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Chapter 4
Estimation of Biomass Water Equivalent 
via the Cosmic Ray Neutron Sensor

T. E. Franz, A. Wahbi, and W. Avery

4.1  �The Role of Biomass in the CRNS Calibration

The CRNS functions at its most fundamental level as a detector of the hydrogen 
within its area of influence (circle of radius ~ 250 m). As such, hydrogen other than 
that within the water molecules in the soil is detected. A series of calibration equations 
have been developed to quantify and eliminate these sources of hydrogen so that the 
signal of soil moisture can be isolated [1–6]. McJannet et al. [7] demonstrated that soil 
moisture is the largest contributor of hydrogen to the signal of the CRNS with grow-
ing biomass contributing only slightly. These data show that in an agricultural envi-
ronment, the most significant source of error comes in the form of soil lattice water 
(i.e., hydrogen molecules integrated into mineral structures and bound water between 
mineral grains not released at oven drying temperatures of 105 °C for 24 h) and from 
water vapor in the atmosphere. Despite this, growing biomass if left unquantified 
remains a source of uncertainty that must be addressed, partly in fast-growing agricul-
tural crops. Much of the current and past research into the CRNS in agricultural envi-
ronments focuses on its use as a sensor of soil moisture. However, there have also 
been investigations into its use as a tool for estimating growing crop biomass itself [8, 
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9]. Note that the biomass signal is fairly small and challenging to remove from the soil 
moisture signal and inherent noise in the neutron counts. This requires use of large 
detectors (i.e., high count rates on the order of 5000 to 10,000 to minimize uncer-
tainty) and certain biomass detection limits (i.e., on the order of 0.5  kg/m2). 
Nevertheless the technique is theoretically sound [6] and an area of active research.

4.2  �Relationship Between Neutrons and Crop Biomass

During the CRNS calibration process, the variable “N0” is calculated for each field 
site in a particular experiment. N0 is a theoretical count rate of neutrons detected by 
the CRNS in an environment devoid of vegetation with dry silica soils present 
within the instrument footprint. The role of this variable in the calibration function 
is given by Desilets et al. [1]. Hawdon et al. [8] postulated on the use of the CRNS 
as a tool for the spatial mapping of biomass rather than soil moisture. The authors 
explain that once all sources of environmental hydrogen have been taken into 
account, the N0 should be the same when calculated for all study areas. However, 
they had not yet taken into account the effect of growing maize biomass. As such, 
the authors determined in their study that ~ 80% of the variation in N0 they observed 
was due to this biomass after all other sources of hydrogen had been quantified.  
Noted that for short grasslands, cereal crops, and legume crops with BWE changes 
of <2 kg/m2 that N0 will not be greatly affected. For use in maize, sugarcane, bam-
boo, and soybean, N0 should be corrected for changes in BWE.

Franz et al. [4] determined a linear relationship between biomass water equiva-
lent (BWE) and N0 using a mobile CRNS within agricultural maize fields in central 
Nebraska, USA. Franz et al. [4] found a 1% decline in N0 for every 1 kg/m2 of BWE 
(R2 of 0.51). In addition to this, Baatz et al. [9] demonstrated a similar relationship 
(i.e., 1% drop in N0 for 1 kg/m2 of biomass) between aboveground biomass and the 
CRNS counting rate N0.

The procedures involved with determining aboveground crop biomass via the 
CRNS alone would involve predetermined experiments similar to those discussed 
previously. To be more specific, datasets would have to be made at specific study 
sites for any particular research project, between the CRNS N0 counting rate and 
biomass water equivalent as determined via destructive sampling or remote sensing, 
and calculated via Eq. 2.1. Once multiple datasets have been made, a statistical 
relationship can be determined between the two variables; N0 can be used as a pre-
dictive variable for aboveground crop biomass (assuming different study sites have 
similar crops and other environmental characteristics).

4.3  �Direct Relationship Between Neutrons and Biomass

Preliminary theoretical and experimental work using multiple detector energies (bare, 
cadmium-shielded, and plastic-shielded detectors [10, 11]) is encouraging for detect-
ing and separating multiple hydrogen signals, like soil moisture and biomass. Typically, 
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most CRNS study sites have included a bare and plastic-shielded detector by default. 
The ratio of bare counts to plastic-shielded counts (aka thermal to fast ratio) has been 
shown to be correlated to direct estimates of BWE for a particular site [12].

Unpublished work by Franz shows promising results from Nebraska for maize 
and soybeans using relationships between N0/BWE vs. bare to plastic count ratio vs. 
plastic count ratio. Figure 4.1 illustrates a daily time series of aboveground biomass, 
a soil water content monitoring network (TDR), and derived N0 values. It is clear 
that having soil water content monitoring in the near surface (~5 cm depth) or direct 
sampling improves the relationship. Figure 4.2 illustrates the relationship between 
N0, moderated counts, and bare to moderated ratio. Figure 4.3 illustrates the rela-
tionship between BWE, moderated counts, and bare to moderated ratio. Again a 
linear (i.e., a plane) relationship manifests in the data. This indicates that combining 
repeat-destructive sampling of BWE over the course of a growing season with bare 
and moderated neutron counts can be used to directly estimate BWE changes 
through time. An appropriate suggestion is that a minimum of 5–7 destructive sam-
pling periods are used to estimate the coefficients describing the equation of a plane:

May 11 Sep 11 Jan 12 May 12 Sep 12 Jan 13 May 13 Sep 13 Jan 14 May 14 Sep 14
0

2

4

6

8

A
bo

ve
G

ro
un

d
M

as
s

pe
rA

re
a

(k
g/

m
2 ) Mead Field 3, Biomass

Dry
Fresh
Water
BWE

May 11 Sep 11 Jan 12 May 12 Sep 12 Jan 13 May 13 Sep 13 Jan 14 May 14 Sep 14
0.1

0.2

0.3

0.4

0.5

S
oi

lW
at

er
C

on
te

nt
(m

3 /m
3 )

Mead Field 3, TDR Data

5 cm
10 cm
25 cm
30 cm
50 cm
100 cm
175 cm

May 11 Sep 11 Jan 12 May 12 Sep 12 Jan 13 May 13 Sep 13 Jan 14 May 14 Sep 14
3000

3200

3400

3600

3800

4000

4200

N
0

(c
ph

)

Mead Field 3, N0 calculations

N0=f(TDR Network 1)
N0=f(TDR Network 2)
N0=f(Direct Sampling)

Fig. 4.1  (Top) Time series of daily dry, fresh, water, and biomass water equivalent biomass for a 
rotational maize and soybean field in Eastern Nebraska, USA [5]. Point values indicate direct 
sample collection dates. A linear interpolation (line) was used to create a daily dataset. (Middle) 
time series of spatially averaged TDR values from network 1 (5 locations) and network 2 (4 loca-
tions) for various depths. (Bottom) time series of daily N0 values calculated from TDR network 1, 
TDR network 2, and direct sampling in 2014 using soil water content data between 0 and 30 cm 
(see [4] for details). Note that the ground may be covered in snow between December and March 
at the study site
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	 BWE a b M c BM= + +* * 	 (4.1)

where a, b, and c are locally defined coefficients, M is corrected moderated neutron 
counts, and BM is the ratio of raw bare and moderated neutron counts (no corrections 
are needed for the ratio). Note that the signal to noise ratio is small and suggests high 
count rates be used for M and BM (> 20,000). This can be achieved by using daily to 
multiday averages or multiple detectors. Note that given the dependence of detected 
plastic-shielded neutrons and bare neutrons (i.e., thermal neutrons are generated 
from local fast neutrons), local factors may affect this relationship. Figures 4.4 and 
4.5 illustrate the derived daily BWE for rainfed maize in 2011 and rainfed soybean 
in 2014. Note that the derived BWE is very similar in shape (unscaled) to seasonal 
crop coefficient (kc) relationships [13] widely used in agricultural practice. Accurate 
determination of daily crop coefficient has large potential practical use in irrigation 
scheduling and calibration and validation of remote sensing products. The combina-
tion of an accurate soil moisture and crop coefficient makes CRNS an exciting tool 
to combine with crop simulation models like FAO AquaCrop, for real-time applica-
tions of water management and yield forecast. Lastly, note that techniques of energy 
separation using a third cadmium-shielded detector may be necessary, in addition to 
quantifying the differences in background hydrogen (i.e., lattice water) that may 
affect the a, b, and c coefficients in Eq. 4.1. The area of multi-signal hydrogen sepa-
ration using CRNS remains an exciting and challenging research area.
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Fig. 4.3  Relationship between observed daily average moderated neutron counts, bare to moder-
ated ratio, and BWE. Regression indicates a plane fits the data well (R2 = 0.8476, RMSE = 0.631 kg/
m2, N = 832). The relationship to biomass appears to be linear for soybean and corn with BWE less 
than 6 kg/m2
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4.4  �Conclusions

The presence of agricultural biomass within the footprint of the CRNS contributes 
its hydrogen to the signal of the sensor. As such, a calibration aimed in part to quan-
tify the hydrogen in said biomass as a function of its water equivalent (BWE, Eq. 
2.1) is employed. It is possible with sufficient comparisons of the CRNS counting 

Fig. 4.4  Derived daily BWE for rainfed maize in Eastern Nebraska in 2011. Note the shape of 
BWE over the growing season is very similar to crop coefficients (scale from ~0 to 1) widely used 
in agricultural practice

Fig. 4.5  Derived daily BWE for rainfed soybean in Eastern Nebraska in 2014. Note the shape of 
BWE over the growing season is very similar to crop coefficients (scale from ~0 to 1)
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rate “N0” and BWE for the CRNS to be used as a tool for mapping biomass within 
agricultural environments. Preliminary and theoretical works indicate an opportu-
nity for multi-detector CRNS to separate and isolate multiple hydrogen sources 
simultaneously. Furthermore, note that the derived BWE is very similar in shape 
(unscaled) to seasonal crop coefficient relationships widely used in agricultural 
practice. This has large potential practical uses in irrigation scheduling, calibration 
and validation of remote sensing products, and use in simulation models like FAO 
AquaCrop. It is important to consider this application due to the inherent advan-
tages the CRNS possesses in regard to mapping spatial soil moisture, in particular 
its large spatial footprint and noninvasive and nondestructive nature.

This publication illustrates three techniques for the estimation of crop biomass 
for use in the CRNS calibration function: destructive in situ sampling, remote sens-
ing of the land surface via satellites, and the sensing of biomass via the CRNS itself. 
These three methods give environmental scientists additional tools for investiga-
tions into agricultural ecosystems and human use of the land and water. Ultimately, 
this work is intended to serve as a supplemental guideline for the use of the CRNS 
around the world.
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