dot depicts the main
measurement site in the Mueglitz catchment.

34. Precipitation - Soil Moisture - Runoff

The analysis of HPE can be used to improve our knowledge of the links between precipitation and hydrological responses, in
particular runoff generation. Thus, calibrated event precipitation data with high resolution in time and space for an entire
catchment can provide significant insights into the small-scale variability of soil moisture and runoff, and thus the processes

that drive these patterns.
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For that purpose, the X-Band radar was installed on top of two containers at the main site. It scanned a range up to 100 km at
a repetition time of 5 minutes and a radial resolution of 300 m. Although the antenna beam width is 1.3°, measurements are
stored every degree in azimuth. Nine elevations, starting at 0.7° to 30° with increasing steps were scanned. Whereas radar
measurements provide volume filling data which allow investigation of vertical extent of precipitation, the surface rain
intensity is derived from the lowest undisturbed elevation of the radar at every location in the measuring area. Mountains in
westerly and southerly directions lead in these directions to measurements at high altitudes, partly above the altitude of
precipitation formation. This causes strong underestimation (Fig. 7, a and c). Within the Mueglitz catchment the only relevant
obstacle for radar measurements is the wind turbine in close vicinity to the radar. It leads to a blind sector in an easterly

direction from the main site in Fig. 7.

During IOPS the average amount of precipitation measured by the radar within the Mueglitz catchment came to 12.3 mm. Its
spatial and temporal distribution proved to be very inhomogeneous (Fig. 7a). While in the southeast of the catchment sums of
more than 63 mm were reached, large areas in the northern ranges received only 1 or 2 mm (Fig. 7b). More than 50% of total
precipitation was registered between 12:00 and 13:00 UTC on 20 June, and an additional 2 mm in the late evening of the same
day between 19:00 and 23:00 UTC (Fig. 8). Strong precipitation gradients both at the larger scale across the catchment (at
about 1 mm near the confluence of the Mueglitz with the Elbe River at Dresden-Heidenau and about 50 mm at the Ore
Mountain ridge) and at finer spatial scales are recognizable (Fig. 7b).

The area-average precipitation during IOP6 was slightly higher with 18.7 mm (Tab. 3). However, it did not feature the strong
spatial gradients as IOP5 but considerable fine scale inhomogeneities which, in absolute values, were stronger than during
IOP5 (albeit less visible in Fig. 7 due to the logarithmic scaling). The strongest contributions to the total event volume were
measured on 13 July from 15:00 to 18:00 UTC (7.8 mm), from 11 July 22:00 UTC to 12 July 06:00 UTC (3.2 mm), and on 13
July from 04:30 to 06:00 UTC (1.4 mm), so this event was less dominated by isolated thunderstorms than IOPS5 (Fig. 7).
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Figure 7: Spatial patterns of total precipitation measured by the X-Band radar for IOPS (a+b) and IOP6 (c+d) for the entire area

that is covered by the radar with 100 km radius (a+c), and for the Mueglitz catchment (black outline) (b+d). In (a) and (c) 45 circles

indicate the in situ-point measurements by rain gauges of the German weather service (DWD). The data gap in the eastern direction
550 is caused by the tower of a wind turbine in close vicinity to the radar.

Both IOPs are dominated by strongly heterogeneous precipitation patterns. The applied event chain concept focuses on the
impact of this heterogeneity on land surface processes, states and fluxes such as evapotranspiration, soil moisture, ground
water storage, and runoff.

555 The temporal dynamics of near surface soil moisture at the main site was observed at the energy balance station (EBSM,

Loc 1) and in its vicinity at five locations by a distributed wireless sensor network (WSN, see Schron et al., 2018(b); Lausch
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et al., 2018) (Loc 2 - Loc_6). All locations were equipped with soil moisture probes at depths of 0.05, 0.10, 0.15, 0.30, 0.45,
and 0.50 m to obtain vertical profiles. Soil permittivity and soil temperature were measured at each depth with two redundant
and slightly displaced sensors at 10-minute intervals. The monitoring locations were chosen to cover different soil types as
560 well as different slope inclinations to capture a range of near-surface conditions. The near-surface soil moisture monitoring
setup was complemented by a stationary CRNS at the main site. Figure 8 shows the time series of soil moisture at different

depths at EBSM and from the stationary CRNS during IOP5 and IOP6.
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565 Figure 8: Rain rate and soil moisture measured with probes at different depths as well as the integrative soil moisture of the upper
30 cm based on stationary CRNS at the main site, for IOPS (a) and I0P6 (b).

Figure 9 displays the soil moisture content data for all installed WSN sensors at all depths at Loc 1 - Loc_6. For comparison,

the soil moisture values derived from the stationary CRNS measurements are shown at the top of the figure.
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During IOPS, soil moisture decreased with time since the low total amount of precipitation (3 mm) that was distributed over a
period of 9 h (Fig. 8) did not penetrate deeper than 5 cm into the soil and thus did not wet the soil layers where sensors were
installed. The WSN sensors recorded an overall mean decrease of soil moisture of approximately 0.01 m*> m™ at 0.05 m and
0.10 m, 0.009 m* m at 0.15 m, 0.0075 m* m™ at 0.30 m and 0.007 m®> m™ at 0.45 m, 0.003 m> m™ at 0.50 m (Fig. 9). The
CRNS data, in contrast, show an increase of wetness during the event, representing the interception of rainfall by the vegetation
cover and the soil surface (Fig. 8). While the CRNS is sensitive to water below and above the surface, the buried in situ sensors
are representative only for a small integration volume around them.

All three of the WSN, EBSM, and CRNS were able to detect catchment drying during IOPS and rewetting during IOP6. Warm
and dry weather conditions between these IOPs (Fig. 4) resulted in an overall drying prior to IOP6, leading to a 30...50%
decrease in soil moisture data at all depths (Fig. 8 and 9). Thus, soil moisture values after IOP5 varied from 0.11...0.21 m* m’
3 and these values decreased to a range of 0.03...0.10 m* m™ by the beginning of IOP6.

During IOP6, the higher precipitation compared to IOP5 had a more substantial impact on soil moisture (Fig. 8 and 9). The
period with light rain (7.5 mm) in the early morning hours on 12 July led to an increase in soil moisture at a depth of 0.05 m.
The major rain event (11.6 mm) on 13 July significantly increased soil moisture to a depth of 0.15 m. Deeper soil layers were
hardly affected, and remained dry until the end of IOP6.

These observations at the main site may not be transferable to other sites, since radar measurements (Fig. 7) show strong
heterogeneity of the precipitation patterns throughout the area. Hence, spatially distributed measurements are necessary to

capture the soil moisture distribution in the catchment.
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Figure 9: Soil moisture of WSN sensors at all depths (0.05 - 0.50 cm) and monitoring locations (Loc_1 - Loc_6); integrative soil
moisture of the stationary CRNS at the main site (top row); and daily rainfall measured at the main site.

To this end, additional measurement campaigns were conducted with two portable CRNS units mounted on vehicles (UFZ
Rover and GFZ Rover) to characterize the spatial variability of soil moisture in the Mueglitz catchment (CRNS roving). The
WSN data served as reference points for the CRNS data processing, following Desilets et al. (2010) and Schron et al. (2018(a)).
Road and vegetation corrections were applied using OpenStreetMap road data and the CORINE land cover database 2019
provided by the Copernicus land monitoring service.

