Soil moisture monitoring using cosmic-ray neutrons
Potential application to drought early warning

Marek Zreda, (University of Arizona)

San Pedro, 5 March 2010
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Developing a Coordinated National Soil Moisture Network, NIDIS-NOAA workshop, Kansas City, 13-14 November 2013



Elements of presentation

(1) Brief description of purpose and applications of COSMOS

(2) Extent (including map)
(i) COSMOS-US
(i) Globa COSMOS

(3) Methods
(i) Rationale and advantages
(i) Cosmic-ray neutron sensing




Purpose and applications of COSMOS

To create a US network that will provide consistent soil moisture data

To expand globally

Applicationsinclude:

» Hydrology (recharge, drought, floods, hydraulic properties, snow water equivalent)
» Ecology (biomass, evapotranspiration)

»  Weather forecasting (model initialization, data assimilation)

» Climate forecasting (seasonal, feedbacks, forcings, teleconnections)

* Agriculture (irrigation)

* Engineering (slope stability etc)

» Satellite remote sensing (cal/val)



USA

e Current: 56 stationary probes
* Goal: 500 probes
* Mobile sensing developed

Global

e Instaled: 122+ probes
* New funded: 105+
* Proposals pending: 125+

* Mobilesensing: 2+

Extent of COSMOS
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M easurement volume of cosmic-ray probe
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Horizontal footprint

* Circle, radius of ca. 300 m at sealevel
* Nearly independent of soil moisture

* Increases with decreasing air density

* Decreases with increasing air humidity

M easur ement thickness

» 70 cmin dry soils (zero hydrogen)

* Decreasing to 12 cm in wet soils

* Independent of air density

* Independent of atmospheric humidity

Rietholzbach, Switzerl ano;l



Variations in soil moisture: circle, 400 m diameter

Rietholzbach, 11 Apr 2011
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Footprint of the Rietholzbach COSMOS probe (cosmos.hwr .arizona.edu)

Rietholzbach, Switzerl and



Variations in soil moisture: circle, 400 m diameter

San Pedro, 5 March 2010
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Footprint of the San Pedro COSMOS probe (cosmos.hwr .arizona.edu)



Variations in soil moisture: circle, 400 m diameter

Rietholzbach, 11 Apr 2011
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San Pedro, 5 March 2010
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Depth, cm

Depth, cm

Depth, cm

Variationsin soil moisture: 35 COSMOS sites
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Fraction of variance:

400 m vs. continental USA
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Conclusions regarding horizontal variations in soil moisture

San Pedro, 5 March 2010

Soil moistureis highly variable in space. 0
Shapes of the profiles are as variable. 5
Neither single measurements nor profiles are
representative of the surrounding area. 10
£
(&)
Small-scale variability makes up alarge fraction < 15 4
of the continental variability. =2
&
Therefore... 20 —
Point measurements of soil moisture are
: 25
unreliable.
Need to shift to area-average measurements. 30
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Cosmic-ray neutrons above the surface
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Space:

incoming high-energy
cosmic-ray protons

Atmosphere:

generation of
secondary cosmic rays

Ground:

scattering
thermalization
absorption

Production and removal of fast neutrons
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Horizontal coordinate (g cm™?)

* Primary - mostly protons and a phas

* Interact with magnetic field

- intensity depends on solar activity
and geomagnetic latitude

* Interact with atmospheric nuclei
* Produce secondary particles - cascade

- intensity depends on barometric
ressure

* Produce fast neutrons

» Remove fast neutrons
- slowing down by elastic collisions
- leads to thermalization

- and then absorption

The last three processes depend on the
chemical composition of the medium, in
particular on its hydrogen content.




Moderating power of rocks & neutron flux
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Contribution of hydrogen (fraction of total)

Neutron flux (relative)
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Neutron flux (relative)

Moderating power and neutron intensity
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¢ (E) - flux of neutrons of energy E

Q - strength of source function

N - number of atoms of an element

o - Scattering cross section for an element

& - log decrement of energy per collision

o - & - dowing down power for an element

Ny - oy &y +Z(N - o- &) - slowing-down power of
the medium, separated into:

2(N - o - &) - Slowing-down power of the medium
minus hydrogen
oy - &y - Slowing-down power of hydrogen



Cosmic-ray probe
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Soil moisture, m™ m

Testing calibration: repeated ground truthing

San Pedro River valley, AZ
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COSMOS:. Cosmic-ray soil moisture observing system

