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» Soil Moisture Measurement Gap
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[1] ESA SMOS (http://www.esa.int/Our Activities/Observing the Earth/SMOS/Horn of Africa drought seen from space) / \
[2] The Clay Research Group (http://www.theclayresearchgroup.org/images/ert.jpg) 4 v



http://www.esa.int/Our_Activities/Observing_the_Earth/SMOS/Horn_of_Africa_drought_seen_from_space




» Cosmic Neutron Basics

Air Showers

[1] Image by A. Chantelauze, S. Staffi, and L. Bret, https://www.theverge.com/2017/9/21/16335164/pierre-auger-observatory-cosmic-ray-galaxies-air-shower-particles




» Neutron interaction with water

[1] Image by A. Chantelauze, S. Staffi, and L. Bret, https://www.theverge.com/2017/9/21/16335164/pierre-auger-observatory-cosmic-ray-galaxies-air-shower-particles




» Neutron interaction with water
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[1] Image by A. Chantelauze, S. Staffi, and L. Bret, https://www.theverge.com/2017/9/21/16335164/pierre-auger-observatory-cosmic-ray-galaxies-air-shower-particles ( p
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» The Historical Channel
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[1] Hendrick, L. D. and Edge, R. D., “Cosmic-ray neutrons near the Earth”, Phys. Rev. Ser. I, 145 (1966) ]
[2] Kodama, M. et al., “Application of atmospheric neutrons to soil moisture measurement”, Soil Sci., 140 (1985) Pl
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» Water on Mars

Thermal neutrons
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[1] W.C. Feldman, et. al ,,Global Distribution of Neutrons from Mars: Results from Mars
Odyssey”, Science 297 (5578) (2002), 75-78.
[2] http://exploration.esa.int/mars/48523-trace-gas-orbiter-instruments/?fbodylongid=2217



» Stationary Instruments
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> URANIS

5| URANOS - The Cosmic Soil Moi i EI = @

Detector Setup Export & Display Range View Spatial View

Layers are arranged in the vertical direction, representing different materials or 2D gridded patterns

Soil Moisture [Vol%&] Layers
| 6%
Position Height Material Matrix Load Minimal Config
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Topological presets (water, land)
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View layer maps
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» URANOS Buildup
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» URANOS Buildup

generation

track
detection

] source
spectrum

B B el st scale]
.

meV 1eV 1 GeV

] detector
efficiency

TTe—

i e I e s s R s iy ey R e i
TmeV 1eV 1 GeV

B B e, st scale]
.

surface rx/\o /
S \V/

~ track
interface
contact

soil
nuclear track
evaporation SIéaéﬁfgrr;g
EL /
| “’\-"F"‘ g /ﬁ;
. . i Ai ‘WF‘” —7
* written in C++ il T
o

L
o 2z ¢ & 8 10 12 4 18 18 2

* linked against ENDF data bases

size and material

Custom layers
ofarhitlgry




» URANOS Buildup
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» URANOS Buildup
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» URANOS Modeling

topography




» URANOS Modeling
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» URANOS Modeling




» URANOS Modeling
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» CRNS timeseries

Uranos simulation of Hydrus1D completed soil data
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[1] Rosolem, R. et al. “The Effect of Atmospheric Water Vapor on Neutron Count in the Cosmic-Ray Soil Moisture Observing System.” J. of Hydrometeorology 14(5) (2013) @
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» Stationary and Roving

In collaboration with Martin Schrén, UFZ Leipzig
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» Stationary and Roving

In collaboration with Martin Schrén, UFZ Leipzig

Intensity dN/dr of detected neutrons [arb. units]
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» Stationary Instruments

Stationary - small Stationary - large
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» Instrument Development

Low temperature dependence

* Display: RL, p, event info

*  High resolution for environmental variables
*  Battery/voltage monitoring

. Multi-purpose RJ45 Connector

* SDcard

*  SDI-12 / RS485 implementation

*  GPS Modem

* 4G Modem

* LoRa Modem




» CRNS Networks

k:’Ochtrup

) J
:

d)

Crolles |2 %] g B
g Rl o &

Toglouse 2 @iiﬁk.éﬁfmwdm & ADAPTER CRNS station
5200 ; o 0 25 50 75 km
4 7 £ — —
Olocau : éAlento1 L
% Caldéron1f | Ai'e‘ntoii- % : A ADAPTER sites (Ney 2021, MetroAgriFor)

Calderon2
COSMOS-Europe sites (Bogena 2021, ESSD)

' q
Physikalisches Institut, Universitat Heidelberg




»» The ADAPTER Network ‘9

Server
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Devices with Cellular - Data storage
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< transmission of the
observation data
via Narrow Band
Internet of Things
(NB-10T) in near
real-time
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» Telemetry Integration
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» Forecast Model

