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TDR Instrumentation — Historical Perspective

® 1990’s and early 2000’s: Tektronix 1502C cable tester
(1.75 GHz bandwidth), CPU, 50 Q coaxial cables,

multiplexers...
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Calibration influenced by coaxial cable length and

interconnects
Extremely difficult to deploy in field

Only for scientific research

Acclima
Soil Smart Series

= -
2016 to present: Acclima TDR-315 sensors (~1 GHz
bandwidth)
°  Miniaturized TDR circuit

o SDI-12 interface; waveforms acquired via another
communication protocol

> Solar gateway and nodes allow cloud access



Why TDR?

Reduced sensitivity to apparent (bulk) EC of the soil

Measured travel time is highly linear with soil water
content
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TDR measurements — sources of imprecision/inaccuracy

® Errors 0.02 to 0.05 m3 m=3 (20 — 50% management range)

® (alibrations fail to consider interaction between mineral
surfaces and water (bound water relaxation):

o Permittivity of bound water 10 — 60% of free water

> Attenuation of high frequency components biases
mectite graphical determination of travel time
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® Small sampling volume of probe (~300 cm?3)

® Sensitivity to bulk EC increases with increasing 2:1 clay
content

2.8 cm

® Temperature influences dielectric and dc losses and the
amount of bound water




Calibrations (loosely) based on theory

Interplay between temperature and bound water (Or and Wraith, 1999) and bulk electrical
conductivity (ECa) (Schwartz et al., 2009ab) — Complex dielectric power law mixing model
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Free water & bound water permittivities are complex and frequency As — surface area of soil
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Advantages Disadvantages
Improved RMSE Not a closed form calculation
Fitted surface area closely Travel time approximated from signal attenuation # increases
correlated with measured in graphically determined travel time
surface area (r = 0.989) Soil specific calibration is impractical for most field

applications for irrigation management (large fields, spatially
variable soil properties)



Can we use waveform features to apply soil specific calibrations?

® Big Dirta Project / Acclima, Inc.

® Generation of waveform dataset with the TDR-
315N

> Mixtures of sand, kaolinite, high surface area soil
(Pullman Bt) — range in specific surface areas

> Saturation with < 1 dS m CaCl,
> Pressure extraction in chamber (to 100 kPa)

o Resaturation with progressively increasing EC
solutions
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® Work in progress Pressure extraction in packed container




Can we use waveform features to apply soil specific calibrations?

Frequency response of soils reflect bound water associated with surfaces (amount of 2:1 clay)
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|dentify waveform features useful for soil specific calibration (machine learning approach)
Sensors would “self-calibrate” in situ

Collaborative work with Acclima, Inc.



Can we use waveform features to apply soil specific calibrations?

Waveforms with similar travel times and EC, (~1 dS m-1)
Kaolinite - 70% clay (EPK, Edgar Minerals, FL); As = 52 m2 g1

Pullman Bt - 50% clay (25% smectite, 25% mica); As =190 m2 g1
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Using TDR to quantify net irrigation and infiltration

® Large uncertainties in infiltration/runoff and irrigation application efficiency

® Use of event based method to estimate infiltration / net irrigation
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> Generates errors in estimated crop water use

Maize (Bushland, TX 2022)
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® Array of sensors near surface
(detection of wetting front)

® Integration permits evaluation of the net
irrigation (24 mm for 3 arrays; 93% AE)
> Wetting front does not extend to lowest sensor

> Negligible drainage for short time period



IRT canopy temperatures as a proxy to scale

measured crop ET

® Major limitation: Impractical & costly to deploy sufficient sensors
to account for water content variability in large agricultural fields
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infer crop ET using the a scaled crop water
stress index (CWSI)



Challenges & Opportunities — soil water sensors
for irrigation management

® Water content measurement accuracy is still a problem for all EM sensors
in soils with significant 2:1 clays

Subsurface drip lines

Improvement of downhole
probes for deep soil water
content sensing (problems: air
gaps in installation; reduced
sensitivity)

TDR down-hole prototype Acclima, Inc.

the spatial variability imposed by surface and subsurface drip irrigation
and resulting root densities

® Field variability and upscaling measured water contents to management
zones

® Scarce water resources -> irrigating to avoid crop water stress may not
result in the greatest water productivity

> Fusion of crop models & soil water content measurements to improve forecasting of
yield and profitability in response to irrigation



Acknowledgements:
Collaborators
& Coauthors

Acclima, Inc.
Meridian, ID USA
Scott Anderson
David Anderson
Hyrum Anderson

USDA-ARS
Bushland, TX USDA
Steven Evett




Disclaimers and Acknowledgements

The use of trade, firm, or corporation names in this article is for the information and convenience of the reader. Such use
does not constitute an official endorsement or approval by the United States Department of Agriculture or the
Agricultural Research Service of any product or service to the exclusion of others that may be suitable.

