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Status and Perspectives on the 
Cosmic-Ray Neutron Method for 
Soil Moisture Estimation and Other 
Environmental Science Applications
Mie Andreasen,* Karsten H. Jensen, Darin Desilets, 
Trenton E. Franz, Marek Zreda, Heye R. Bogena, and 
Majken C. Looms
Since the introduction of the cosmic-ray neutron method for soil moisture 
estimation, numerous studies have been conducted to test and advance 
the accuracy of the method. Almost 200 stationary neutron detector sys-
tems have been installed worldwide, and roving systems have also started 
to gain ground. The intensity of low-energy neutrons produced by cosmic 
rays, measured above the ground surface, is sensitive to soil moisture in the 
upper decimeters of the ground within a radius of hectometers. The method 
has been proven suitable for estimating soil moisture for a wide range of 
land covers and soil types and has been used for hydrological modeling, 
data assimilation, and calibration and validation of satellite products. The 
method is challenged by the effect on neutron intensity of other hydrogen 
pools such as vegetation, canopy interception, and snow. Identifying the 
signal of the different pools can be used to improve the cosmic-ray neutron 
soil moisture method as well as extend the application to, e.g., biomass and 
canopy interception surveying. More fundamental research is required for 
advancement of the method to include more energy ranges and consider 
multiple height levels.

Abbreviations: CRN, cosmic-ray neutron; MCNPX, Monte Carlo N-Particle Extended; SWE, 
snow water equivalent; URANOS, Ultra Rapid Adaptable Neutron-Only Simulation.

This update is an overview of the cosmic-ray neutron research conducted within envi-
ronmental science. It includes the development of calibration functions for soil moisture 
estimation, correction factors, and footprint analyses. Research conducted to expand the 
application of the method is described along with the applicability of the soil moisture 
estimates. Finally, we include the challenges and potentials of cosmic-ray neutron detection.

Soil moisture controls the exchange of energy and water between the atmosphere and the 
land surface. Accurate and precise measurements of soil moisture are therefore essential for 
quantifying important processes like evapotranspiration, groundwater recharge, and over-
land flow (Vereecken et al., 2008). The cosmic-ray neutron (CRN) method for measuring 
soil moisture is based on background cosmic radiation and exploits the inverse relation-
ship between H content and CRN intensity (Fermi, 1965; Bethe et al., 1940; Hendrick 
and Edge, 1966). Kodama et al. (1985) conducted the first CRN measurements for soil 
moisture estimation. They found the highest sensitivity to soil moisture changes using 
a neutron detector installed at 40 cm below the surface. However, the footprint of the 
buried neutron detectors was <1 m2, whereas it increased substantially when the neutron 
detector was installed above the ground surface (Zreda et al., 2012). Zreda et al. (2008) 
found that aboveground CRN intensity is highly sensitive to soil moisture changes in the 
upper decimeters of the ground within a radius of hundreds of meters.

Due to the noninvasive character of the neutron intensity measurement technique, roving 
applications for regional applications of the CRN method are also possible. Because 
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the CRN method provides soil moisture at a scale between the 
common point scale (e.g., electromagnetic sensors) and large-scale 
measurement methods (e.g., satellite sensing) (Zreda et al., 2012; 
Bogena et al., 2015), CRN soil moisture estimates are useful for 
various studies of land-surface processes. For instance, the mea-
surement scale of the CRN method is similar to catchment-scale 
models with a horizontal discretization of hundreds of meters, the 
eddy covariance system used for actual evapotranspiration deter-
mination, and irrigation management systems such as, e.g., the 
center-pivot system. Although for most terrestrial field sites soil 
moisture is the most important pool of H, many other H pools 
affect the neutron intensity, most notably the vegetation biomass 
(e.g., Zreda et al., 2012; Franz et al., 2013c), snow cover (Kodama 
et al., 1979; Kodama, 1980; Desilets et al., 2010; Zreda et al., 2012), 
canopy interception (Baroni and Oswald, 2015; Andreasen et al., 
2017), and anthropogenic objects such as roads and buildings 
(Table 1).

The aim of this update is to provide an overview of the research 
on hydrological applications of cosmic-ray neutron physics and 
to discuss the challenges and potentials for the advancement and 
additional applications of the CRN method.

66Status of the Method
Cosmogenic Neutrons
Primary cosmic-ray particles (mainly protons) travel toward the 
Earth at a rate varying according to the 11-yr solar activity cycle. 
The shielding of cosmic-ray particles, provided by the geomagnetic 
field, is described by the cutoff rigidity and is defined as “the mini-
mum momentum per unit charge that an incident particle can have 
and still reach a given location above the earth” (Goldhagen et 
al., 2004). The cutoff rigidity is greatest at the geomagnetic equa-
tor and smallest at high latitudes (see Fig. 1). In the atmosphere, 

primary cosmic-ray particles hit and disintegrate the nuclei of 
atmospheric gases, creating cascades of secondary neutrons. The 
cosmic-ray particles are attenuated as they interact with nuclei in 
the Earth’s atmosphere, and the number of interactions and the 
intensity of cosmic-ray particles decrease with increasing atmo-
spheric depth (the mass thickness per unit area) (Simpson, 1951; 
Zreda, 2016). High-energy neutrons (>10 MeV; see Fig. 2) colliding 
with nuclei produce fast (evaporation) neutrons (on the order of 
1 MeV). The fast neutrons are moderated to epithermal (>1 eV) 
and thermal neutrons (<1 eV) as they travel and interact with the 
elements of the air, vegetation, and soil (Zreda et al., 2012; Köhli 
et al., 2015).