The CRNS roving method allowed us to quantify the effects of different land use types on soil moisture dynamics. We found
that forests, followed by agriculture and urban areas, had the lowest drying rate (Fig. 10). This suggests that near-surface soil
moisture in forests is more resilient to prolonged drying periods, while urban areas are at much higher risk of suffering from
these events. The results from IOP6 further indicate that precipitation events literally evaporate on dry agricultural land under
warm weather conditions, while forests are able to store precipitation water much longer in near-surface layers due to better

radiative protection by the forest canopy, increased friction and therefore lower wind speeds, and adhesive soil structures. The
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CRNS data also indicate a relation of the observed soil moisture changes with topography as also described in Guo et al. (2020)
605 and Garzon-Sanchez et al. (2021). For IOP6, a soil moisture increase was observed in the intermediate elevation zones of the
Mueglitz catchment (Fig. 10). This result may be explained by the fact that forests dominate in these intermediate, and often
steep, parts of the catchment. However, additional studies are needed to assess this result also in view of a slope correction of

the measured data and in combination with other remote-sensing and proxy data.
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Figure 10: Volumetric soil moisture measured with the CRNS rovers before and after IOPS (top panel, a-d) and IOP6 (bottom panel,
e-h) along the tracks in the Mueglitz catchment (see also Fig. 3). (a) and (e): Soil moisture along the route, interpolated to a 1 km
resolution for illustrative purposes, the central cross marks the main site. (b) and (f): Normalized probability density function of
CRNS measurements before (gray) and after (black) the IOP. (c) and (g): Mean change of soil moisture for agriculture, forest, and
615 urban areas as defined by the CORINE land use database. (¢) and (h): Mean change of soil moisture for different elevation zones.
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Figure 11: Runoff response of the Mueglitz river and of tributaries to precipitation events. (a) Time series of area-average rainfall
intensities R and of discharge Q in the Mueglitz river and the tributary Ditterbach during IOP4. (b): runoff coefficients of the
Mueglitz catchment and the mean runoff coefficients of the 5 sub-basins for IOPs 4, 5 and 6. (c): Scatter plot of runoff coefficients
of the Mueglitz catchment versus near-surface soil moisture (<0.15 m depth) measured at the main site, and maximum rain intensity
for five events: IOP4 (10 June 20:45 UTC, 11 June 18:00 UTC, 12 June 16:00 UTC), IOPS5 (20 June 11:15 UTC), and IOP6 (13 July

15:30).
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Another main target variable of the HPE monitoring concept presented here is river discharge. Discharge time series in the
creeks surrounding the main site were based on water level observations at temporary gauges with LTC data loggers (Fig. 3
and 12). For the Mueglitz catchment as a whole, the discharge data of the official gauging station Dohna close to the catchment
outlet were used.

The tributaries show a rapid response to rainfall (Fig.11a) for the example of the Ditterbach creek). The application of cross-
correlation analysis on the standardized time series of precipitation and river water level revealed that peak discharges in the
tributaries occurred within less than one hour after the rain event. Close to the outlet of the Mueglitz catchment at gauge Dohna,
event peak discharges are recorded with a lag time of 5 to 18 hours after the IOP rain events. In addition, the different sub-
basin responses and lag times resulted in several consecutive peaks at the Mueglitz gauge for a single rainfall event.

Runoff coefficients were obtained by first calculating the total volume of direct runoff over the event time at each gauge, using
the constant baseflow separation method, and, second, by dividing it by the sum of event rainfall across the area of each sub-
basin (Fig. 11b). In general, the resulting runoff coefficients of less than 0.02 in the tributary creeks were comparatively low
(Dung et al., 2012). As described above, there were no heavy rain events during the IOPs, and catchment water storages in
vegetation, soil and groundwater during the summer period were depleted, leading to minor runoff generation. Subsequently,
the mean runoff coefficients of the five mostly forested sub-basins do not differ significantly among the IOPs. For the entire
Mueglitz catchment, slightly higher runoff coefficients occurred for some events. A dependence of the runoff coefficient on
event-based near-surface soil moisture and rainfall intensity could be observed (Fig. 11c). This indicates that other parts of the
catchment with different land cover, soil or precipitation characteristics contributed to a larger extent to its overall runoff
response than the tributaries monitored in our campaigns. Thus, while the low-cost monitoring technique with LTC data
loggers provided valuable runoff data of sub-basins including very small tributaries, a larger number of well selected

monitoring sites is still required to capture the large-scale picture of catchment runoff response.
3.5. New Methods - Gravimetry

Given the relevance of catchment wetness conditions as one factor for flood generation, we suggest adding a novel component
to the HPE monitoring concept: terrestrial gravimetry. Terrestrial gravimetry is an emerging technology for non-invasive
monitoring of water storage variations on the landscape scale of some hundreds to few thousands of meters around the
instrument (e.g., Giintner et al., 2017). It is the only available technology for monitoring water storage changes in an integrative
way over all relevant storage compartments, i.e., groundwater storage, unsaturated zone water storage, and, in some cases,
snow water equivalents. Thus, it may even enable measurements for the required AS in the water balance equation (Fig. 1).
The basic idea of gravimetry is the measurement of the acceleration of gravity at the Earth’s surface which varies in space and
time according to Newton’s law of mass attraction as a function of the mass distribution and its variations above and below
the terrain surface. The sensitivity of current generations of gravimeters enables the monitoring of mass variations that are due

to water storage changes in the surroundings of the instrument, which are about 7 or 8 orders of magnitude smaller than the
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gravitational attraction by the Earth’s mass itself (e.g., Van Camp et al., 2017 for an overview). With absolute gravimeters,
gravity is derived from observing the trajectory of a free-moving object along the vertical. Relative gravimeters determine
changes in gravity by recording the related deviations of a test mass from its reference position, either continuously over time
or as gravity differences between different observation points.

For the HPE monitoring setup we suggest a hybrid approach of (1) continuous relative gravity monitoring at a reference station
within the study site (the main site in Fig. 3) to get a continuous time series of water storage changes, (2) time-lapse relative
gravity surveys at several network points throughout the study area to assess spatio-temporal variations of water storage before,
during and after the event, and (3) occasional absolute gravity measurements at the reference station to correct for the
instrumental drift of the relative gravimeter. Advancing the concept of hybrid gravimetry used in some previous studies
(Naujoks et al., 2008, Hector et al., 2015, Chaffaut et al., 2022), we adopt the following new components:

(1) For continuous gravity monitoring at the reference site we deploy a gPhoneX relative gravimeter instead of a
superconducting gravimeter (SG). The gPhoneX (Fig. 12b) is considerably smaller, lighter and with considerably less energy
consumption than a SG and thus more suitable for the required HPE approach with comparatively easy to deploy and short-
duration field installations. A gPhone is a relative gravimeter based on a zero-length spring system which measures gravity
changes in a temporal resolution of 1 second with a precision of 1 nGal, manufactured by Micro-g LaCoste, Inc.

(i1) For continuous operation of the gPhone reference station at any point of hydrological interest in a HPE study area and
independently from the presence of larger infrastructure such as a building and a connection to a power line, we developed an
energy self-sufficient container to house the gravimeter and auxiliary monitoring devices, the so-called gPhone Solar Cube
(Fig. 12a). This field container, built out of a square 6 feet sea container, protects the gravimeter from the natural environment
and ensures stable monitoring conditions in terms of air temperature and humidity. At the same time, the footprint of the
housing is kept small so that deviations in the gravity measurements due to the umbrella effect, i.e., the disturbance of the
natural hydrological conditions in the direct surroundings of the gravimeter (e.g., Reich et al., 2018), can be kept small. The
Solar Cube comprises a battery system for continuous power supply, an electronic power module for operating, monitoring,
logging and for online data transfer, eight solar panels mounted on the sides and on the rooftop of the container for power
input, as well as isolated walls and ceiling in order to reduce inside temperature variations. Within the container, the gPhoneX
is placed on top of an ODIN leveling platform that compensates minor tilts of the instrument that may affect the observed
gravity. The leveling platform in turn is placed on a stable pillar-table system made of steel, which is mounted to a small (about
0.5 m x 0.5 m) concrete foundation in the sub-surface at a depth of 0.5 to 1.0 m. The pillar is not connected to the container in
order to avoid container vibrations propagating to the instrument. Besides the gravimeter, standard instruments used at weather
stations are deployed at the outside of the container, including sensors for air temperature, relative humidity, air pressure,
horizontal wind speed and wind direction, net radiation, as well as a cosmic ray neutron probe for soil moisture monitoring.
(iii) Instead of absolute gravimeters of the type FGS5 used in the previous setups of hybrid gravimetry, we suggest applying an

atom quantum gravimeter (AQG) for performing the repeated absolute gravity measurements to correct for the instrumental
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drift of the gPhone. An instrument of the Muquans / iXblue AQG B-series (Cooke et al., 2021), specifically adjusted for

outdoor operation, is used for this purpose.

|
(a) CosmicRay || .
Neutron Sensor |

Figure 12: The gPhone Solar Cube at the main site, (a) outside view with solar panels and hydro-meteorological sensors and (b)
inside view with gravimeter, power units, and operating systems.

