High resolution soil moisture monitoring: the
potential of large-N seismology
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Trade-offs In resolution

A
4 Y
and COSt 10000 km? = GNSS / Gamma-ray .
&
Networks R _
> . N/ Basin
2PpEDX netiment 1000 km? = CRNP Network 5
Method Costs [€] \ / Sub-Basin
CRNP 10,000-25,000
GNSS 2000-12,000" 100 km? =
: - LFEMW Watershed
Radiometry 50,000-100,000 ~;§<
Gamma ray 3000-10,000" W 10 km? = Sub-Watershed
Gravimetry ~250,000% 50-90,000° = [gerrestrial]
Q ravimeter
LFEMW ~3000 (_‘g 3 i
(%_ Catchment
.
100m Ground-based
. ) - ” Radiometer ;
. There is a gap in coverage at “field 0 Classical measurement
scales — 10s -100s of meters techniques
1 m?2
T 1 T T -
1 Hour 1 Day 1 Month 1 Year 1 Decade

Temporal scale (frequency)
Bogena et al.



Geophysical methods

Soil moisture [m*m™]
* <0.025 0.125-0.15
Geophysical methods such as Ground © 0025-005 © 0.15-0175

Penetrating Radar or Electrical e g
Resistivity Tomography can occupy this 010-0.125 * >0225
spatial gap

However, conventional methods provide
a “snapshot” image of a point in time

We want to monitor changes over time
at a high temporal resolution

This requires a continuous signal —
omnipresent seismic ambient noise
provides this
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Instrumentation — Stryde nodal seismometers

. Broadband seismometers are expensive, cumbersome
and target lower bandwidths

LY 7% el 2

. Forlarge-N studies we
use a cheap node sensor
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We need a lot of closely-spaced
sensors to monitor shallow
depths to account for the
attenuation at high frequencies




Advantages of nodes for agriculture

Self-contained and battery
powered, no need for external
cabling or solar panels

No specialist knowledge required
to deploy or retrieve, can be
scheduled around harvesting

Non-intrusive — no excavation
Redundancy through large

numbers, important where
sensors may be damaged or lost
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Case Study — Crichton Royal Farm, Dumfries
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Located in south-west Scotland, our study site
hosts a UK-CEH environmental monitoring
station recording soil moisture and temperature
profiles along with meteorological data




Sensor deployment
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PSD (dB)

What noise sources do we see?

« Strong continuous noise signal ~50Hz
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Stacking for the 20 seconds - individual CCF

Green’s Function WmM\NMquMmmeW\MMWMM

. Stacking the cross-correlations —04 —0.2 0.0 0.2 0.4
allows us to improve signal-to- 30 minutes
noise ratio and produce the
Green’s Function WMV‘NVW\/U\/\'JVVWWVWN
—{;.4 —{IIF.E CI.IIIJ EII.IZ EII.I4
. Equivalent to the signal recorded if 1 day

a source was at one station and
the receiver at the other —VWWMNW/\/\NWN

« For our study, a 30 minute stack —0.4 —0.2 0.0 0.2 0.4
provides good signal-to-noise. 28 days "reference"

« We compare a short-term CCF to —"——"“"—"W‘/\n/'\/vm —
the long-term reference to detect 04 02 0.0 0.2 0.4

variations in velocity Lag time (s)



Depth depends on frequency

. We can view different frequencies to investigate different depths

. Our data have resolution in the top few metres 0 ;""i":...;__
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« We stack data B
across 9-station >
sub-arrays
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Time: 2022-12-20 10:00:00
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30-minute dv/v 30Hz - 60Hz
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« Volumetric Water Content generally correlates with relative

seismic velocity
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VWC 30-minute dv/v 30Hz - 60Hz

-
sensor |
depth -2 - o
-4
p » 23 24 25 26 27 28 29 30 31 Jan 02 03 04 05 06 07 08 09 10
2 -8 Flooding 2023-Jan
v
O -10
-12
—14 LI T T T T T L] T T T T T T L] T T T T T
) 23 24 25 26 27 28 29 30 31 Jan 02 03 04 05 06 07 08 09 10

2023-]an

. Hypothesis: that the deeper soil reaches saturation ~ 1 day early

A possible flood precursor?
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Soil Strength/Stiffness

——Suction ----Adsorption Total strength

, l

> ~

p, ¥ X p,
XY
p
TS TS
® = Overburden stress

* P,/P,=Water/air pressure

* T,=Capillary tension

Zhang & Lu, 2020
Solazzi et al., 2021

Degree of saturation W/WS__
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At the water table:
Sand: Density T
Shear modulus 1

Velocity decreases l

Clay: Density =—»

Shear modulus =—>

100

250 No change in velocity —»



VSeup  =-4.6%
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« Sandy Clay soil type

o Not abad assumption, but real soil composition

unconstrained.
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Future work

Our pilot study has shown the approach is valid and
fills a gap in current soil monitoring methods

We would like to repeat the study at other sites
across the UK (and beyond?)

To do:
. Calibration of velocity variation with water content
. Lab constraints on soil properties

. Test sensitivity at different frequencies (depths)



Conclusions and Acknowledgements

Non-intrusive monitoring of subsurface changes in
the CZ is possible with ambient noise and nodal S I R Y , E
seismometers

Dense nodal arrays are quick to deploy at scale

UK Centre for
Ecology & Hydrology

In a pilot study, we show a correlation between
seismic velocity and changes in soil moisture with
30-minute temporal and 10 metre spatial

. » BRITISH
resolutions , GEOPHYSICAL
ASSOCIATION

This offers new possibilities for high-resolution
studies at local scales — important for

understanding agriculture, flooding, landslides... “‘ EIS¢%
Scaling up becomes a “big data” challenge! SRUC UK.%
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