The probability of neutrons interacting with an atomic nucleus 
is described by an element’s cross-section. Hydrogen is by far the 
most important element for the moderation (loss of energy) of 
epithermal neutrons as both the cross-section and the energy loss 
per collision is relatively high. In addition, the amount of H in 
soils is much higher than other elements with similar charac-
teristics, e.g., B or Gd. A change in the H content of the soil is 
immediately reflected in the measured ground-level epithermal 
neutron intensity due to the instantaneous mixing of neutrons 
in the atmosphere. The CRN method is based on low-energy 
neutrons produced by cosmic rays, and so far, most research has 
focused on epithermal neutrons because these are more sensitive 
to H. The different sensitivity and different physical response of 
thermal and epithermal neutrons to H is obvious both at ground 
level (Fig. 2) and in the first hundreds of meters of air above the 
ground surface (Fig. 3). From the ground level, the thermal neu-
tron intensity decreases with height (Fig. 3A). The moderation of 
epithermal neutrons (to thermal energies) is high in the soil and 
low in the air, and the decrease of thermal neutron intensity with 
height reflects the distance to the soil (i.e., the source of thermal 
neutrons). At some height above the ground (hundreds of meters 
to 1 km), this boundary effect disappears and the thermal neu-
tron intensity increases with height (data not shown) following 
the pattern of higher energy neutrons (e.g., epithermal neutrons; 
see Fig. 3B).

Theoretical Development
The theoretical basis of the CRN method was established using 
the neutron transport model Monte Carlo N-Particle Extended 
(MCNPX) radiation transport code (Pelowitz, 2011) and generic 
conceptualizations. The model was used to determine (i) the sen-
sitivity of neutron intensity to soil moisture and snow (Zreda et 
al., 2008; Zweck et al., 2013; Desilets, 2017), (ii) the atmospheric 
water vapor correction model presented below (Rosolem et al., 
2013), (iii) the measurement depth and the horizontal footprint 
area (Zreda et al., 2008; Franz et al., 2012a; Desilets and Zreda, 
2013), (iv) the standard N0–calibration function for soil moisture 
estimation, presented below (Desilets et al., 2010), and (v) the 
universal calibration function (Franz et al., 2013b). Most of these 
studies considered ground-level epithermal neutrons (neutron 

Table 1. The H pools affecting the cosmic-ray neutron signal, as well as 
their dynamics (from Andreasen et al., 2017).

Medium
Static, 
yearly

Quasi-static, 
sub-yearly

Dynamic, 
daily

Soil moisture ´

Tree roots ´

Soil organic matter ´

Water in soil minerals ´

Vegetation (cellulose, water) ´ ´

Snow ´ ´

Puddles ´

Open water (river, sea, lake) ´

Canopy intercepted water ´

Buildings and roads ´

Atmospheric water vapor ´
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energies 10–100 or 10–1000 eV) using model setups of bare 
ground conditions and silica soil, while Zreda et al. (2008) per-
formed simulations for four different soil types and included both 
thermal (median energy of 0.025 eV) and epithermal-fast neutrons 
(neutron energies 1–106 eV). The epithermal regime is not well 
defined and therefore different energy ranges are considered by 
different studies.

For the application of the CRN soil moisture method, it is impor-
tant to understand the footprint area of the neutron detector. 
Using a diffusion theory framework and MCNPX neutron 
transport modeling, the footprint radius was found to be approx-
imately 300 m for 86.5% of the neutron counts (Desilets and 

Zreda, 2013). The results were achieved by applying a cosmic-
ray particle source at ground level and measuring the average 
distance traveled by the neutrons. The effect of soil moisture on 
the footprint size was found to be small, while the dependence of 
atmospheric water vapor was significant as the radius decreased 
by 20 m for every 0.01 kg/kg increase in specific humidity. Köhli 
et al. (2015) used the Ultra Rapid Adaptable Neutron-Only 
Simulation (URANOS) model to investigate the CRN footprint 
by releasing neutrons from point sources randomly distributed 
in a layer from 2 to 42 m above the ground surface. They found 
a substantially smaller footprint radius ranging from 130 to 240 
m, with a strong dependence on atmospheric water vapor, soil 
moisture, and vegetation biomass.

Fig. 1. Cosmic-ray neutron stations (blue points), the cutoff rigidity of 2010 (in GeV, red lines; numbers in front of parentheses) and the attenuation 
length (in g/cm2, red lines; numbers in parentheses). The cutoff rigidity was calculated using the COSMOS utility (http://cosmos.hwr.arizona.edu/
Util/rigidity.php), which uses the methods of Smart and Shea (2001). The attenuation lengths are between atmospheric depths of 1033 and 933 g/cm2 
and were calculated based on Desilets et al. (2006).