For deriving spatial patterns of gravity changes and thus water storage changes during IOPs, gravimetric field surveys on a
network of monitoring points throughout the study area were conducted. The surveys were usually realized both at the
beginning of the IOP just before the event to monitor pre-event conditions and right after the precipitation event ended. The
surveys were carried out with two CG-6 relative field gravimeters (manufactured by Scintrex Ltd.) at nine network points (Fig.
3), using small concrete pillars of the official geodetic monitoring network of the Federal State. All surveys started and ended
with measurements at the reference site to link the survey data to the continuous gravity time series of the gPhoneX. At all
network points, measurements were taken simultaneously with both devices on the same pillar for a time period of 10 minutes.
In parallel, a CRNS probe, installed within the campaign vehicle, was operated to have an estimate of near-surface soil moisture
for each gravimeter record. On completing both survey runs within one IOP, data processing aims at the differences in gravity
values at each field site, resulting from pre- and post-event water storage conditions. Negative differences would thus indicate
a reduction in water mass in the natural system whereas a positive difference is expected here at most sites because of the
accumulation of water mass during the precipitation event. The topographic position of the network point, however, may
modify the gravity effect of water storage variations and needs to be individually considered at each point.

The gPhone Solar Cube was deployed late June 2019 and continuously operated throughout IOP6 and also the gravimetric

network campaigns were carried out. Interpretable gravity data for hydrological applications, however, could not be achieved
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primarily because the gPhoneX time series turned out to be very noisy and exhibited many major offsets which might be
attributed to the operation of the nearby wind turbine including its power transformation unit, both having adverse impact on

the gravimeters by vibrations and electromagnetic fields.

4. Discussions

The MOSES measurement campaign in the Mueglitz catchment in 2019 was the first implementation of the new event-oriented
observation concept for short-term HPE, deploying the mobile observing systems to cover the entire process chain from
atmospheric transport processes and precipitation formation, over land surface and subsurface water flow and storage, to runoff
dynamics. Designed as a test campaign, it initiated the required cooperation of scientists from different disciplines
(meteorologists, hydrologists, geophysicists), to establish and optimize campaign logistics and deployment procedures, yet
illustrating the added value of such interdisciplinary cooperation. It has to be noted that the weather situation during the study
period was not favorable for dedicated HPE campaigns: the overall rainfall amount in the summer season of 2019 was only
two thirds of the long-term mean summer precipitation of the study area; dry soil conditions prevailed at the onset and
throughout the period of investigation; low discharge values of about one third compared to the long-term mean annual
discharge prevailed at the Mueglitz gauge in Dohna; and the forecasted heavy precipitation events turned out to be of only
small to moderate intensity and volume. Nevertheless, valuable experiences on performing HPE campaigns could be collected
and insights into the hydro-meteorological functioning of the study area were gained.

Given the initial focus on short-term HPE and flood generation, for which evapotranspiration tends to be of minor relevance,
we did not put particular emphasis on comprehensive ET-monitoring in our observation concept. Nevertheless, by combining
ET observations of three sites with our considerable effort to determine precipitation and soil moisture with high temporal and
spatial resolution, and by including the runoff observations, we are able to make a tentative effort to assess the water balance
of the events (Fig. 1), both at the local scale of the focus site and at the regional scale of the entire Mueglitz catchment. This
is a first step towards a comprehensive and holistic understanding of the water flux and storage dynamics during HPE.

This is illustrated in Fig. 13 by example of an 11-day period around IOP6, starting on 08 July 00 UTC one day before the first
precipitation in the study area and ending on 19 July 00 UTC when discharge at the Dohna gauge fell back to the pre-event
baseflow value. For the catchment scale with an area of 210 km? (Fig. 13a), precipitation was determined from the radar
measurements, covering almost the entire catchment at 5-minute resolution. Evapotranspiration was assessed by daily ET
measured at three energy balance stations, one at the main site, and two operated by the Technical University Dresden
(Goldberg et al., 2008) in Oberbaerenburg (Fig. 3) and Tharandt (50.963 N; 13.565 E, not shown). ET differences among
these three stations were on average 46% on the daily scale. This only shows once again the need for representative locations
of energy balance stations in the measurement area.

However, the average daily ET values of the three stations were used for the water balance analysis presented here. Soil

moisture was taken as an area-average from CRNS along the rover tracks depicted in Fig. 3, and as illustrated for the two
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roving campaigns before and after IOP6 in Fig. 10. As the in situ soil moisture measurements by the buried sensors at the main
site indicate that rainfall during IOP6 increased soil moisture at a depth of 0.1 m but not at depths of 0.2 m and below (Fig. 9),
it was assumed that the absolute soil moisture change observed by CRNS concerns the top 0.15 m of the soil only. Thus, this
depth was used for converting the CRNS-based soil moisture changes from the percentage of volumetric water content to an
actual storage change. For runoff, the discharge time series at the Dohna gauging station was used.

For the water balance analysis at the local scale (Fig. 13b), the measurements at the main site were used. Precipitation was
taken from a PARSIVEL disdrometer with a detection surface of 50 mm?. Evapotranspiration represents the fetch of at least
400 m upwind of the energy balance station at the main site, covered by a corn field during the IOP. Soil moisture was measured
by the stationary CRNS sensor with a footprint of about 10° m? and a depth of moisture change of 0.15 m, following the in situ
sensor observations (see above). In absence of an operational gauge at a creek close to the main site during IOP6, the large-
scale runoff given by the gauge data from Dohna was assumed to be applicable also at the local scale.

In line with the high rainfall heterogeneity observed throughout the study area (Fig. 7), precipitation at the main site deviated
from the basin-average by roughly twice the volume during the IOP6 period (Fig. 13). Given the overall dry conditions in the
catchment, runoff was of minor importance for the overall hydrological budget during the campaign period. Little of the rainfall
was converted into runoff; instead, it was attributed to storage or it evaporated. In fact, both on the local and regional scale,
ET was the dominant component of the water balance during the warm and dry period considered here, with an average daily
ET of 3.2 mm per day on the catchment scale and a slightly higher value of 3.8 mm per day at the main site. The rainfall input
at the main site led to a corresponding increase of water storage in the uppermost soil layers as observed by CRNS (Fig. 13b).
Notably, on the regional scale, the catchment-average increase of soil moisture during the event period was considerably
smaller, based on the two CRNS roving campaigns about three days before and three days after the event (Fig. 13a). Reasons
can be (i) the overall smaller amount of rainfall at the catchment scale, (ii) the effect of three days of ET that already reduced
water storage after the rainfall until the CRNS measurement was taken, (iii) the limited coverage of CRNS roving that may
have missed sub-areas of the catchment with a higher soil moisture increase, (iv) an increase in water storage by preferential

infiltration processes at soil depths that are deeper than those captured by the integration depth of the CRNS method.
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Figure 13: Cumulative dynamics of water balance components around IOP6 at (a) the Mueglitz catchment scale using area-average
precipitation from X-Band radar, averaged evapotranspiration from three EB stations (main site, Oberbaerenburg, and Tharandt),
and averaged soil moisture from CRNS roving and (b) the local scale using point measurements at the main site for precipitation,
evapotranspiration, and soil moisture.

