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Moisture in materials / Soil moisture

• Soil Moisture = Water in soil

• Essential Climate Variable 
(ECV)
• Climate
• Agriculture and forestry
• Emissions
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• Project on moisture in materials
• 2013 – 2016: METefnet, new primary 

standards for moisture in solids

• 2020 – 2023: BIOFMET, moisture 
transfer standards for biofuels

• 2022 – 2025: SoMMet, metrology for 
moisture in soil

• SoMMet project 2022-2025
• Fundamental metrology on different 

scales/techniques
• Point-scale sensing (calibrations)

• CNRS (neutrons)

• Remote sensing (satellites)

• Harmonization and Data fusion

MMC 2025



The measurand

• Soil moisture
• Soil water content = how much 

water

• Soil water potential = how hard is 
it to extract water → plants

• Soil water content (SWC):
• Volumetric water content, 𝜃𝑣

• Gravimetric water content, 𝜃𝑚
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• Most commonly used metric is volumetric 
water content (VWC, 𝜃𝑣)

𝜃𝑣 =
𝑉𝑤𝑎𝑡𝑒𝑟

𝑉𝑠𝑜𝑖𝑙, 𝑤𝑒𝑡

• But most reference measures water mass 
fraction (𝜃𝑚)

𝜃𝑚 =
𝑚𝑤𝑎𝑡𝑒𝑟

𝑚𝑠𝑜𝑖𝑙, 𝑤𝑒𝑡

 𝜃𝑣 =
𝜌𝑠𝑜𝑖𝑙, 𝑏𝑢𝑙𝑘 ⋅ 𝑚𝑤𝑎𝑡𝑒𝑟

𝜌𝑤𝑎𝑡𝑒𝑟(𝑇) ⋅ 𝑚𝑠𝑜𝑖𝑙,𝑑𝑟𝑦
=

𝜌𝑠𝑜𝑖𝑙, 𝑏𝑢𝑙𝑘

𝜌𝑤𝑎𝑡𝑒𝑟(𝑇) 
𝜃𝑚

MMC 2025



What is traceability in 
metrology?



Metrological Traceability

▪ Metrological traceability is a property of a measurement result whereby the result can be related to 
a reference through a documented unbroken chain of calibrations, each contributing to the 
measurement uncertainty

▪ Measurement uncertainty ensures that a measurement result is related to a reference on a “higher 
level” that in the end is compared with a primary realization of the unit – measurement uncertainty 
is a measure of the quality of a measurement.

▪ Thus, traceability is needed in order to make trustworthy measurements on all levels independent 
of method or instrument type. 



Definition

Primary realisation

Transfer Standard

Industry reference instrument

Measurement in industry

For every step in the chain 
of calibrations the 
uncertainty increases

Too low uncertainties 
”breaks” the traceability 
chain

The calibration hierarchy



Definition

Primary method

•Reference method (e.g. EWV methods)

Transfer standard

•LoD

•Reference sensor

Soil-moisture sensors

•CRNS

•Point-scale sensors

•…

Soil-moisture metrology traceability



Definition

Primary method

•Reference method

Transfer standard

•LoD

Soil-moisture sensors

•CRNS

•Point-scale sensors

•…

Soil-moisture metrology dissemination



Step 1: Definition



What is soil moisture?

✓Water content
• Volumetric
• Gravimetric

oWater potential



1. Water (or moisture) content
• Proportion of water in sample

• = mass of water

• = 𝑚𝑤

• Unit: kg

2. Water mass fraction
• Proportion of water in wet matrix (i.e. wet sample)

• = wet basis

• =𝑚𝑤/𝑚𝑤𝑒𝑡 𝑠𝑎𝑚𝑝𝑙𝑒

• Unit: Dimensionless, e.g. %, ppm, …

3. Water mass ratio
• Ratio of water to dry matrix (i.e. dry sample)

• = dry basis

• = 𝑚𝑤/𝑚𝑑𝑟𝑦 𝑠𝑎𝑚𝑝𝑙𝑒

• Unit: Dimensionless, e.g. %, ppm, …

4. Water volume fraction (I)
• Ratio of water to (wet) matrix volume

• Requires sample density, 𝜌, or volume, 𝑉

• = 𝑚𝑤/𝑉𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑚𝑤

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
⋅ 𝜌𝑠𝑎𝑚𝑝𝑙𝑒

• Unit: kg/m3, or g/L, …

5. Water volume fraction (II)
• Ratio of water to (wet) matrix volume

• Requires sample density, 𝜌, or volume, 𝑉

• = 𝑉𝑤/𝑉𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑚𝑤

𝑚𝑠𝑎𝑚𝑝𝑙𝑒
⋅

𝜌𝑠𝑎𝑚𝑝𝑙𝑒

𝜌𝑤

• Unit: cm3/cm3, or g/L, …

Measured quantity:
Water content / Fraction or ratio / Wet or dry basis?