This research was supported in part by the Ogallala Aquifer Program, a consortium between USDA-Agricultural Research
Service, Kansas State University, Texas AgriLife Research, Texas AgriLife Extension Service, Texas Tech University, and West
Texas A&M University.

The U.S. Department of Agriculture (USDA) prohibits discrimination in all its programs and activities on the basis of race,
color, national origin, age, disability, and where applicable, sex, marital status, familial status, parental status, religion,
sexual orientation, genetic information, political beliefs, reprisal, or because all or part of an individual's income is derived
from any public assistance program. (Not all prohibited bases apply to all programs.) Persons with disabilities who require
alternative means for communication of program information (Braille, large print, audiotape, etc.) should contact USDA's
TARGET Center at (202) 720-2600 (voice and TDD). To file a complaint of discrimination, write to USDA, Director, Office of
Civil Rights, 1400 Independence Avenue, S.W., Washington, D.C. 20250-9410, or call (800) 795-3272 (voice) or (202) 720-
6382 (TDD). USDA is an equal opportunity provider and employer.”



References

Colaizzi, P.D., Barnes, E.M., Clarke, T.R., Choi, CY., Waller, P.M., Haberland, J., and Kostrzewski, M. 2003. Water stress detection under high frequency sprinkler
irrigation with water deficit index. J. Irrig. Drain. Eng. 129, 36:43.

Evett, S.R., Or, D., and Schwartz, RC. 2020. Time Domain Reflectometry (4.3.2). In: Soil Moisture Product Validation Good Practices Protocol Version 1.0. NASA, Land
Product Validation Subgroup (WGCV/CEQS). https://lpvs.gsfc.nasa.gov/PDF/CEQS SM _LPV_Protocol V1 20201027 final.pdf

Guber, A., Gish, T., Pachepsky, Y., McKee, L., Nicholson, T., Cady, R., 2011. Event-based estimation of water budget components using a network of multi-sensor
capacitance probes. Hydrol. Sci. J. Des Sci. Hydrol. 56, 1227-1241.

Or, D. and J.M. Wraith. 1999. Temperature effects on soil bulk dielectric permittivity measured by time domain reflectometry: A physical model. Water Resour. Res.
35:371:383.

Schwartz, R.C., Baumhardt, R.L., Howell, T.A., 2008. Estimation of soil water balance components using an iterative procedure. Vadose Zone J. 7 (1), 115-123.

Schwartz, R.C,, J.J. Casanova, J.M. Bell, and S.R. Evett. 2014. A reevaluation of TDR propagation time determination in soils. Vadose Zone J.
doi:10.2136/vzj2013.07.0135.

Schwartz, R.C,, J.J. Casanova, M.G. Pelletier, S.R. Evett, and R.L. Baumhardt. 2013. Soil permittivity response to bulk electrical conductivity for selected soil water
sensors. Vadose Zone J. doi:10.2136/vzj2012.0133.

Schwartz, R.C,, S.R. Evett, S.K. Anderson and D. Anderson. 2016. Evaluation of a direct-coupled time domain reflectometer for determination of soil water content
and bulk electrical conductivity. Vadose Zone J. 15(1) doi:10.2136/vzj2015.08.0115.

Schwartz, R.C., Evett, S.R. and Bell, J.M. 2009a. Complex permittivity model for time domain reflectometry soil water content sensing. Il. Calibration. Soil Sci. Soc.
Am. J. 73(3): 898-909.

Schwartz, R.C., S.R. Evett, A. Dominguez, B.C. Léllis, J.J. Pardo. 2020. Soil water and bulk electrical conductivity sensor technologies for irrigation and salinity
management (p. 121-146). In: Landscape Salinity and Water Management for Improving Agricultural Productivity. IAEA-TECDOC 1916. Joint FAO/IAEA Division of
Nuclear Techniques in Food and Agriculture. International Atomic Energy Agency, Vienna.

Schwartz, R.C,, Evett, S.R., Pelletier, M.G., and Bell, JM. 2009b. Complex permittivity model for time domain reflectometry soil water content sensing. I. Theory. Soil
Sci. Soc. Am. J. 73(3):886-897.



https://lpvs.gsfc.nasa.gov/PDF/CEOS_SM_LPV_Protocol_V1_20201027_final.pdf