Fig. 2. Ground level (1.5 m above the ground 
surface) energy spectra of cosmic-ray neutrons at 
volumetric soil moisture (SM) of 0.05 and 0.45 
at an agricultural field site in western Denmark 
(bare ground conditions). The spectra are mod-
eled using a modified model setup of Andreasen 
et al. (2016). The neutron transport model 
MCNP6 was used with the galactic cosmic-ray 
source option (McKinney et al., 2012).

http://cosmos.hwr.arizona.edu/Util/rigidity.php
http://cosmos.hwr.arizona.edu/Util/rigidity.php
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Correcting Neutron Intensity
The ground-level neutron intensity varies with changes in baro-
metric pressure, incoming cosmic radiation, and atmospheric 
water vapor (Bethe et al., 1940; Simpson, 1951; Kodama et al., 
1979; Kodama, 1980). Therefore, correction models have been 
developed to correct measured neutron intensities to arbitrary 
reference conditions.

The following correction factor for barometric pressure ( fp) can 
be used (Zreda et al., 2012):

0
p exp

P P
f

L
æ ö- ÷ç= ÷ç ÷çè ø

  	 [1]

where L is the mass attenuation length for high-energy neu-
trons and is a function of cutoff rigidity (Desilets et al., 2006), 
P is the barometric pressure at the time of measurement, and 
P0 is an arbitrary reference pressure. Note that the units of L, P, 
and P0 can be shielding depth (g/cm2) or pressure (Pa), where 
1 g/cm2 = 98.0665 Pa. If shielding depth is used, L ranges from 
130 g/cm2 at high latitudes to 144 g/cm2 at the equator (see Fig. 1).

Zreda et al. (2012) proposed a simple correction factor for incom-
ing cosmic radiation ( fi) to be calculated by scaling the incoming 
neutron intensity with a reference neutron intensity:

m
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where Im is the incoming neutron intensity that can be retrieved 
from the neutron monitor database (nmdb.eu) and I0 is an 

arbitrary baseline reference intensity. The number of neutron mon-
itors is limited, especially in the southern hemisphere. Hawdon et 
al. (2014) demonstrated that neutron monitors of similar cutoff 
rigidities to the location of neutron detection provide accurate cor-
rections for incoming cosmic radiation. Therefore, more detailed 
correction procedures are not necessary for cases where no neutron 
monitor is located nearby.

Rosolem et al. (2013) developed the following correction factor for 
atmospheric water vapor ( fwv):

wv 01 0.0054f v= + Dr  	 [3]

where Drv0 (= rv0 − rv0_ref, in g/m3) is the difference in the 
absolute humidity at the time of measurement (rv0) and at an 
arbitrary reference time (rv0_ref).

Finally, the corrected neutron intensity (Ncor) can be calculated 
from the measured neutron intensity (N) of the moderated detec-
tor and the correction factors for barometric pressure, incoming 
cosmic radiation, and atmospheric water vapor:

wv
cor

p
 

i

Nf
N

f f
=  	 [4]

The measurement uncertainty is related to the measured neutron 
count rate N and follows Poissonian statistics. The variance equals 
the count rate N, the standard deviation is N0.5, and the coefficient 
of variation is N−0.5. Thus, the relative measurement uncertainty 
decreases with increasing count rate.

Fig. 3. Modeled (A) thermal and (B) epithermal neutron intensity profiles at volumetric soil moisture (SM) of 0.05 to 0.45 (at 0.05 increments) at 
an agricultural field site in western Denmark (bare ground conditions) using the neutron transport model MCNP6 (Voulund Farmland model from 
Andreasen et al., 2016). The decrease in neutron intensity follows an increase in soil moisture.

nmdb.eu
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Measuring Soil Moisture Using 
Cosmic-Ray Neutrons

A proportional gas tube can be used to measure thermal neutrons 
(bare detector). By encasing the gas tube with common plastic 
(moderated detector), epithermal neutrons are moderated down 
to thermal energies and are thereby detected. Note that the bare 
detector has an epithermal contribution (5% of the epithermal 
neutron intensity measured by the moderated detector), while the 
moderated detector has a thermal contribution (45% of the thermal 
neutron intensity measured by the bare detector). This is important 
to consider when measuring over seawater or for a profile of mul-
tiple heights because the absolute contribution varies with salinity 
(because Cl− has a high thermal neutron absorption cross-section) 
and with height, respectively (Andreasen et al., 2016).

Corrected moderated neutrons can be converted to soil moisture 
using the standard N0–calibration function developed by Desilets 
et al. (2010):

( )
( )