The residuals shown in Fig. 13 point to a marked imbalance of the water budget as assessed with the deployed measuring
systems, both on the regional and local scales. In spite of uncertainties of the measuring systems that may partly explain these
residuals, some general features can be identified. In particular, the comparatively large water loss by ET is not reflected by a
corresponding decrease of (CRNS-based) near-surface soil moisture. This indicates a major contribution of the deeper
unsaturated zone and of groundwater to the overall water storage change in the study area, in particular to accommodate the
ET demand during this period. This assumption can be well justified given the widespread vegetation cover of the catchment,
including forests with root zones that largely exceed the CRNS measurement depth, which is also the case for the corn
surrounding the main site (Ordofiez et al., 2018). Therefore, our HPE monitoring concept additionally includes terrestrial
gravimetry to fill this observation gap. This technique is sensitive to the entire unsaturated zone and to groundwater (see
Subsection 3.5), and captures water storage changes that occur at larger depths than what could be achieved with soil moisture
monitoring techniques. Albeit not providing data with sufficient quality during this test campaign, there is a prospect that
gravimetry can provide relevant information to explain residuals such as those presented here (Fig. 13), and contribute to

closing the water balance during HPE.

36



795

800

805

810

815

820

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

The observed differences in the dynamics of water flux and storage terms the local versus the regional scale underline the need
to combine different observation techniques with their respective spatial and temporal measurement scales. For example, the
CRNS-based roving campaigns, while with lower temporal resolution, revealed the different area-average soil moisture
dynamics of the catchment relative to local scale observations. Accordingly, the distributed survey concepts for CRNS-based
soil moisture and gravity-based total water storage that rely on one or more reference stations with continuous observations
and multiple survey points or tracks throughout the study area, covered by time-lapse measurements, are considered as essential

components of the HPE monitoring design.

5. Summary and Outlook

A new cross-disciplinary observation strategy for heavy precipitation events from rainfall formation to flood runoff generation
was first applied at the MOSES field campaign in the Mueglitz catchment (eastern Ore Mountains, Germany) from May to
July 2019. Meteorologists, hydrologists and geophysicists of four Helmholtz Institutions collaborated to observe the entire
process chains from the source of atmospheric moisture to runoff dynamics in a river catchment. An event-oriented observation
concept has been set up, based on mobile and flexibly deployable measuring systems and a campaign design and operation
concept that is optimized for convective HPE with rather short forecast lead times.

Three examples illustrate the advantages and new opportunities that this measuring concept provides towards a better
understanding of HPE and flood processes, in combination with data from institutional measurement networks operated by
national or local authorities as well as with modeling approaches. First, atmospheric moisture transport processes from the
source over the Atlantic, moisture uptake and loss when passing over landmass to the temporal evolution of integrated water
vapor, liquid water content and vertical moisture distribution over the Mueglitz catchment can be traced and deciphered.
Second, the link from precipitation measurements with high spatial resolution, over regional soil moisture patterns to the runoff
dynamics of the Mueglitz and of its tributaries can be established. Third, a perspective to assess catchment total water storage
variations during an event in a more holistic way that integrates over all storage compartments and thus provides the full AS
term in Fig. 1 is established by adding terrestrial gravimetry as a new component to the measuring concept. By closing the
water budget in this way also on short time scales of an event, an important contribution to a full understanding of event
dynamics can be made.

The cross-disciplinary design opened up new opportunities to address the different terms of the water budget in a catchment
on both local and regional observation scales. Thus, in view of large spatial heterogeneity, it can be expected that the
contribution of small-scale dynamics to the overall catchment response can be unraveled in a better way by the observation
approach presented here. Especially for convective driven HPE over complex terrain when highly heterogeneous precipitation
falls on inhomogeneous soil types with different land use, it is essential to combine observation techniques with different
spatial and temporal resolutions: X-Band radar measurements deliver high resolution precipitation data in time and space for

individual (sub-)catchments, but require disdrometer or rain gauge networks for calibration. The estimation of
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evapotranspiration requires several stations that cover the range of predominant soil types, land use and altitudes - a
requirement that was not fulfilled within this campaign. The mobile CRNS soil moisture measurements along rover tracks give
access to the urgently needed information about spatial soil moisture distribution and advanced catchment-average soil
moisture values that can be expected to be superior to those based on individual point measurements. CRNS roving needs to
be combined though with stationary, continuously measuring CRNS and soil moisture sensors networks to cover the temporal
dynamics and to assess the actual penetration depth. More frequent rover tracks are desirable in order to improve time
resolution, but they are limited by their manpower requirements. Terrestrial hydro-gravimetry as an emerging technology for
non-invasive and integrative monitoring of the water storage term also applies this hybrid concept of both continuous and
spatially distributed monitoring with a reference station and time-lapse surveys with mobile relative gravimeters on a network
of sites within the catchment.

The campaign operation concept that included an alert and decision making process for [OPs based on meteorological forecasts
was well suited. These alerts led to IOPs starting early enough to allow for performing observations of the pre-event catchment
conditions as one of the important factors for understanding the catchment response to a HPE. However, the approach adopted
here for setting the IOP end to just a few hours after the end of the rain event needs to be revised in future. It may be preferable
to set the IOP end to a later point in time, eventually to the moment where discharge has fallen back to its pre-event value, in
order to capture the runoff recession behavior of the catchment. This will support a more comprehensive assessment of the
event water budget.

Because the extremely dry summer of 2019 did not provide extreme precipitation, the HPE observation concept could only be
tested on less intense events. For future campaigns it is therefore planned to combine HPE deployment concepts with those
developed for emerging heatwaves and droughts. This strategy not only increases the probability of encountering the desired
weather extremes, but also releases synergies in the use of equipment, personnel and scientific knowledge gain. As the follow
up campaign scheduled for 2020 in the Mueglitz catchment fell victim to the Covid-19 pandemic, the insights gained with this
first test campaign were incorporated into the Swabian MOSES campaign of 2021 (Glaser et al., 2022, Kunz et al., 2022).
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Data availability:

The MOSES Data Discovery Portal is accessible at https://moses-data.gfz-potsdam.de/onestop/#/ and provides MOSES
campaign metadata and datasets. All raw data measured by the MOSES RI can be provided by the corresponding authors upon
request. Radiosonde data are available from http://www.tereno.net/geonetwork (Forschungszentrum Jiilich IBG-3, 2022).
ECMWF ERAS data are available at https://cds.climate.copernicus.eu/cdsapp#!/home (Copernicus Climate Change Service,
2017). The runoff data for the Mueglitz River are available from the Saxon State Office for the Environment and Geology and
can be downloaded here: https://www.umwelt.sachsen.de/umwelt/infosysteme/ida/. The levellogger data presented in
subsection 3.4 are available in a data publication by Nixdorf et al. (2021). The rain gauge data can be downloaded from

https://opendata.dwd.de/climate_environment/CDC/observations germany/climate/1 minute/precipitation/historical/.

Competing interests:

The authors declare that they have no conflict of interest.

Author contribution:

All authors contributed to the conception, organization and design of the campaign and of the monitoring systems. Andreas
Wieser was the responsible campaign coordinator. Material preparation, data collection and analysis were performed by
Andreas Wieser, Andreas Giintner, Jan Handwerker, Dina Khordakova, Uta Kddel, Martin Kohler, Erik Nixdorf, Marvin
Reich, Christian Rolf, Martin Schrén and Claudia Schiitze. The draft of the manuscript was written by Andreas Wieser,
Andreas Giintner, Christian Rolf and Claudia Schiitze. All authors complemented and improved the manuscript. All authors

read and approved the final manuscript.