& Iridium satellite system
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COSMOS sites
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COSMOS web site: probe data

) cosmos « [ () cosMos Probe: Silver Sword

C | @ cosmos.bwr. arizona.edufProbes/StatonDat/o 12 findesx.php

» Home ® Stations @ Station Information

The site is co-located with the USDA MNational Resources Conservation Service 'Silver Sword' site,
MMore information regarding the LUISDA site can be found at
bt/ faewew woc. nres usda.goy nwecfsitersitenum= 210 1&state =HI

Installation Date: 2010-06-15
Tirmezone (LUTC): -10
Cutoff Rigidity (GY): 12.67
Mearn Pressure (mb: 725
Mean Bulk Density (gfcrm=1: 0.78

Larger Photo Appro: Footprint Mean Lattice Water (% weight): 227
Max Count Rate () 2633
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COSMOS data is research level and subject to change.

COSMOS is supported by the atrmospheric and Geospace Sciences Division of the National Science Foundation

COSMOS public server: cosmos.hwr.arizona.edu




Mobile cosmic-ray probe (COSMQOS rover)

M easures cosmic-ray intensity continuously using a probe in a vehicle.

Two modes:
(1) stop and measure (SAM);
(2) drive and measure (DAM).
Can do 1-D transects.
Can do 2-D maps (from multiple transects or multiple stops).

Has multiple large tubes for high count rates (fast measurements).

Has GPS to record positions.

Advantages.

(1) Fast mapping of soil moisture over large areas
and over variable terrains

(2) Possible with different moving platforms:

e cars (done, working well)
aircraft (in progress, likely to work)
on foot (backpack rover, should work)
trains (future, likely to work)



COSMOS rover: transect, Hawaii
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COSMOS rover: soill moisture in Tucson Basin




COSMOS rover: soill moisture in Tucson Basin
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COSMOS rover: soill moisture in Tucson Basin
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Possible use of COSMOS probes for drought monitoring

*  Produce time series of area-average soil moisture
data at COSMOS sites

Soil Mosture (% Volumetnc), Calbration Data
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»  Generate soil moisture maps using stationary
COSMOS probes

Wetness

» Determine soil properties from neutron data

e  Compute water mass balance

»  Separate evapotranspiration and biomass seasonal
changes from neutron data

» Extract snow water equivalent from neutron data

e Connect COSMOS sites using COSMOS rover to
enhance resolution and coverage

*  Produce high-resolution mesoscale maps of soil
moisture

* Use COSMOS rovers on trains to produce daily
continental -scal e soil-moisture transects

Philadelphia
lashington DC

dacksonville
-

New Orleans @ Orlando

-
Tampa ° Ft Laudardale

® Miami
Long-distance tra double-deck Superliner cars. Typically 1 train daily.
Long-distance train with Viewliner, Amfleet or Horizon cars. Typically 1 or 2 trains daily.
Inter-city-style service, with a range of trains daily.




Correlation: soil moisture, 0-5 cm vs. 0-30 cm
Soil samples from cores at COSMOS sites in the continental USA

Raw (unweighted) COSMOS-weighted (for depth)
50 - 50
O avgallvsavgtop5 O O  Soil samples
—— Regression, slope = 1.06, R2 = 0.92 —— Regression, slope=1.03, R2=0.98

95% confidence limits 95% confidence
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Average, 0-5cm
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Conclusions regarding vertical variations in soil moisture

Individual profilesare highly variable and unpredictable.
But area-average profiles are less variable and mor e predictable.
Strong correlation (R2=0.98) between 0-5 cm and 0-30 cm COSM OS-weighted soil moisture.

Therefore...

COSMOS data can be used to establish area-average soil moisture profilesfor drought
monitoring.




Future prospects. big picture
Big change: single-probe data vs. network data

» Research to date focused on single-probe data, such as
soil moisture or biomass at the probe footprint (image)

* That research was necessary to build confidence in
cosmic-ray measurements

» Armed with that confidence, we are now ready to
study processes that operate at mesoscale and larger
scales

» Small-scale research at single sites will be
transformed into large-scale research that uses the
whole network, guided by the principle that the whole is
greater than the sum of its parts

* The current network of 56 probes will be enlarged

* COSMOS probes will be collocated with other
instruments and data analyzed jointly

» New applications will be developed

Wetness



Growth of global COSMOS
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Area-average hydraulic conductivity derived from COSMOS data
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