0
cor 2

cor 0 1
 

a
N a

N N a
q = -

-
 	 [5]

where q is the soil moisture, Ncor is the corrected moderated 
neutron intensity in counts per time unit from Eq. [4], N0 is the 
moderated neutron intensity over dry soil in counts per time unit, 
and ai are parameters (a0 = 0.0808, a1 = 0.372, and a2 = 0.115). 
The N0 parameter may be estimated from soil moisture calibra-
tion campaigns. Zreda et al. (2012) proposed that the calibration 
of a neutron detector at sea level should be based on a total of 108 
volumetric soil samples taken at 18 locations at radial distances of 
25, 75, and 175 m at every 60° (from 0–360°) and across the depth 
interval 0 to 30 cm (5-cm increments). These radial distances 
increase with increasing altitude due to changes in the footprint as 
a function of barometric pressure (Franz et al., 2012b). Each sam-
pling location is given equal weight for calculating the area-average 
volumetric soil moisture. The greater sensitivity to neutrons 
originating closer to the point of detection (Zreda et al., 2008) 
is accounted for by the prevalence of sampling locations closer to 
the neutron detector. Köhli et al. (2015) and Schrön et al. (2017) 
suggested that the calibration should be adapted according to the 
horizontal footprint and distance weighting, which apart from the 
barometric pressure, also depends on the atmospheric water vapor, 
soil moisture, and vegetation. Compared with the equal weighting 
of independent soil moisture measurements suggested by Franz 
et al. (2012b), improved soil moisture estimates were obtained by 
applying a weighting function (Schrön et al., 2017). In principle, a 
single calibration campaign is adequate; however, when additional 
pools of H are present, two or more campaigns at different soil 
water contents will produce better calibration (Franz et al., 2012b, 
2013a, 2016; Lv et al., 2014; Iwema et al., 2015; Heidbüchel et al., 
2016). Finally, an alternative calibration function for soil moisture 
estimation was developed by Franz et al. (2013b). This function 

was derived to accommodate field sites and roving campaigns 
where soil sampling is impossible or impractical and it is usually 
referred to as the universal calibration function. The universal cali-
bration method will most often benefit from spatial maps of soil 
bulk density, lattice water, soil organic C, and biomass. Some of 
these are available from other sources or can be determined based 
on database libraries (Avery et al., 2016).

Assessment and Application of the 
Cosmic-Ray Neutron Soil Moisture Method
Since the introduction of the method in 2008, 194 stationary 
cosmic-ray neutron stations have been installed worldwide (Fig. 
1), and several CRN rovers have been put into use. The main clus-
ters of stationary neutron detectors are the COSMOS network, 
with most stations in the United States (73 stations in the United 
States) (Zreda et al., 2012), the United Kingdom COSMOS-UK 
network (32 stations) (Evans et al., 2016), the Australian CosmOz 
network (13 stations) (Hawdon et al., 2014), and the TERENO 
network, with most stations in Germany (20 stations in Germany) 
(Baatz et al., 2014). Data from these networks are freely available 
(cosmos.hwr.arizona.edu, cosmos.ceh.ac.uk, cosmoz.csiro.au, and 
teodoor.icg.kfa-juelich.de/overview-en), as are data from many of 
the other installations.

The CRN method was assessed by comparing the derived soil 
moisture obtained using stationary neutron detectors with area-
average soil moisture measurements obtained from oven drying 
(Zreda et al., 2008, 2012; Zhu et al., 2016) and from in situ sensor 
networks (Rivera Villarreyes et al., 2011; Franz et al., 2012a, 2012b, 
2016; Bogena et al., 2013; Lv et al., 2014; Zhu et al., 2015, 2016; 
Schreiner-McGraw et al., 2016). The method was successfully 
demonstrated for various land cover types, soil types, and climates. 
Offsets and periodic misfits between CRN soil moisture and inde-
pendent measurements were explained by inadequate in situ sensor 
networks for representing the neutron detector footprint and by 
the differences in the measurement depth of the various soil mois-
ture methods. Furthermore, overestimated CRN soil moisture was 
explained by the presence of other H pools (e.g., vegetation, snow), 
flooding irrigation, poor neutron counting statistics (e.g., at low 
latitudes and low elevation), and the varying measurement depth of 
the neutron detector. Improved comparability of CRN soil mois-
ture and in situ sensor network measurements was obtained when 
the effect of biomass was considered by including leaf area index 
measurements in the CRN soil moisture estimation (Coopersmith 
et al., 2014). Adjusting the ai parameters (Eq. [5]) was also found 
to provide more accurate CRN soil moisture estimates (Rivera 
Villarreyes et al., 2011; Lv et al., 2014; Heidbüchel et al., 2016). 
Field-scale root zone soil moisture (top 1 m of the unsaturated 
zone) was estimated by coupling CRN estimates with soil moisture 
from a single time-stable station (the time stability approach). The 
estimates compared well against point measurements taken at 21 
locations within the neutron detector footprint (Peterson et al., 
2016). Cosmic-ray neutron soil moisture was used in water balance 

cosmos.hwr.arizona.edu
cosmos.ceh.ac.uk
cosmoz.csiro.au
teodoor.icg.kfa
-juelich.de/overview
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studies and proved useful for estimating infiltration and evapo-
transpiration (Franz et al., 2014; Schreiner-McGraw et al., 2016). 
Schreiner-McGraw et al. (2016) found the relationship between 
CRN soil moisture and actual evapotranspiration to be similar 
to those obtained by other studies under similar environmental 
conditions. Foolad et al. (2017) determined soil hydrological 
parameters at a spatial scale appropriate for field- and regional-scale 
studies from inverse modeling using CRN soil moisture estimates. 
Based on the parameter optimized model, they obtained simulated 
actual evapotranspiration in reasonable agreement with indepen-
dent measurements from an eddy covariance tower. Furthermore, 
soil moisture was predicted accurately (in agreement with inde-
pendent measurements) and effectively (with minimum training) 
by combining machine learning and soil moisture estimates from 
a CRN detector and from an in situ sensor network (Almeida et 
al., 2014).