Acknowledgements:

This work was supported by funding from the Helmholtz Association within the framework of MOSES. We acknowledge
funding from the Initiative and Networking Fund of the Helmholtz Association through project "Digital Earth" (funding code
ZT-0025). This project made use of the facilities that are part of the KITcube (Kalthoff et al., 2013) and TERENO (Zacharias
et al. 2011). This work was partly funded by the DFG (German Research Foundation) via the research unit FOR 2694 Cosmic
Sense (grant no. 357874777).-We thank all participating Helmholtz centers for their additional personal and financial support.
The execution of the measurement campaign would not have been possible without the tireless efforts of the technical staff,
even on weekends and at night. We thank the Chair of Meteorology of the TU Dresden for providing us with the
evapotranspiration data from the anchor station Tharandt and the station Oberbaerenburg. The European Centre for Medium-
Range Weather Forecasts (ECMWF) is acknowledged for ERAS meteorological data support, and the German Weather Service
for network data and support at the Zinnwald site. Our special thanks go to Raik Bellmann of the Liebenauer Agrar GmbH,
and the landlords Susanne and Jens Hohnel for their support at the main site, councilor Bernd Grahl as well as the local

population for their support and interest. Finally, we also thank Paul Ronning for proofreading the manuscript.

39



885

890

895

900

905

910

915

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

References
Andreasen, M., Jensen, K. H., Desilets, D., Franz, T. E., Zreda, M., Bogena, H. R., and Looms, M. C.: Status and Perspectives
on the Cosmic-Ray Neutron Method for Soil Moisture Estimation and Other Environmental Science Applications, Vadose

Zone Journal, 16, vzj2017.2004.0086, https://doi.org/10.2136/vzj2017.04.0086, 2017.

Bastos, A., Fu, Z., Ciais, P., Friedlingstein, P., Sitch, S., Pongratz, J., Weber, U., Reichstein, M., Anthoni, P., Arneth, A.,
Haverd, V., Jain, A., Joetzjer, E., Knauer, J., Lienert, S., Loughran, T., McGuire, P. C., Obermeier, W., Padron, R. S., Shi, H.,
Tian, H., Viovy, N., and Zachle, S.: Impacts of extreme summers on European ecosystems: a comparative analysis of 2003,

2010 and 2018, Philos T R Soc B, 375, ARTN 20190507, 10.1098/rstb.2019.0507, 2020.

Bloschl, G., Nester, T., Komma, J., Parajka, J., and Perdigao, R. A. P.: The June 2013 flood in the Upper Danube Basin, and
comparisons with the 2002, 1954 and 1899 floods, Hydrology and Earth System Sciences, 17, 5197-5212, 10.5194/hess-17-
5197-2013, 2013.

Bloschl, G., Bierkens, M. F. P., Chambel, A., Cudennec, C., Destouni, G., Fiori, A., Kirchner, J. W., McDonnell, J. J., Savenije,
H. H. G., Sivapalan, M., Stumpp, C., Toth, E., Volpi, E., Carr, G., Lupton, C., Salinas, J., Sz¢éles, B., Viglione, A., Aksoy, H.,
Allen, S. T., Amin, A., Andréassian, V., Arheimer, B., Aryal, S. K., Baker, V., Bardsley, E., Barendrecht, M. H., Bartosova,
A., Batelaan, O., Berghuijs, W. R., Beven, K., Blume, T., Bogaard, T., Borges de Amorim, P., Bottcher, M. E., Boulet, G.,
Breinl, K., Brilly, M., Brocca, L., Buytaert, W., Castellarin, A., Castelletti, A., Chen, X., Chen, Y., Chen, Y., Chifflard, P.,
Claps, P., Clark, M. P., Collins, A. L., Croke, B., Dathe, A., David, P. C., de Barros, F. P. J., de Rooij, G., Di Baldassarre, G.,
Driscoll, J. M., Duethmann, D., Dwivedi, R., Eris, E., Farmer, W. H., Feiccabrino, J., Ferguson, G., Ferrari, E., Ferraris, S.,
Fersch, B., Finger, D., Foglia, L., Fowler, K., Gartsman, B., Gascoin, S., Gaume, E., Gelfan, A., Geris, J., Gharari, S., Gleeson,
T., Glendell, M., Gonzalez Bevacqua, A., Gonzéalez-Dugo, M. P., Grimaldi, S., Gupta, A. B., Guse, B., Han, D., Hannah, D.,
Harpold, A., Haun, S., Heal, K., Helfricht, K., Herrnegger, M., Hipsey, M., Hlavacikova, H., Hohmann, C., Holko, L.,
Hopkinson, C., Hrachowitz, M., Illangasekare, T. H., Inam, A., Innocente, C., Istanbulluoglu, E., Jarihani, B., Kalantari, Z.,
Kalvans, A., Khanal, S., Khatami, S., Kiesel, J., Kirkby, M., Knoben, W., Kochanek, K., Kohnova, S., Kolechkina, A., Krause,
S., Kreamer, D., Kreibich, H., Kunstmann, H., Lange, H., Liberato, M. L. R., Lindquist, E., Link, T., Liu, J., Loucks, D. P.,
Luce, C., Mah¢, G., Makarieva, O., Malard, J., Mashtayeva, S., Maskey, S., Mas-Pla, J., Mavrova-Guirguinova, M., Mazzoleni,
M., Mermnild, S., Misstear, B. D., Montanari, A., Miiller-Thomy, H., Nabizadeh, A., Nardi, F., Neale, C., Nesterova, N.,
Nurtaev, B., Odongo, V. O., Panda, S., Pande, S., Pang, Z., Papacharalampous, G., Perrin, C., Pfister, L., Pimentel, R., Polo,
M. J., Post, D., Prieto Sierra, C., Ramos, M.-H., Renner, M., Reynolds, J. E., Ridolfi, E., Rigon, R., Riva, M., Robertson, D.
E., Rosso, R., Roy, T., S4, J. H. M., Salvadori, G., Sandells, M., Schaefli, B., Schumann, A., Scolobig, A., Seibert, J., Servat,
E., Shafiei, M., Sharma, A., Sidibe, M., Sidle, R. C., Skaugen, T., Smith, H., Spiessl, S. M., Stein, L., Steinsland, I., Strasser,
U, Su, B., Szolgay, J., Tarboton, D., Tauro, F., Thirel, G., Tian, F., Tong, R., Tussupova, K., Tyralis, H., Uijlenhoet, R., van
Beek, R., van der Ent, R. J., van der Ploeg, M., Van Loon, A. F., van Meerveld, 1., van Nooijen, R., van Oel, P. R., Vidal, J.-

40



920

925

930

935

940

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

P., von Freyberg, J., Vorogushyn, S., Wachniew, P., Wade, A. J., Ward, P., Westerberg, I. K., White, C., Wood, E. F., Woods,
R., Xu, Z., Yilmaz, K. K., and Zhang, Y.: Twenty-three unsolved problems in hydrology (UPH) — a community perspective,
Hydrological Sciences Journal, 64, 1141-1158, 10.1080/02626667.2019.1620507, 2019.

Bogena, H. R., Huisman, J. A., Schilling, B., Weuthen, A., and Vereecken, H.: Effective Calibration of Low-Cost Soil Water
Content Sensors, Sensors, 17, ARTN 208, 10.3390/s17010208, 2017.

Brabec, M., Wienhold, F. G., Luo, B. P., Vomel, H., Immler, F., Steiner, P., Hausammann, E., Weers, U., and Peter, T.: Particle
backscatter and relative humidity measured across cirrus clouds and comparison with microphysical cirrus modelling, Atmos.

Chem. Phys., 12, 9135-9148, 10.5194/acp-12-9135-2012, 2012.

Chabbi, A., Loescher, H. W., and Dillon, M. S.: Integrating Environmental Science and the Economy: Innovative Partnerships

between the Private Sector and Research Infrastructures, Front Env Sci-Switz, 5, ARTN 49, 10.3389/fenvs.2017.00049, 2017.

Chaffaut, Q., Hinderer, J., Masson, F., Viville, D., Pasquet, S., Boy, J. P., Bernard, J. D., Lesparre, N., and Pierret, M. C.: New
insights on water storage dynamics in a mountainous catchment from superconducting gravimetry, Geophysical Journal

International, 228, 432-446, 10.1093/gji/ggab328, 2022.