High-resolution soil moisture forecast

Focus on soil water states and fluxes

ParFlow hydrological model for the complete
dynamical representation of the subsurface and
surface hydrological processes, coupled with

CLM (Common Land Model) for the
interactions at the surface

Atmospheric forcing: forecasts from ECMWF
Assimilation of observed soil moisture
- Initialization closest to reality

<SS ECMWF

- W Atmospheric Forcing

= Ground Surface

Infiltration Front

N Vadose Zone

Tog ] |

ParFIow

aturated Zone
.fi'nJ 1'-'0 —I_

[T T

Saturation &) 0 Water Table




» Parflow

Assimilation Forecast
Sun Mon Tue Wed
22'0.8'21 23'0.8'21 24'0.8'21 25'0.8'21 o2l
Model: ParFlow/CLM £
Forcing: EEMWF HRES °%
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High-resolution soil moisture forecast " ol
*  Prototype: site specific soil moisture forecast: — r — — '
u Ui
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e'g" plant avallable Water — Ensemble mean Ensemble spread M Interquartile range

*  Ensemble accounts for uncertainty due to heterogeneity of
soil hydraulic properties 3 [
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» Remote Sensing Comparison
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» SOMMET: Standardization
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» Multiple scales of SOMMET

Comparison and harmonization
of soil moisture measurement methods
at multiple spatial and temporal scales

- Comparison of methods, their constraints and different spatial and temporal characteristics

- Development of an approach to harmonize point scale, field scale and remote sensing

Point-scale in situ measurements Cosmic-ray neutron sensing Satellite remote sensing
Example: Time series of a single sensor Example: Daily average soil moisture Example: Sentinel-1 surface soil
at catchment scale volumetric water content product

Dataviewer Station: Lochheim from: 2010/11/18 to: 2011/11118

0 mean
0.05 m%m?3 0.5
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$0il_moisture(m3m-3 * 100)_0.05m IMKO TDR 2 136
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[International Soil Moisture Network] [Heistermann, HESS 25 (2021) 4807] [Balenzano et al., Data in Brief 38 (2021) 107345]




» Sl-traceable measurements

- Calibration facilities for point scale sensors

- Primary measurement methods and transfer standards

- Provide a traceability scheme to CRNS
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Soil moisture measurements on the intermediate scale between
MMI I Remote Sensing products and point probes: Cosmic-Ray Neutron Sensing

CRNS is an emerging technology
* Bridges the scale between remote sensing and local probes
* Provides an area-averaged soil moisture estimate on 10 ha and max. 50 cm depth
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Soil moisture measurements on the intermediate scale between
mml I Remote Sensing products and point probes: Cosmic-Ray Neutron Sensing
CRNS is an emerging technology
* Bridges the scale between remote sensing and local probes
* Provides an area-averaged soil moisture estimate on 10 ha and max. 50 cm depth
» Stationary: real-time data, Roving: snapshot of km? scale
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Soil moisture measurements on the intermediate scale between
mml I Remote Sensing products and point probes: Cosmic-Ray Neutron Sensing

CRNS is an emerging technology

* Bridges the scale between remote sensing and local probes

* Provides an area-averaged soil moisture estimate on 10 ha and max. 50 cm depth
» Stationary: real-time data, Roving: snapshot of km? scale

» Different Networks (COSMOS, UK, EU, Germany) - different telemetry solutions
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Remote Sensing products and point probes: Cosmic-Ray Neutron Sensing

mml I Soil moisture measurements on the intermediate scale between

CRNS is an emerging technology

Land

Bridges the scale between remote sensing and local probes

Provides an area-averaged soil moisture estimate on 10 ha and max. 50 cm depth
Stationary: real-time data, Roving: snapshot of km? scale

Different Networks (COSMOS, UK, EU, Germany) - different telemetry solutions
loT-Integration for precision farming facilitated by

— Independent, non-invasive sensor operation and low maintenance
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Remote Sensing products and point probes: Cosmic-Ray Neutron Sensing

mm' I Soil moisture measurements on the intermediate scale between

CRNS is an emerging technology

Land

Bridges the scale between remote sensing and local probes

Provides an area-averaged soil moisture estimate on 10 ha and max. 50 cm depth
Stationary: real-time data, Roving: snapshot of km? scale

Different Networks (COSMOS, UK, EU, Germany) - different telemetry solutions
loT-Integration for precision farming facilitated by

— Independent, non-invasive sensor operation and low maintenance

SOMMET (PTB): Sl-traceable standardization of soil moisture measurements

1918\

Physikalisches Institut
Heidelberg University
Germany