Mapping of soil moisture using a CRN rover was demonstrated by 
Desilets et al. (2010), Chrisman and Zreda (2013), and Dong et al. 
(2014). The two latter studies effectively calibrated the rovers to 
map surface soil moisture (0–5 cm) and provided products over an 
area relevant for calibration and validation of satellite microwave 
remote sensing missions like SMOS and SMAP (Ochsner et al., 
2013). Furthermore, soil moisture estimates at various spatial reso-
lutions (1, 3, and 12 km) were obtained by combining data from 
stationary CRN detectors and roving surveys (Franz et al., 2015) to 
satisfy demand for soil moisture products at different spatial scales.

The performance of satellite and modeling products was assessed 
using CRN soil moisture data sets (Kim et al., 2015; Evans et al., 
2016; Kędzior and Zawadzki, 2016; Vinodkumar et al., 2017; 
Montzka et al., 2017). Overall, CRN soil moisture was found to 
be appropriate for validation and for identifying areas of improve-
ment in the parameterizations and the model for the retrieval 
algorithms. Still, a systematic deviation between CRN-derived and 
remotely sensed soil moisture may exist due to horizontal and verti-
cal scale mismatch in areas with heterogeneous soil moisture and 
vegetation (Montzka et al., 2017). Regional-scale soil moisture data 
from the Australian CRN network was furthermore found useful 
for wildfire management and warning (Vinodkumar et al., 2017).

For data assimilation applications, the COsmic-ray Soil Moisture 
Interaction Code (COSMIC), a physically based forward operator, 
was developed to model the interaction between CRNs and soil 
moisture (Shuttleworth et al., 2013). The COSMIC operator was 
successfully used for data assimilation of CRNs into land surface 
models (Han et al., 2014, 2015, 2016; Rosolem et al., 2014; Baatz 
et al., 2017). Rosolem et al. (2014) used synthetic observations 
of aboveground CRNs in the COSMIC operator to update soil 
moisture states in the Noah land surface model. The performance 
of the Noah land surface model was improved in the root-zone 
soil layers (0–100 cm) by including CRN data sets. Han et al. 
(2014) used COSMIC to model the neutron count and found the 

retrieved hourly soil moisture to agree well with measurements 
from an in situ sensor network. Assimilating CRN intensity data 
using the COSMIC operator into the Community Land Model 
(CLM) was found to improve soil moisture and evapotranspira-
tion estimation significantly at a field location with no available 
information on irrigation (Han et al., 2015). In a synthetic study, 
soil hydraulic parameters were updated by assimilation of CRNs, 
providing an improved soil moisture characterization (Han et al., 
2016). Baatz et al. (2017) successfully assimilated neutron intensity 
time series from a network of CRN detectors in the CLM model, 
which also led to improved soil moisture characterization.

Estimating Snow Water Equivalent
Because neutrons are sensitive to all sources of H at the land sur-
face, the CRN detector can also be used to survey snow. This has 
been done using a neutron detector installed on the ground sur-
face (Kodama et al., 1979; Kodama, 1980) or a few meters above it 
(same setup as for CRN soil moisture measurements) (Desilets et 
al., 2010; Sigouin and Si, 2016; Schattan et al., 2017; Desilets, 2017).

Snow becomes the dominant control on neutron intensity even 
when present in small quantities because it is a concentrated layer 
of H placed at the land surface. For the CRN detector installed 
above the snow cover, just 1 cm of snow water equivalent (SWE) 
can reduce the neutron counting rate by 10% or more, depending 
on soil moisture under the snow pack. Based on neutron transport 
modeling, the CRNs were found to be affected by snow even if 
the snow was at some distance from the CRN detector (Zweck 
et al., 2013). Nonlinear regression functions were determined to 
link both snow depth and SWE to CRN intensity (Schattan et al., 
2017). Time series of CRN-derived SWE was found to correspond 
well with data from snow surveys conducted within the detec-
tor footprint and snow depth measurements at field sites nearby 
(Sigouin and Si, 2016). The large footprint of the sensor proved 
useful in characterizing the highly heterogeneous snow pack and 
probably better represented the area-wide snow dynamics than 
a snow pillow providing measurements at a local scale (Desilets, 
2017). As with all SWE monitoring methods, the CRN tech-
nique for measuring SWE has its limitations. The most notable 
of these are the inability to distinguish SWE dynamics from soil 
moisture dynamics and the limited amount of SWE that can be 
measured. From neutron transport modeling, this limit was found 
to be around 100- to 150-mm SWE (Desilets, 2017). Schattan et 
al. (2017) conducted measurements in an alpine terrain in Austria 
and found the uncertainty of CRN snow depth and SWE mea-
surements to increase with increasing snow cover. Reasonably low 
measurement uncertainties were obtained up to 100-mm SWE.