Cooke, A. K., Champollion, C., and Le Moigne, N.: First evaluation of an absolute quantum gravimeter (AQG#BO01) for future
field experiments, Geosci. Instrum. Method. Data Syst., 10, 65-79, 10.5194/gi-10-65-2021, 2021.

Crewell, S. and Lohnert, U.: Accuracy of cloud liquid water path from ground-based microwave radiometry 2. Sensor accuracy

and synergy, Radio Science, 38, https://doi.org/10.1029/2002RS002634, 2003.

Desilets, D., Zreda, M., and Ferre, T. P. A.: Nature's neutron probe: Land surface hydrology at an elusive scale with cosmic

rays, Water Resources Research, 46, Artn W11505, 10.1029/2009wr008726, 2010.

Drobinski, P., Ducrocq, V., Alpert, P., Anagnostou, E., Béranger, K., Borga, M., Braud, 1., Chanzy, A., Davolio, S., Delrieu,
G., Estournel, C., Boubrahmi, N. F., Font, J., Grubisi¢, V., Gualdi, S., Homar, V., Ivancan-Picek, B., Kottmeier, C., Kotroni,
V., Lagouvardos, K., Lionello, P., Llasat, M. C., Ludwig, W., Lutoff, C., Mariotti, A., Richard, E., Romero, R., Rotunno, R.,
Roussot, O., Ruin, 1., Somot, S., Taupier-Letage, 1., Tintore, J., Uijlenhoet, R., and Wernli, H.: HyMeX: A 10-Year
Multidisciplinary Program on the Mediterranean Water Cycle, Bulletin of the American Meteorological Society, 95, 1063-
1082, 10.1175/BAMS-D-12-00242.1, 2014.

Dung, B. X., Gomi, T., Miyata, S., Sidle, R. C., Kosugi, K., and Onda, Y.: Runoff responses to forest thinning at plot and
catchment scales in a headwater catchment draining Japanese cypress forest, Journal of hydrology, v. 444-445, pp. 51-62-2012
v.2444-2445 no., 10.1016/j.jhydrol.2012.03.040, 2012.

41



945

950

955

960

965

970

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

DWD: Klimastatusbericht Deutschland Jahr 2019, Deutscher Wetterdienst, Offenbach, 23, 2020.

Fersch, B., Francke, T., Heistermann, M., Schron, M., Dopper, V., Jakobi, J., Baroni, G., Blume, T., Bogena, H., Budach, C.,
Granzig, T., Forster, M., Guntner, A., Franssen, H. J. H., Kasner, M., Kohli, M., Kleinschmit, B., Kunstmann, H., Patil, A.,
Rasche, D., Scheiffele, L., Schmidt, U., Szulc-Seyfried, S., Weimar, J., Zacharias, S., Zreda, M., Heber, B., Kiese, R., Mares,
V., Mollenhauer, H., Volksch, 1., and Oswald, S.: A dense network of cosmic-ray neutron sensors for soil moisture observation
in a highly instrumented pre-Alpine headwater catchment in Germany, Earth System Science Data, 12, 2289-2309,
10.5194/essd-12-2289-2020, 2020.

Fischer, E. M. and Knutti, R.: Anthropogenic contribution to global occurrence of heavy-precipitation and high-temperature

extremes, Nature Climate Change, 5, 560-564, 10.1038/nclimate2617, 2015.

Garzon-Sanchez, H., Loaiza-Usuga, J. C., and Vélez-Upégui, J. I.: Soil Moisture Behavior in Relation to Topography and
Land Use for Two Andean Colombian Catchments, Water, 13, 10.3390/w13111448, 2021.

Gerber, S.: Anwendung von multifunktionaler Landschaftsbewertung und hydrologischer Modellierung zur Bewertung der
Einfliisse einer gednderten Landnutzung auf den Wasserhaushalt im Mittelgebirge, Dissertation, Technical University

Dresden, Dresden, 2008.

Glaser, C., Kunz, M., Spahr. S., Weber, U: Messkampagne liefert einzigartige Daten iiber Wetterextreme. Praxis
Wasserwirtschaft 2-3, 80-81, 2022.

Goldberg, V., Bernhofer, Ch., Griinwald, Th., Kd&stner, B.: Monitoring and Modelling of Surface-Atmosphere-Interactions:
The Tharandt Cluster. Conference: 4. Nationales Kolloquium: ,,Umgang mit dem Klimawandel*“ (NKGCF) Bad Honnef, 2008.

Giintner, A., Reich, M., Mikolaj, M., Creutzfeldt, B., Schroeder, S., and Wziontek, H.: Landscape-scale water balance
monitoring with an iGrav superconducting gravimeter in a field enclosure, Hydrology and Earth System Sciences, 21, 3167-

3182, 10.5194/hess-21-3167-2017, 2017.

Guo, X, Fu, Q., Hang, Y., Lu, H., Gao, F., and Si, J.: Spatial Variability of Soil Moisture in Relation to Land Use Types and
Topographic Features on Hillslopes in the Black Soil (Mollisols) Area of Northeast China, Sustainability, 12,
10.3390/su12093552, 2020.

Handwerker, J. and Straub, W.: Optimal Determination of Parameters for Gamma-Type Drop Size Distributions Based on

Moments, J] Atmos Ocean Tech, 28, 513-529, 10.1175/2010JTECHA1474.1, 2011.

Hannemann, M., Nixdorf, E., Kreck, M., SchoBlland, A., and Dietrich, P.: Dataset of hydrological records in 5 min resolution
of tributaries in the Mueglitz River Basin, Germany, Data in Brief, 107832, https://doi.org/10.1016/j.dib.2022.107832, 2022.

42



975

980

985

990

995

1000

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

Hector, B., Seguis, L., Hinderer, J., Cohard, J. M., Wubda, M., Descloitres, M., Benarrosh, N., and Boy, J. P.: Water storage
changes as a marker for base flow generation processes in a tropical humid basement catchment (Benin): Insights from hybrid

gravimetry, Water Resources Research, 51, 8331-8361, 10.1002/2014wr015773, 2015.

Jing, X., Shao, X., Liu, T.-C., and Zhang, B.: Comparison of GRUAN RS92 and RS41 Radiosonde Temperature Biases,
Atmosphere, 12, 10.3390/atmos12070857, 2021.

Kalthoff, N., Adler, B., Wieser, A., Kohler, M., Traumner, K., Handwerker, J., Corsmeier, U., Khodayar, S., Lambert, D.,
Kopmann, A., Kunka, N., Dick, G., Ramatschi, M., Wickert, J., and Kottmeier, C.: KITcube - a mobile observation platform
for convection studies deployed during HyMeX, Meteorol Z, 22, 633-647, 10.1127/0941-2948/2013/0542, 2013.

Khordakova, D., Rolf, C., Groo8, J.-U., Miiller, R., Konopka, P., Wieser, A., Krdmer, M., and Riese, M.: A case study on the
impact of severe convective storms on the water vapor mixing ratio in the lower mid-latitude stratosphere observed in 2019

over Europe, Atmos. Chem. Phys., 22, 1059—-1079, https://doi.org/10.5194/acp-22-1059-2022, 2022.

Kohli, M., Schron, M., Zreda, M., Schmidt, U., Dietrich, P., and Zacharias, S.: Footprint characteristics revised for field-scale
soil moisture  monitoring with  cosmic-ray neutrons, Water Resources Research, 51, 5772-5790,

https://doi.org/10.1002/2015WR017169, 2015.

Koppen, W.: Die Zugstrassen der barometrischen Minima in Europa und auf dem nordatlantischen Ocean und ihr Einfluss auf

Wind und Wetter bei uns, Mittheilungen der Geographischen Gesellschaft in Hamburg, 1, 76-97, 1881.