Step 2: Primary method



1. Specific detection of water

2. Traceable via other physical quantities 

Primary method …



DTI REFERENCE METHOD FOR WATER CONTENT (EWV-DP)

• Based on Evolved Water Vapour (EWV)

• Basic principle

• Sample is dryed in flow of dry air

• Measure

• Humidity (= Evolved water vapour)

• Air flow

• Water content = Flow × Absolute humidity

• Advantage: Specific water detection, Traceable

• Disadvantages: Single point (place, time), cumbersome, destructive

water content equals 21.75 g ± 0.49 g



Uncertainty of DTI reference method



• DTI, CMI, TUBITAK, CETIAT

• Organic (left) or Inorganic (right) samples 

Validation of primary methods
EURAMET project 1685: Pilot study: Intercomparison of Soil 
Moisture Measurement (ongoing)



Step 3: Transfer standard



DTI transfer standard based on LoD

1. Main measurement principle: Water content = 
mass loss (LoD)

2. Dissemination of traceability: Transfer standard
• (Trans-) portable

3. Using dry air (𝑇𝑑𝑝 ≤ −20 ˚C) for analysis
• Can extract more water from sample at a given 

temperature

• Can use lower temperature (less degradation of organic 
compounds)

4. Setup controlled by humidity of drying air
• Reduced risk of “over drying”

• Additional water-content estimate (= air flow × water 
content)

MMC 2025H. Kjeldsen
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DTI transfer standard: Calibration

• Comparison with primary reference

MMC 2025H. Kjeldsen
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ORGANIC SOIL INORGANIC SOIL

Sample ID Result, % u, % (k=1) Sample ID Result, % u., % (k=1)

107 19.10 0.03 7 19.39 0.03

121 18.88 0.03 14 19.45 0.03

128 19.22 0.03 21 19.52 0.03

135 18.94 0.03 28 19.35 0.03

149 19.04 0.03 35 19.44 0.03

156 18.89 0.03 56 19.48 0.03

170 19.23 0.03 70 19.32 0.03

Value, % 19.04 Value, % 19.42

u (k=1), % 0.04 u (k=1), % 0.03

DUT DUT Ref.* Ref.* Error** Combined Ratio Ratio

Value, % u (k=1), % Value, % u (k=1), % Value, % u (k=1), % DUT/Ref u (k=1), %

19.04 0.04 18.77 0.25 0.27 0.25 1.015 0.014

19.42 0.03 19.23 0.24 0.19 0.24 1.010 0.013

ORGANIC SOIL

INORGANIC SOIL



Validation of field laboratories using 
transfer standard (ongoing)

• 2x 10 samples from each field

• ½ → Field lab (LoD)

• ½ → Transfer standard

MMC 2025H. Kjeldsen
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Step 4: Point-scale sensors



Point-scale sensor: Example
• Truebner SMT100

• https://www.truebner.de/en/smt
100.php

• Measurement principle:
• TDT (time domain Transmission)

• Specifications:

MMC 2025H. Kjeldsen
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Trubner SMT100

• Comparison with primary reference

MMC 2025H. Kjeldsen
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Trubner SMT100

• Stabilization

• Signal = % VWC

MMC 2025H. Kjeldsen
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Calibration: Setup & Sample material

• Setup
1. Reference = DTI primary setup

2. Sensor = SMT100

3. Sample material = inorganic soil from ”Skejby”

• Sample material
• 1) Pulverized, 2) Sieved, 3) Mixed with water

• 4) Mixed → homogeneous, 5) Filled in test vessel

MMC 2025H. Kjeldsen
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Calibration: Reference value

• 4x samples extracted: Volume = 100 cm3

• 1x sample → Reference (primary method)
• 1) water mass, 2) mass loss → 3) Ratio

• 3x LoD → Mass loss (transfer standard)
• 3) Mass loss → 4) water mass (using ratio)

• Water density (from temperature)
• 5) Water volume (4x)

• Sample rings
• 6) Soil volume (4x)

• Uncertainty
1. Homogeneity
2. Soil volume
3. Reference method

MMC 2025H. Kjeldsen
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Calibration: Example of result
Truebner SMT100 – Inorganic soil (Skejby)
No Reference Sensor Error Uncertainty (k=2)

cm 3  cm -3 cm 3  cm -3 cm 3  cm -3 cm 3  cm -3

1 0.118 0.060 -0.058 0.010

2 0.111 0.061 -0.050 0.008

3 0.113 0.063 -0.050 0.016

4 0.244 0.151 -0.093 0.037

5 0.238 0.158 -0.080 0.019

6 0.256 0.178 -0.078 0.023

MMC 2025H. Kjeldsen
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Calibration: Next steps

• Calibration in different soil types (DTI)

• Calibration of different sensor types (CMI)

• Calibration of different sensors (TUBITAK)

MMC 2025H. Kjeldsen
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Questions?
• Henrik Kjeldsen

• hkje@teknologisk.dk 

• Emil Andreasen Klahn
• eak@teknologisk.dk
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