In addition, snow measurements have also been obtained using 
a neutron detector installed at the ground surface and therefore 
buried at snowfall (Kodama et al., 1979; Kodama, 1980). In this 
case, the response area is of meters, and this is caused by the short 
mass distance that CRNs can traverse in snow compared with air 
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(Zreda et al., 2012). The SWE limit is significantly higher for a 
snow-covered neutron detector and enables measurements of >1 m 
of SWE. The SWE limit is higher because the energy spectrum 
is different for downward and upward moving neutrons. The 
neutron intensity below the snow pack is influenced by the attenu-
ation of high-energy neutrons in addition to epithermal neutrons 
from the atmosphere. Because high-energy neutrons have a longer 
attenuation length than epithermal neutrons, a thicker layer of 
snow can be measured when high-energy neutrons are included 
in the f lux. By contrast, the CRN detector installed above the 
snow pack measures the attenuation by snow of upward-moving 
neutrons. Because few if any high-energy neutrons are included in 
the upward flux, the neutrons tend to be less penetrating, and only 
smaller amounts of SWE can be measured.

The Environmental Effect
Sources of Uncertainty
The term environmental effect refers to the influence of the specific 
properties and settings of a field site on the neutron transport and 
intensity. This includes vegetation, organic litter, soil composi-
tion and layering, canopy interception, snow, lakes and streams, 
and buildings and roads. Different features influence neutron 
transport differently due to their varying materials (i.e., chemi-
cal composition and density), different distribution within the 
footprint area (below and above the ground surface), as well as 
their different temporal behavior (static, quasi-static, and dynamic) 
(Table 1).

Multiple studies have examined the effect of these features on 
neutron intensity. When additional H pools are temporally stable, 
their influence on neutron intensity can be amended by estimating 
the contribution of each source and subtracting its contribution 
during the transformation of the neutron counts into volumetric 
soil moisture contents (Zreda et al., 2012). Bogena et al. (2013) 
showed that more complex corrections are needed in the case 
where H pools also vary with time, e.g., water content of the litter 
layer or vegetation biomass.

Forest biomass and litter at the forest f loor were found to be 
sources of uncertainty for both stationary CRN detectors and 
rover systems. Including the effect of litter in the N0–calibra-
tion function provided more accurate soil moisture estimates 
(Bogena et al., 2013). A strong correlation of biomass and the 
N0 parameter (the CRN intensity over dry soil) was reported 
in several studies (Hornbuckle et al., 2012; Franz et al., 2013c; 
Hawdon et al., 2014; Baatz et al., 2014, 2015). Baatz et al. (2015) 
used linear regression to determine an empirical biomass correc-
tion model for Norway spruce [Picea abies (L.) Karst.]. Similarly, 
Franz et al. (2015) found a linear relationship based on measure-
ments for maize (Zea mays L.) and soybean [Glycine max (L.) 
Merr.], finding a 1% decrease in N0 for every 1 kg/m2 of biomass 
or water equivalent present. Based on measurements from the 
CosmOz network, Hawdon et al. (2014) presented a nonlinear 

relationship with N0 for biomass greater than ?8 kg/m2. Tian 
et al. (2016) found linear relationships of maize vegetation and 
snow, and the ratio of the neutron intensity measured with 
bare and moderated detectors. Based on these findings, they 
presented an approach for correcting for the effect of above
ground H. In addition, Baroni and Oswald (2015) presented a 
simple scaling approach based on the relationship of CRN soil 
moisture estimates and in situ soil moisture measurements to 
correct for the inf luence of crop biomass and canopy intercep-
tion on neutron intensity.

Opportunities to Capitalize 
on the Environmental Effects
The sensitivity of neutron intensity to different H pools also pres-
ents an opportunity to use CRN measurements to assess other 
relevant hydrological components, including biomass, canopy 
interception, and snow (Table 1). The universal calibration func-
tion presented by Franz et al. (2013b) is applicable for any H pool 
and was used to quantify biomass at a forest and a cultivated 
maize field site (Franz et al., 2013c). The signal of biomass on the 
neutron intensity was isolated by quantifying the non-biomass H 
pools independently, and the study demonstrated the utility of 
the method because the biomass estimates agreed reasonably with 
independent measurements. Still, the method included several 
assumptions regarding the distribution of the various H pools (e.g., 
biomass, litter layers, and canopy interception) that needed to be 
estimated independently. Obtaining independent measurements 
across an area comparable to the CRN footprint is time consum-
ing, tedious, and often uncertain. In addition to the uncertainties 
of the various methods, implicit assumptions about the known 
footprint area and weighting are included in the quantification of 
the various components.