Kottmeier, C., Agnon, A., Al-Halbouni, D., Alpert, P., Corsmeier, U., Dahm, T., Eshel, A., Geyer, S., Haas, M., Holohan, E.,
Kalthoff, N., Kishcha, P., Krawczyk, C., Lati, J., Laronne, J. B., Lott, F., Mallast, U., Merz, R., Metzger, J., Mohsen, A.,
Morin, E., Nied, M., Rodiger, T., Salameh, E., Sawarieh, A., Shannak, B., Siebert, C., and Weber, M.: New perspectives on
interdisciplinary earth science at the Dead Sea: The DESERVE project, Science of The Total Environment, 544, 1045-1058,
https://doi.org/10.1016/j.scitotenv.2015.12.003, 2016.

Kottmeier, C., Kalthoff, N., Barthlott, C., Corsmeier, U., van Baelen, J., Behrendt, A., Behrendt, R., Blyth, A., Coulter, R,
Crewell, S., di Girolamo, P., Dorninger, M., Flamant, C., Foken, T., Hagen, M., Hauck, C., Holler, H., Konow, H., Kunz, M.,
Mahlke, H., Mobbs, S., Richard, E., Steinacker, R., Weckwerth, T., Wieser, A., and Wulfmeyer, V. : Mechanisms initiating
deep convection over complex terrain during COPS, Meteorologische Zeitschrift, 17, 931-948, 10.1127/0941-2948/2008/0348,
2008.

Krause, J. M.: A Simple Algorithm to Discriminate between Meteorological and Nonmeteorological Radar Echoes, J Atmos
Ocean Tech, 33, 1875-1885, 10.1175/Jtech-D-15-0239.1, 2016.

43



1005

1010

1015

1020

1025

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

Kreibich, H., Di Baldassarre, G., Vorogushyn, S., Aerts, J. C. J. H., Apel, H., Aronica, G. T., Arnbjerg-Nielsen, K., Bouwer,
L. M., Bubeck, P., Caloiero, T., Chinh, D. T., Cortes, M., Gain, A. K., Giampa, V., Kuhlicke, C., Kundzewicz, Z., Llasat, M.
C., Mard, J., Matczak, P., Mazzoleni, M., Molinari, D., Dung, N. V., Petrucci, O., Schroter, K., Slager, K., Thieken, A. H.,
Ward, P. J., and Merz, B.: Adaptation to flood risk: Results of international paired flood event studies, Earths Future, 5, 953-
965, 10.1002/2017ef000606, 2017.

Kunz, M., Abbas, S., Bauckholt, M., Behrendt, A., Bohmlidnder, A., Glaser, C., Haase, F., Handwerker, J.,
Khordakova, D., Knippertz, P., Lange, D., Latt, M., Laube, J., Martin, L., Mauder, M., Mohr, S., Mdhler, O., Rettenmeier, A.,
Rolf, C., Saathoff, H., Schron, M., Spith, F., Spahr, S., Volksch, 1., Vogel, F., Weber, U., Wieser, A., Wilhelm, J., Zhang, H.,
and Dietrich, P.: The Swabian MOSES 2021 campaign: A holistic approach for the event chain investigation of severe

convective storms, Frontiers, in preparation, 2022

Lausch, A., Borg, E., Bumberger, J., Dietrich, P., Heurich, M., Huth, A., Jung, A., Klenke, R., Knapp, S., Mollenhauer, H.,
Paasche, H., Paulheim, H., Pause, M., Schweitzer, C., Schmulius, C., Settele, J., Skidmore, A. K., Wegmann, M., Zacharias,
S., Kirsten, T., and Schaepman, M. E.: Understanding Forest Health with Remote Sensing, Part III: Requirements for a Scalable
Multi-Source Forest Health Monitoring Network Based on Data Science Approaches, Remote Sensing, 10, ARTN 1120,
10.3390/rs10071120, 2018.

Loffler-Mang, M. and Joss, J.: An Optical Disdrometer for Measuring Size and Velocity of Hydrometeors, J Atmos Ocean
Tech, 17, 130-139, 10.1175/1520-0426(2000)017<0130: AODFMS>2.0.CO;2, 2000.

Lohnert, U., Turner, D. D., and Crewell, S.: Ground-Based Temperature and Humidity Profiling Using Spectral Infrared and
Microwave Observations. Part I: Simulated Retrieval Performance in Clear-Sky Conditions, Journal of Applied Meteorology

and Climatology, 48, 1017-1032, 10.1175/2008JAMC2060.1, 2009.

Lundquist, J. K., Churchfield, M. J., Lee, S., and Clifton, A.: Quantifying error of lidar and sodar Doppler beam swinging
measurements of wind turbine wakes using computational fluid dynamics, Atmos. Meas. Tech., 8, 907-920, 10.5194/amt-8-

907-2015, 2015.

Manning, R.: On the flow of water in open channels and pipes, Transactions of the Institution of Civil Engineers of Ireland,

20, 161-207, 1890.

Mauder, M. and Foken, T.: Documentation and instruction manual of the eddy covariance software package TKS3,

Arbeitsergebnis., Universitdt Bayreuth, Abt. Mikrometeorologie, 46-58, 2011.

MclJannet, D., Hawdon, A., Baker, B., Renzullo, L., and Searle, R.: Multiscale soil moisture estimates using static and roving

cosmic-ray soil moisture sensors, Hydrology and Earth System Sciences, 21, 6049-6067, 10.5194/hess-21-6049-2017, 2017.

44



1030

1035

1040

1045

1050

1055

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

Messmer, M., Gomez-Navarro, J. J., and Raible, C. C.: Climatology of Vb cyclones, physical mechanisms and their impact on

extreme precipitation over Central Europe, Earth Syst Dynam, 6, 541-553, 10.5194/esd-6-541-2015, 2015.

Mpyhre, G., Alterskjer, K., Stjern, C. W., Hodnebrog, @., Marelle, L., Samset, B. H., Sillmann, J., Schaller, N., Fischer, E.,
Schulz, M., and Stohl, A.: Frequency of extreme precipitation increases extensively with event rareness under global warming,
Scientific Reports, 9, 16063, 10.1038/s41598-019-52277-4, 2019.

Naujoks, M., Weise, A., Kroner, C., and Jahr, T.: Detection of small hydrological variations in gravity by repeated observations

with relative gravimeters, J Geodesy, 82, 543-553, 10.1007/s00190-007-0202-9, 2008.

Nixdorf, E., Hannemann, M., Kreck, M., and SchoBland, A.: Hydrological records in 5 min resolution of tributaries in the

Mueglitz River Basin (Germany), 10.1594/PANGAEA.927741, 2021.

Ordodinez, R. A., Castellano, M. J., Hatfield, J. L., Helmers, M. J., Licht, M. A., Liebman, M., Dietzel, R., Martinez-Feria, R.,
Igbal, J., Puntel, L. A., Cérdova, S. C., Togliatti, K., Wright, E. E., and Archontoulis, S. V.: Maize and soybean root front
velocity and maximum depth in Iowa, USA, Field Crops Research, 215, 122-131, https://doi.org/10.1016/j.fcr.2017.09.003,
2018.

Reich, M., Mikolaj, M., Blume, T., and Giintner, A.: Reducing gravity data for the influence of water storage variations beneath

observatory buildings, GEOPHYSICS, 84, EN15-EN31, 10.1190/ge02018-0301.1, 2018.

Rosoldi, M., Coppa, G., Merlone, A., Musacchio, C., and Madonna, F.: Intercomparison of Vaisala RS92 and RS41 radiosonde
temperature sensors under controlled laboratory conditions, Atmos. Meas. Tech. Discuss., 2021, 1-30, 10.5194/amt-2021-337,
2021.

Sauvageot, H.: The Probability Density Function of Rain Rate and the Estimation of Rainfall by Area Integrals, Journal of
Applied Meteorology and Climatology, 33, 1255-1262, 10.1175/1520-0450(1994)033<1255:TPDFOR>2.0.CO;2, 1994.

Schrén, M., Oswald, S. E., Zacharias, S., Kasner, M., Dietrich, P., and Attinger, S.: Neutrons on Rails: Transregional
Monitoring of Soil Moisture and Snow Water Equivalent, Geophysical Research Letters, 48, 10.1029/2021g1093924, 2021.