The environmental effect was also examined based on site-spe-
cific neutron transport modeling using the MCNPX code, the 
Monte Carlo N-Particle transport code version 6 (MCNP6), and 
measurements (Andreasen et al., 2016, 2017). The influence of 
soil moisture on neutron intensity was found to be reduced with 
high amounts of biomass and litter layer. The fact that CRN 
soil moisture estimation is less favorable at forest field sites is in 
agreement with the findings of Bogena et al. (2013) and Baatz 
et al. (2015). Including a thin litter layer in the model was also 
found to change the neutron intensities significantly. This sug-
gests that litter is important not only at forest field sites where it 
is thick but also at agricultural field sites with a seasonal change 
in litter layer thickness. Ground-level thermal/epithermal neu-
tron ratios were found to increase with increasing amounts of 
biomass independent of soil moisture (Andreasen et al., 2017). 
This relationship may be used to estimate biomass from CRN 
measurements alone. Furthermore, the neutron response to spe-
cific features (e.g., biomass, litter, soil composition) was found to 
vary and was dependent on all the environmental features present 
at a field site (Andreasen et al., 2016, 2017).
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66Challenges and Potential 
Improvements
Neutron Detector Footprint
As mentioned above, footprint analysis results were presented 
by both Desilets and Zreda (2013) and Köhli et al. (2015). 
These results were based on different models (MCNPX and 
URANOS, respectively), different spectra of cosmic-ray particles, 
and somewhat different theoretical and conceptual frameworks. 
Furthermore, the source and release of the particles were specified 
differently. Experimental verification has been limited for both 
approaches, and future studies have been recommended to exam-
ine the model results with greater detail. The footprint area was 
found to be sensitive to the environmental settings regardless of 
the model code. Changes in atmospheric water vapor, barometric 
pressure, vegetation cover, and soil moisture all affect the footprint 
size. In addition, temporal variations in the H pools (soil mois-
ture variation, snowfall and snowmelt, and vegetation growth and 
harvest) impact the spatial sensitivity. A procedure to account for 
a changing footprint area is especially relevant for CRN roving 
products, where the variability in soil moisture and land cover can 
be more abrupt because the instrument traverses space. In addi-
tion, dry roads also influence the neutron intensity (Franz et al., 
2015; Köhli et al., 2015). The dry road will be overrepresented in 
the measured neutron intensity because the sensitivity of neutron 
intensity to H is greater at the dry end (see Fig. 3, where the change 
in neutron count is largest going from 0.05 to 0.10 volumetric soil 
moisture). The road effect is dependent on road type (depth and 
composition) and road width. Thick and wide roads will contrib-
ute more to the CRN signal than more shallow and narrow roads. 
We recommend future research to address these issues.

Few studies have documented the potential of including measure-
ments of thermal neutrons (measured using the bare detector). For 
this to become standard practice, fundamental theoretical studies, 
concerning in particular footprint and atmospheric water vapor 
effects, are needed. Furthermore, bare and moderated sensors are 
being deployed at multiple heights above the ground (e.g., towers, 
helicopters, and balloons), and footprint-analysis and water-vapor 
correction factors at these height levels should also be derived.

Neutron Signal Separation
If multiple sources of H are present, it is important to find ways to 
separate them from one another to quantify the source of interest. 
For example, improved accuracy of CRN soil moisture estimates at 
field locations with seasonally varying vegetation cover (a cropped 
maize field) and high amounts of vegetation biomass (forest field 
sites) was obtained by adapting the ai parameters of the N0–cali-
bration function (Rivera Villarreyes et al., 2011; Lv et al., 2014; 
Heidbüchel et al., 2016). However, the physical meaning of the 
ai parameters is lost by this adjustment. An alternative approach 
for advancement of the soil moisture method is to improve under-
standing of the various H pools affecting the neutron signal and 

to account for these in a more direct manner. To estimate mul-
tiple variables solely from neutron intensity measurements, we 
need to separate the time- and space-dependent effects on the 
measured neutron intensity. This may be enabled by an improved 
understanding of the neutron detector measurements, as well as 
combined use of neutron transport measurements and modeling. 
Several studies identified the benefits of combining measure-
ments of bare and moderated neutron detectors (Desilets et al., 
2010; Zreda et al., 2012; Tian et al., 2016; Andreasen et al., 2017). 
However, explaining the response of the detectors separately, as 
well as jointly, is difficult because of insufficient knowledge of the 
detector energy response. The neutron energy response is a con-
tinuous distribution spanning a wider energy range with varying 
sensitivity. As a result, the neutrons measured by bare and moder-
ated detectors have both a thermal and an epithermal component 
(McJannet et al., 2014; Andreasen et al., 2016). This is problematic 
due to the different physical behaviors of the two energy ranges, 
as described above. Therefore, well-defined measurements of 
thermal and epithermal neutrons would help the interpretation 
because the signal of each environmental effect would be empha-
sized. Applying the recently developed neutron energy correction 
factors (Andreasen et al., 2016), providing purer thermal and 
epithermal neutron signals, may be limited to the specific soil 
type and/or the neutron detectors used to derive the correction 
factors. Repeating the field experiment using different neutron 
detector systems at different environmental settings may clarify 
the application. Additionally, more well-defined energy ranges 
may be inferred from measurements using a neutron spectrom-
eter composed of detectors of various moderator thicknesses (e.g., 
Bonners Spheres) (Hubert et al., 2016). An alternative approach is 
to model the response of neutron detectors using information on 
the composition and the dimension of the neutron detectors. This 
practice would provide detailed information on the distribution of 
detected neutron energies and make measurements and modeling 
directly comparable.

Site-specific modeling of CRN transport is valuable to analyze the 
influences of different H pools on CRN signals (e.g., vegetation 
and canopy interception). Because the conceptualization of real 
field situations is challenging, modeling should be accompanied 
by CRN measurements to validate the model results. An initial 
study combining neutron height profile measurements and model-
ing showed that the forest canopy conceptualization has a major 
impact on the results (Andreasen et al., 2017). The forest geometry 
is complex, and identifying the proper conceptualization was not 
apparent from measurements. Future work should also address 
this challenge.

Uncertainties in Cosmic-Ray Neutron 
Measurements of Other Hydrogen Pools
To obtain robust CRN methods for the determination of veg-
etation and canopy interception, measurement uncertainties and 
unfavorable behavior must be explained and handled. Biomass 
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water equivalents (BWE) estimated from neutron intensity ratios 
measured using bare and moderated detectors was found to change 
with time (Tian et al., 2016). Daily and weekly changes in BWE 
were suggested to be a result of variations in the vegetation stor-
age of water. The storage is high during wet periods and low in 
times of drought, causing plants to suffer from water loss. Short-
term variations in BWE (hourly time scale) were provided during 
precipitation events as neutron measurements are affected by the 
additional H intercepted in the canopy. Andreasen et al. (2017) 
used neutron transport modeling to examine the sensitivity of 
neutron intensity to canopy interception. They found that canopy 
interception resulted in increased ground-level thermal neutron 
intensity and thereby an increase in the ground-level thermal/epi-
thermal neutron intensity ratio. However, the change was found to 
be small, and relatively high neutron count rates were required to 
identify the signal of canopy interception using conventional detec-
tors. This can be obtained from longer integration time or the 
use of more neutron detectors. The signal of processes acting on a 
short time scale (e.g., evaporation of canopy interception) may dis-
appear if measurements are integrated for longer periods. Future 
studies have been recommended to examine the optimal range for 
integration of neutron counts at specific field sites, thereby ensur-
ing low measurement uncertainty at an adequate representation of 
hydrological conditions (Rosolem et al., 2014). Additionally, this 
also requires an improved understanding of the processes acting 
on different temporal scales.

Cosmic-Ray Neutron Applications
Stationary Cosmic-Ray Neutron Detection
The application of CRN measurements for snow detection holds 
significant potential for hydrology and is under investigation. We 
anticipate that the sensitivity of neutron intensity to SWE, its 
dependency on soil moisture, and the range of applicability will 
soon be settled.

Montzka et al. (2017) identified some challenges in validating 
satellite-retrieved soil moisture using CRN detectors. Satellite-
retrieved soil moisture was lower than CRN measurements 
during periods with considerable amounts of biomass. To 
improve the comparability at sites with a seasonally changing 
vegetation cover, the signal of biomass on the cosmic-ray neu-
tron intensity must be identified and separated. As mentioned 
above, differences in the spatial scale of satellite retrievals and 
CRN measurements were found to be problematic in areas char-
acterized by large spatial variability in the absolute soil moisture. 
Here, more CRN detector stations or frequent roving surveys are 
required for reliable satellite validation.

Mobile Surveys
In addition to supporting future high-resolution land surface mod-
eling needs (Chaney et al., 2016a), the cosmic-ray rover provides 
further opportunities in commercial activities, most notably preci-
sion agriculture (Finkenbiner, 2017). For example, the mounting of 

rovers on existing farm equipment (sprayers, tractors, etc.), autono-
mous farm vehicles, or rotating infrastructure (e.g., center-pivot 
irrigation systems) offers interesting sensing possibilities. The 
piggy-backing of data collection with existing farm operations 
may provide a cost-effective strategy to help inform agricultural 
activities, such as the timing and spatial distribution of irrigation 
depths, soil strength estimates for re-entry time and the location 
of heavy machinery, optimal fertilizer timing and spatial appli-
cation, optimal seed planting timing, seed planting density, and 
seed cultivar selection. In addition, the sensor would be useful in 
digital soil mapping efforts underway across the globe (McBratney 
et al., 2003) and validation of existing high-resolution products (cf. 
Polaris, Chaney et al., 2016b). Furthermore, mounting of probes to 
mail delivery trucks, self-driving vehicles, and commercial or pas-
senger trains would provide repeatable local and regional mapping 
opportunities in natural and human-dominated landscapes. While 
the roving probe is fairly heavy (>50 kg) and miniaturization 
somewhat limited, the use of drone swarms with several smaller 
probes acting functionally as a single unit would further increase 
possible mapping applications. Including these data sets may lead 
to better statistical models and the prediction of key information 
such as optimal fertilizer inputs, optimal water inputs, and crop 
yield forecasts.

66Summary
Since the introduction of the CRN method in 2008, the CRN-
based method for soil moisture sensing has been an active area of 
research. The method has proven valuable for hydrology, especially 
for field- and regional-scale hydrological modeling, data assimila-
tion, water balance studies, precision agriculture, and calibration 
and validation of satellite products.

Future research can both improve the accuracy of the soil moisture 
estimates and extend the application to include vegetation, canopy 
interception, and snow estimation. Cosmic-ray research within envi-
ronmental science can evolve by improving our understanding of the 
environmental effect on low-energy neutron transport. We expect 
the development to include an increased use of neutron transport 
modeling, as well as measurements of neutrons at different and mul-
tiple energy ranges. Advancing the CRN method will benefit CRN 
detection at more complex field sites and in roving applications.
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