Schrén, M., Rosolem, R., Ko6hli, M., Piussi, L., Schroter, 1., Iwema, J., Kogler, S., Oswald, S. E., Wollschldger, U., Samaniego,
L., Dietrich, P., and Zacharias, S.: Cosmic-ray Neutron Rover Surveys of Field Soil Moisture and the Influence of Roads,

Water Resources Research, 54, 6441-6459, 10.1029/2017wr021719, 2018(a).

Schrén, M., Zacharias, S., Womack, G., Koéhli, M., Desilets, D., Oswald, S. E., Bumberger, J., Mollenhauer, H., Kogler, S.,
Remmler, P., Kasner, M., Denk, A., and Dietrich, P.: Intercomparison of cosmic-ray neutron sensors and water balance

monitoring in an urban environment, Geosci. Instrum. Method. Data Syst., 7, 83-99, 10.5194/gi-7-83-2018, 2018(b).

45



1060

1065

1070

1075

1080

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

Schrén, M., Kohli, M., Scheiffele, L., Iwema, J., Bogena, H. R., Lv, L., Martini, E., Baroni, G., Rosolem, R., Weimar, J., Mai,
J., Cuntz, M., Rebmann, C., Oswald, S. E., Dietrich, P., Schmidt, U., and Zacharias, S.: Improving calibration and validation
of cosmic-ray neutron sensors in the light of spatial sensitivity, Hydrol. Earth Syst. Sci., 21, 5009-5030, 10.5194/hess-21-
5009-2017, 2017.

Smit, H. G. J., Straeter, W., Johnson, B. J., Oltmans, S. J., Davies, J., Tarasick, D. W., Hoegger, B., Stubi, R., Schmidlin, F.
J., Northam, T., Thompson, A. M., Witte, J. C., Boyd, 1., and Posny, F.: Assessment of the performance of ECC-ozonesondes
under quasi-flight conditions in the environmental simulation chamber: Insights from the Juelich Ozone Sonde
Intercomparison Experiment (JOSIE), Journal of Geophysical Research: Atmospheres, 112,
https://doi.org/10.1029/2006JD007308, 2007.

Testud, J., Le Bouar, E., Obligis, E., and Ali-Mehenni, M.: The Rain Profiling Algorithm Applied to Polarimetric Weather
Radar, J Atmos Ocean Tech, 17, 332-356, 10.1175/1520-0426(2000)017<0332:TRPAAT>2.0.CO;2, 2000.

Topp, G. C., Davis, J. L., and Annan, A. P.: Electromagnetic determination of soil water content: Measurements in coaxial

transmission lines, Water Resources Research, 16, 574-582, https://doi.org/10.1029/WR016i003p00574, 1980.

Toran, L.: Water Level Loggers as a Low-Cost Tool for Monitoring of Stormwater Control Measures, Water, 8,

10.3390/w8080346, 2016.

Ulbrich, U., Briicher, T., Fink, A. H., Leckebusch, G. C., Kriiger A., and Pinto, J. G.: The central European floods of August
2002: Part 1 - Rainfall periods and flood development, Weather, 58, 371-377, 2003.

Van Camp, M., de Viron, O., Watlet, A., Meurers, B., Francis, O., and Caudron, C.: Geophysics From Terrestrial Time-
Variable Gravity Measurements, Reviews of Geophysics, 55, 938-992, https://doi.org/10.1002/2017RG000566, 2017.

Vather, T., Everson, C., and Franz, T. E.: Calibration and Validation of the Cosmic Ray Neutron Rover for Soil Water Mapping
within Two South African Land Classes, Hydrology, 6, 10.3390/hydrology6030065, 2019.

Vomel, H., David, D. E., and Smith, K.: Accuracy of tropospheric and stratospheric water vapor measurements by the
cryogenic frost point hygrometer: Instrumental details and observations, Journal of Geophysical Research: Atmospheres, 112,

https://doi.org/10.1029/2006JD007224, 2007.

Vomel, H., Naebert, T., Dirksen, R., and Sommer, M.: An update on the uncertainties of water vapor measurements using

cryogenic frost point hygrometers, Atmos. Meas. Tech., 9, 3755-3768, 10.5194/amt-9-3755-2016, 2016.

46



1085

1090

1095

(100

[105

https://doi.org/10.5194/hess-2022-131 Hydrology and
Preprint. Discussion started: 29 April 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

Walther, P. and Pohl, R.: Hochwasserrisiken im Osterzgebirge — eine historische Retrospektive. Flood Risks in the Eastern
Erzgebirge Mountains — a historical Survey., Wasserbauliche Mitteilungen - Institut fiir Wasserbau und THM der TU Dresden,
Heft 27, 383-400, 2004.

Weber, U., Attinger, S., Baschek, B., Boike, J., Borchardt, D., Brix, H., Briiggemann, N., Bussmann, I., Dietrich, P., Fischer,
P., Greinert, J., Hajnsek, 1., 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., Schiitze, C., Tillmann, R., Vereecken, H., Wieser, A., and
Teutsch, G.: MOSES: A Novel Observation System to Monitor Dynamic Events across Earth Compartments, Bulletin of the
American Meteorological Society, 103, E339-E348, 10.1175/BAMS-D-20-0158.1, 2022.

WMO, Nash, J., Oakley, T., Vomel, H., and Wei, L.: WMO intercomparison of high quality radiosonde systems, Yangjiang,
China, Instruments and Observing Methods Report No. 107, 238 p., WMO/TD-No. 1580, 2011.

Wulfmeyer, V., Behrendt, A., Kottmeier, C., Corsmeier, U., Barthlott, C., Craig, G. C., Hagen, M., Althausen, D., Aoshima,
F., Arpagaus, M., Bauer, H.-S., Bennett, L., Blyth, A., Brandau, C., Champollion, C., Crewell, S., Dick, G., Di Girolamo, P.,
Dorninger, M., Dufournet, Y., Eigenmann, R., Engelmann, R., Flamant, C., Foken, T., Gorgas, T., Grzeschik, M., Handwerker,
J., Hauck, C., Holler, H., Junkermann, W., Kalthoff, N., Kiemle, C., Klink, S., Kénig, M., Krauss, L., Long, C. N., Madonna,
F., Mobbs, S., Neininger, B., Pal, S., Peters, G., Pigeon, G., Richard, E., Rotach, M. W., Russchenberg, H., Schwitalla, T.,
Smith, V., Steinacker, R., Trentmann, J., Turner, D. D., van Baelen, J., Vogt, S., Volkert, H., Weckwerth, T., Wernli, H.,
Wieser, A., and Wirth, M.: The Convective and Orographically-induced Precipitation Study (COPS): the scientific strategy,
the field phase, and research highlights, Quarterly Journal of the Royal Meteorological Society, 137, 3-30,
https://doi.org/10.1002/qj.752, 2011.

Zacharias, S., Bogena, H., Samaniego, L., Mauder, M., FuB}, R., Piitz, T., Frenzel, M., Schwank, M., Baessler, C., Butterbach-
Bahl, K., Bens, O., Borg, E., Brauer, A., Dietrich, P., Hajnsek, L., Helle, G., Kiese, R., Kunstmann, H., Klotz, S., Munch, J. C.,
Papen, H., Priesack, E., Schmid, H. P., Steinbrecher, R., Rosenbaum, U., Teutsch, G., and Vereecken, H.: A Network of
Terrestrial Environmental Observatories in Germany, Vadose Zone Journal, 10, 955-973,

https://doi.org/10.2136/vzj2010.0139, 2011.

Zreda, M., Shuttleworth, W. J., Zeng, X., Zweck, C., Desilets, D., Franz, T. E., and Rosolem, R.: COSMOS: the COsmic-ray
Soil Moisture Observing System, Hydrology and Earth System Sciences, 16, 4079-4099, 10.5194/hess-16-4079-2012, 2012.

47



